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Abstract

Switched systems, which are a type of hybrid system, evolve according to a mixture of
continuous/discrete dynamics and experience abrupt changes based on a switching rule.
Many real-world phenomena found in branches of applied math, computer science, and
engineering are naturally modelled by hybrid systems. The main focus of the present
thesis is on hybrid impulsive systems with distributed delays (HISD). That is, studying
the qualitative behaviour of switched integro-differential systems with impulses. Important
applications of impulsive systems can be found in stabilizing control (e.g. using impulsive
control in combination with switching control) and epidemiology (e.g. pulse vaccination
control strategies), both of which are studied in this work.

In order to ensure the models are well-posed, some fundamental theory is developed for
systems with bounded or unbounded time-delays. Results on existence, uniqueness, and
continuation of solutions are established. As solutions of HISD are generally not known
explicitly, a stability analysis is performed by extending the current theoretical approaches
in the switched systems literature (e.g. Halanay-like inequalities and Razumikhin-type con-
ditions). Since a major field of research in hybrid systems theory involves applying hybrid
control to problems, contributions are made by extending current results on stabilization by
state-dependent switching and impulsive control for unstable systems of integro-differential
equations.

The analytic results found are applied to epidemic models with time-varying parameters
(e.g. due to changes in host behaviour). In particular, we propose a switched model of
Chikungunya disease and study its long-term behaviour in order to develop threshold
conditions guaranteeing disease eradication. As a sequel to this, we look at the stability of
a more general vector-borne disease model under various vaccination schemes. Epidemic
models with general nonlinear incidence rates and age-dependent population mixing are
also investigated. Throughout the thesis, computational methods are used to illustrate the
theoretical results found.
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Chapter 1

Introduction

Integro-differential equations arise frequently in modelling a variety of physical and biologi-
cal phenomena [85]. Examples can be found in biological population models, predator-prey
models with a past hereditary influence, grazing systems, wave propagation, nuclear re-
actors, large-scale systems, heat flow, and chemical oscillations [28,85]. Neural networks
are another application since delays are inherent features of both biological and artificial
neural networks [18]. Originally motivated by problems in mechanics, mathematical biol-
ogy, and economics, the study of integro-differential and integral equations can be traced
back to the works of Abel, Lotka, Fredholm, Mathlus, Verhulst, and Volterra [85]. In
particular, the work of Volterra on the problem of competing species was vitally impor-
tant for the development of work in this area; since then, the theory and applications of
Volterra integro-differential equations with bounded and unbounded delays have emerged
as an important area of research [85].

Switched systems, which are a type of hybrid system, model phenomena that com-
bine continuous or discrete dynamics with logic-based switching (called a switching rule).
Switched systems most commonly arise in two contexts [32]: a natural system with abruptly
changing dynamics (e.g. due to environmental factors) or a continuous system being stabi-
lized via switching techniques (e.g. switching and impulsive control). Real-world examples
of switched systems exist in mechanical systems, the automotive industry, air traffic con-
trol, intelligent vehicle/highway systems, robotics, integrated circuit design, multimedia,
power electronics, chaos generators, computer disk drives, high-level flexible manufacturing
systems, job scheduling, and chemical processes [32,46,56,102]. Switched systems exhibit
interesting stability behaviour, such as the switched control of unstable subsystems that
leads to a stable system [56,57], and the instability of a switched system comprised solely



of stable subsystems [102]. For a review of the hybrid and switched systems literature,
see [14,32,33,46,99,101-103,166,179,199] and the references therein.

An important application of hybrid models of integro-differential equations is found in
epidemiology. Since the influenza pandemic of 1918, where over 20 million people died
worldwide, many new infectious diseases have emerged [69]: for example, Lyme disease
(1975), Legionnaire’s disease (1976), the human immunodeficiency virus (HIV) (1981),
hepatitis C (1989), hepatitis E (1990), and hantavirus (1993). New antibiotic-resistant
strains of pneumonia, gonorrhea, and tuberculosis have appeared while diseases such as
malaria, dengue, and yellow fever have re-emerged and are spreading into new regions as a
result of climate change [69]. More recently, SARS began in one region of China in 2003 and
spread to most of China and other countries while the HIN1 influenza virus appeared in
Mexico in April 2009 and spread globally due to the travel of infected individuals [122,197].

Mathematical models of infectious diseases are used to identify trends, build and test
theories, assess quantitative conjectures, and answer qualitative questions [69]. Epidemic
models are crucial in gaining knowledge of the underlying mechanisms driving an epidemic
and for estimating the number of vaccinations needed to eradicated a disease [66, 143].
Comparing, implementing, evaluating, and optimizing control schemes can be done through
mathematical modelling and numerical simulations [69]. Integro-differential equations pro-
vide the proper framework for modelling the spread of certain types of diseases. For ex-
ample, when individuals in the population mix with age-dependency (e.g. see [157]) and
when a disease is spread via a vector agent, such as a mosquito (e.g. see [176]).

Most developed countries employ cohort immunization programs where vaccinations are
administered to the susceptible population continuously in time. Measles immunization
strategies in many areas of the Western world recommend a vaccination dose at 15 months
of age followed by a second dose at around 6 years of age [170]. There now exist vaccines
for a wide range of infectious diseases such as polio, hepatitis B, parotitis, and encephalitis
B [98]. Alternatively, a pulse vaccination scheme is based on the idea that an infectious
disease can be more efficiently controlled by antagonizing the natural temporal process
[1,169]. More precisely, pulse vaccination is the control technique of vaccinating a portion
of the susceptible population in a short period of time (relative to the time scale involved
in the dynamics of the disease).

Theoretical results have shown that pulse vaccination strategies are able to achieve
disease eradication at relatively low vaccination levels when compared to conventional
strategies [1]. In recent years, pulse vaccination has gained in prominence due to its success
in controlling measles and polyomyelitis throughout Central and South America [170], in
preventing rabies and hepatitis B [150], and in achieving a mean coverage of 92% for measles



and rubella in children aged five to 16 in the UK in 1994 [170]. The most prominent example
of a successful control program was the World Health Organization’s global initiative to
eradicate smallpox in the 20th century. Beginning in 1967 with approximately 15 million
cases per year, the control scheme led to worldwide eradication by 1977 [69].

Seasonal variations in the transmission of an infectious disease play an important role
in its spread. Examples include changes in the survivability of pathogens (outside hosts),
differences in host immunity, variations in host behaviour, differences in the abundance of
vectors due to weather changes [39,55]. Reports have found that many diseases show pe-
riodicity in their transmission, such as measles, chickenpox, mumps, rubella, poliomyelitis,
diphtheria, pertussis, and influenza [70]. Depending on the particular disease of inter-
est and population behaviour, the appropriate model of the disease’s spread may be us-
ing term-time forcing where the model parameters change abruptly in time (for example,
see [44,76,113,115,117,163]). A hybrid impulsive system composed of integro-differential
equations provides a natural framework to model the application of control strategies to
combat the seasonal spread of certain types of diseases.

A number of stability methods for nonlinear integro-differential systems can be found
in the delay differential equations literature, such as Lyapunov-Krasovskii functionals and
Razumikhin-type theorems (for example, see [61,82,85]). Other techniques for integro-
differential equations include linear and nonlinear variation of parameters, stability in
variation, and the method of reduction (for a detailed account, see [28,85]). Analytic
methods have been developed in recent years to study the stability of switched systems.
Methods include common Lyapunov functions and multiple Lyapunov functions [26,27,
32,101, 152], switched invariance principles [14,63,64], and switched systems with average
dwell-time switching [64,65,101,166]. Reports have been given for switched systems with
subsystems that are triangularizable [101,139], linear switched systems with commuting
subsystems [101, 145], stabilization of switched systems using feedback control and control
Lyapunov functions [142], and the instability of switched systems under arbitrary switching
[167].

The focus of the present thesis is on studying the qualitative behaviour of switched
integro-differential equations with impulsive effects. That is, analyzing hybrid impulsive
system with distributed delays (HISD). The main objective is to extend the current lit-
erature on the basic theory and stability theory of HISD. This type of model is a useful
tool in analyzing the spread of an infectious disease as it takes into account distributed
time-delays (e.g. age-dependent population mixing), impulsive control (e.g. pulse vacci-
nation schemes), and switched model parameters (e.g. seasonal variations in population
behaviour). Since we are interested in practical applications such as those in epidemiol-
ogy, it is important to know the mathematical model is well-posed. Motivated by this



we develop fundamental theory of HISD with unbounded delay and generalized impulsive
effects and switching rules. In this work, the impulsive times do not need to match the
switching times, and both effects can be time-dependent, state-dependent, or a mixture of
both. The main contribution is existence and uniqueness results for HISD which satisfy
certain smoothness conditions and which have admissible switching and impulsive effects.

To determine the long-term behaviour of HISD, we extend the current literature by
presenting new stability theory focusing on: (i) HISD composed of a mixture of stable and
unstable subsystems; or (ii) HISD composed entirely of unstable subsystems. In the first
case, we find sufficient conditions guaranteeing stability of the overall switched system so
long as the amount of time spent in the stable subsystems is sufficient. Impulsive effects are
considered which can either act as a stabilizing feature of the HISD or as a disturbance.
For hybrid impulsive systems with unbounded delay, we develop new Razumikhin-type
stability results. The stability properties found are applied to classes of weakly nonlinear
HISD and easily verifiable conditions are found.

Next we shift our focus to HISD composed entirely of unstable subsystems to extend
the current research on the subject of state-dependent switching stabilization. Algorithms
are given which construct stabilizing state-dependent switching rules explicitly from the
partitioning of the state-space into different switching regions. When a switching region
boundary is crossed by the solution trajectory, the algorithm chooses a new mode to
activate. Results are found for a class of HISD based on a Lyapunov functional. To avoid
unwanted switching behaviour (such as chattering), the results are broadened by allowing
for overlapping switching regions. The state-dependent switching stabilization of nonlinear
HISD, with bounded or unbounded delay, is formulated and proved. The special algorithm
to construct the switching rule is generalized to include a wandering time.

The fundamental and stability theory results are applied to epidemics modelled by
HISD. In doing so, the current mathematical epidemiology literature on diseases spread by a
vector agent (such as a mosquito) is extended. We present a case study of the Chikungunya
virus, which is a new model of the disease’s outbreak on Reunion Island in 2005-06. Control
strategies are considered (mechanical destruction of mosquito breeding sites, contact rate
reduction), accompanied by analytic and numerical investigations. Control efficacy rates
are calculated and some conclusions are drawn. An alternative modelling approach to
a vector-borne disease is formulated and studied. In this case, we give new theoretical
results ensuring eradication by analyzing both time-constant and impulsive vaccination
strategies, followed by a cost-benefit numerical analysis. HISD are formulated for disease
models with general nonlinear incidence rate, multi-city transportation, and age-dependent
population mixing. Throughout the thesis, examples are given to illustrate the results and
are augmented with Matlab numerical simulations.
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The structure of the thesis is outlined as follows: in Chapter 2, the necessary founda-
tional material is presented. To ensure the mathematical models are well-posed, classical
techniques are extended to establish fundamental theory of HISD in Chapter 3. Since ana-
lytic solutions of HISD cannot be found explicitly in general, stability theory is developed
to uncover a system’s qualitative behaviour in Chapter 4. In Chapter 5, the stabilization of
an unstable system via hybrid control is studied. The focus is on state-dependent switching
stabilization of HISD by constructing special minimum rule algorithms. In Chapter 6, the
theoretical results found in the thesis are applied to models of infectious diseases in order
to determine whether or not the disease will be eradicated under certain control schemes.
Conclusions are drawn and future directions are given in Chapter 7.

1.1 Summary of Contributions

The author’s research contributions in the present thesis are detailed below.

Fundamental Theory of HISD (Chapter 3): The results on local existence, unique-
ness, extended existence, and global existence for HISD are contributions by the
author. The approach here is to extend existing techniques to be able to develop
the basic theory of switched integro-differential equations with infinite delay. The
switching rule and types of impulses are constructed in a general way so that a num-
ber of different formulations are captured. These investigations are important as
they lay the foundation for further studies on the asymptotic behaviour of solutions
(e.g. stability theory). The well-posedness of a mathematical model is important for
applications such as epidemiology.

Stability Theory of HISD (Chapter 4): Since solutions of HISD are not known in
general, we develop new stability theory to understand the qualitative behaviour of
these types of system. First, we analyze the stability of HISD composed of stable and
unstable modes by giving new switching Halanay-like inequalities for general switch-
ing rules, periodic switching rules, and impulsive effects. The results are applied to a
class of weakly nonlinear HISD motivated by . Next we provide new Razumikhin-like
theorems for HISD with unbounded delay and find verifiable sufficient conditions for
stability in the form of constraints on the switching rules and impulsive effects.

Hybrid Control (Chapter 5): In this part we extend the current literature by analyz-
ing the stability of HISD composed entirely of unstable subsystems. Algorithms are
constructed for the state-dependent switching stabilization of weakly nonlinear HISD



using a Lyapunov functional method. A new Razumikhin-like approach is presented
for the hybrid control of nonlinear switched integro-differential equations with un-
bounded delay. In this case, the state-space partitioning algorithms are enhanced
to avoid unwanted switching behaviour from a practical point of view. The anal-
ysis done here has important applications in control theory as the combination of
switching control and impulsive control is a powerful stabilization tool.

Applications in Epidemic Modelling (Chapter 6): The novel methods developed ear-
lier in the thesis are applied to epidemic models in order to determine the long-term
behaviour of a spreading infectious disease. Contributions here include a case study
of a new seasonal model of Chikungunya disease followed by an analysis of a more
general vector-borne disease model. In both these investigations, we analyze var-
ious control strategies theoretically and numerically to determine their efficacy in
eradicating the disease. This also allows us to draw some conclusions with regards
to a response strategy in the face of an impending outbreak. Threshold criteria for
disease eradication are also found for epidemic models with distributed delays and
general nonlinear incidence rates. An infectious disease model with age-dependent
population mixing and a latency period is studied. The potential impact of this work
comes from the fact that the mathematical analysis of epidemic models is vital for
the development and implementation of control schemes.



Chapter 2

Mathematical Background

This chapter provides background material necessary for the rest of the thesis. Some
preliminaries and basic definitions are given for systems of ordinary differential equations
in Section 2.1. Following this, standard results in functional differential equations are
displayed in Section 2.2, including integro-differential equations. Section 2.3 is concerned
with hybrid systems theory: impulsive systems are formulated in Section 2.3.1, followed
by a brief overview of switched systems in Section 2.3.2.

2.1 Preliminaries and Basic Definitions

Unless otherwise specified, the material in this section is taken from [59]. For other ref-
erences, the reader may refer to [77,136,151]. Let R™ denote the Euclidean space of
n-dimensions equipped with the Euclidean norm || - ||. Let R, denote the set of nonnega-
tive real numbers. Let ¢ be a real scalar, let D be an open set in R*™!, let f: D — R" be
continuous and let & = dx/dt. Consider the following system of non-autonomous ordinary
differential equations (ODE),

&(t) = f(t,2(1)), (2.1)
or, more briefly,
T = f(t,x). (2.2)

where z = (z1(t),...,z,(t))" and f(t,x) = (fi(t, 21, T0), -, fult,x1, ..., 2,)) 7T s
called a vector field on D. For a given (to,z9) € D, an initial value problem (IVP)
for equation (2.2) consists of finding an interval I C R containing the initial time ¢y and a



solution x(t) of (2.2) satisfying x(tg) = x¢. The IVP can be written as

T = f(t,x), tel, (2.3)
z(tog) = wo.

To use mathematical models to simulate real-world applications, is it important to ascertain

the well-posedness of the IVP (2.3). For example, whether a solution exists and whether

it is unique. A solution to the IVP with t; € I is a continuously differentiable function

x(t) = x(t;to, o) defined on I such that (¢t,z(t)) € D for t € I; (to,z(ty)) = (to,z0); and

equation (2.2) is satisfied on 1.

Theorem 2.1.1. (Existence)

If f is continuous in D then for any (to,zo) € D there is at least one solution of the IVP
(2.3) existing in an interval I.

To establish uniqueness of the solution, a stronger condition than continuity is required.

Definition 2.1.1. A function f(t,z) defined on a domain D in R"™ is said to be locally
Lipschitz in x if for any closed bounded set U in D, there exists a constant L = L(U) >0
such that || f(t, ) — f(t,y)|| < Ll =yl for (t,2),(t,y) € U.

Note that if f(¢,2) has continuous first partial derivatives with respect to x, then it
follows that f(¢,x) is locally Lipschitz in x.

Theorem 2.1.2. (Uniqueness)
If f(t,x) is continuous in D and locally Lipschitz with respect to x in D, then for any
(to, z0) € D, there exists a unique solution of the IVP (2.3).

In the special case where system (2.3) is linear and autonomous, the initial time can be
taken to be to = 0 without loss of generality (simply define a new time variable 7 =t —t).
The unique global solution can be given explicitly in terms of the matrix exponential.

Theorem 2.1.3. If f(t,x) = Ax for all (t,z) € D, where A € R"*™ is a constant matriz,
then the IVP (2.3) has a unique solution for all time t € R, which is given by

x(t) = e, (2.4)
where et is the matriz exponential, defined as follows:
eAt _ Ak‘tk
' k!
k=0

which converges for all t € R.



In general it is not possible to find an explicit solution of (2.3). However, important
qualitative features of the system can be determined by a theoretical analysis. Important
questions one may ask are: will the solution of the system converge to a point or a periodic
function? If two solutions are initialized close to each other, will they remain close to each
other? Many of these kinds of questions can be answered by analyzing the stability of
the IVP (2.3), which is crucial in studying problems such as the synchronization of two
systems, the stabilization of a system via hybrid control, and the long-term behaviour of
a spreading disease.

Suppose that ¢(t) is a solution of (2.2). Let z = 2 — ¢, then

b =i -,
=f(t,x) = f(t, (1)),

:f(t> z+ 90<t>) - f(ta (,0(15)),
:F(t72>a

where F(t,z) := f(t,z + ¢(t)) — f(t,¢(t)). Thus z(t) = p(t) is a solution of (2.2) if and
only if z(t) = 0 is a solution of 2 = F(t, z). Therefore, without loss of generality, assume
that f(¢,0) =0 for all £ € R, i.e. the trivial solution z = 0 is a solution of (2.2). The long-
term behaviour of the IVP (2.3) can be characterized by studying the following stability
properties of the trivial solution.

Definition 2.1.2. (Stability)
Let x(t) = x(t; g, xo) be the solution of the IVP (2.3) then the trivial solution x = 0 is said
to be

(1) stable if for all € > 0, ty € Ry, there exists a 6 = d(tg,€) > 0 such that ||zo] < §
implies ||x(t)|| < € for all t > to;

(11) uniformly stable if 6 in (i) is independent of to, that is, 6(tg,€) = 0(€);
(111) asymptotically stable if (i) holds and there exists a > 0 such that ||xo|| < B implies

lim z(t) = 0;

t—o0

(iv) uniformly asymptotically stable if (i) holds and there exists a 5 > 0, independent of
to, such that ||zo|| < B implies that for all n > 0, there exists a T = T(n) > 0 such
that for all ty € Ry, ||z(t)]| <n ift > to+T(n);

(v) globally asymptotically stable if B in (iii) is arbitrary;
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(vi) globally uniformly asymptotically stable if 5 in (iv) is arbitrary;

(vii) exponentially stable if there exist constants B,7v,C > 0 such that if ||xo|| < B then
lz()|| < Cllag|le™® ) for all t > to;

(viii) globally exponentially stable if 5 in (vii) is arbitrary;
(iz) unstable if (i) fails to hold.

Remark 2.1.1. If f is autonomous (does not depend on t explicitly) then stability im-
plies uniform stability. Also, exponential stability is a stronger condition than uniform
asymptotic stability.

In the late 19th century, A.M. Lyapunov developed some simple yet powerful geometric
theorems for determining the stability of an equilibrium point of an ODE. For a constant
a, suppose that f : [a,00) x R" — R" is sufficiently smooth to ensure a unique solution of
(2.3) through every point (tg, zo) in [a,c0) x R™.

Definition 2.1.3. Let Q be an open set in R™ containing 0. A scalar function W (x) is
positive definite on § if it is continuous on 2, W(0) =0, W(z) > 0 for x € 2\ {0}.

Definition 2.1.4. A Lyapunov function V' : [a,00) x Q — R is said to be positive definite
if V(t,0) = 0, V is continuous in t and locally Lipschitz in x, and there erists a positive
definite function W : Q — R such that V(t,x) > W(x) for all (t,z) € [a,00) x Q. The
function V (t, z) is said to be decrescent if there exists a positive definite function Z : Q@ — R
such that V(t,x) < Z(z) for all (t,z) € [a,00) x Q.

Definition 2.1.5. The upper right-hand time-derivative of a function V(t,x) that is con-
tinuous in t and locally Lipschitz in x, along the solution of (2.2), can be defined as'

DYV (t,z) = limsup = V(t+ h,z+ hf) —V(t,x)].

h—0t h

When V (t,x) has continuous partial derivatives with respect to t and x, the upper right-
hand derivative reduces to

V(t,x) = % +VV(t,z)- f(t, )

where VV (t,z) is the gradient vector with respect to x.

IThe upper right-hand derivative is a Dini derivative, which is a generalized derivative. There are three
other Dini derivatives: the upper left-hand, the lower right-hand, and the lower left-hand.
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Theorem 2.1.4. If V : [a,00) x Q — R is positive definite and DTV (t,x) < 0 then the
trivial solution of (2.3) is stable. If, in addition, V' is decrescent, then the trivial solution
is uniformly stable. Further, if —DYV (t,x) is positive definite then the trivial solution is
uniformly asymptotically stable.

The power of Lyapunov’s direct method lies in the fact that explicit knowledge of the
solution is not needed. Intuitively, —D*V (¢, x) being positive definite implies that V is
decreasing along orbits in [a,00) x € and the orbit approaches the origin as ¢t — occ.

2.2 Functional Differential Equations

Let 7 > 0 be a given real number and denote C' = C([—7, 0], R™) to be the set of continuous
functions mapping [—7, 0] into R"™. For ¢ € C, consider the norm ||¢||, = sup_, -, [|#(s)]l-
Then the space C' is a Banach space?. If 2 € C([ty — 7, to + b],R?) for ty € R, b > 0, then
we let z; € C be defined by z,(s) = z(t + s) for —7 < s < 0.

Let D be a subset of R x C' and let f : D — R" then a delay differential equation
(DDE) on D is given by the relation

T = f(t,xy) (2.5)

where & represents the right-hand time-derivative. Note that equation (2.5) is a general
type of retarded functional differential equation which includes differential difference equa-
tions such as

(t) = f(t,z(t), z(t —11(t)),...,z(t —1,(t)))

where 0 < 75(t) < 7 for j =1,2,...,p, and integro-differential equations such as

x’(t):/ g(t,s,x(t+ s))ds.

—T

Given ty € R and an initial function ¢y € C, the IVP associated with (2.5) is given by,

{ i = f(t,x), (2.6)

mto - ¢0'

A function x(t) = x(t; to, ¢o) is said to be a solution to the IVP (2.6) on [ty — 7,ty + b) for
b>0ifx e C([to —r,to+b),R"), (t,x) € D, z(t) satisfies (2.6) for t € [to,to + b), and
z(to+ s) = ¢o(s) for —7 < s <0.

2Complete normed vector space.
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Lemma 2.2.1. If ty € R, ¢g € C are given and f(t,v) is continuous, then finding a
solution of (2.6) is equivalent to solving the integral equation

xto = ¢07

z(t) = ¢o(0) + / tf(s,a:s)ds, t > to. (2.7)

For a DDE with finite delay as in (2.5), continuity of = ensures continuity of x;. This
is a useful property in establishing fundamental theory of (2.6).

Lemma 2.2.2. Given a constant a > 0, if v € C([to—T,to+a],R™) then x; is a continuous
function of t fort € [to,to + a.

Existence and uniqueness results can be given.

Theorem 2.2.3. (Existence)
If f € C(Q,R™) where 2 is an open set in R x C, then for any (to, ¢o) € ) there is at least
one solution of the IVP (2.6).

Definition 2.2.1. A function f(t,x) defined on a domain Q in Rx C is said to be Lipschitz
on § if there exists a constant L = L(2) > 0 such that || f(t, 1) — f(t,¥2)|| < Lty — o]+

for (t,vn), (t,19) € Q.

Theorem 2.2.4. (Uniqueness)
If f € C(2R") where Q is an open set in R x C and f(t,v) is Lipschitz in ¢ in each
compact set in §Q, then for any (to, ¢o) € Q there is a unique solution of the IVP (2.6).

Assume that f(¢,0) =0 for all t € R and assume that f is sufficiently smooth to have
a unique solution. Stability concepts for the DDE (2.5) are analogous® to those from ODE
theory in Definition 2.1.2. It is possible to investigate the stability of the nonlinear DDE
(2.6) using a Lyapunov functional (an extension to Lyapunov function stability in ODE
theory). Define the following K-class functions.

Ko={we CR:,Ry) :w(0) =0,w(s) > 0 for s > 0},

K1 ={w € Ky : w is nondecreasing in s},
K={weCRLR,) :w(0) =0 and w is strictly increasing},

Koo ={w € K :w(s) = 0o as s — 0o}.

3See page 130 in [61].
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Let V : R x C — R be continuous in its first variable and locally Lipschitz in its
second variable. Let z(t) = x(t; o, ¢o) be a solution of (2.6). Define the upper right-hand
time-derivative of a functional V' along the solution of (2.5) as

DYV (t,) = limsup ~ [V (£ + h, 70e) — V(¢ 22)]

h—0+
where 1) = x;.

Theorem 2.2.5. Assume that f : Rx C — R" takes R x (bounded sets of C') into bounded
sets of R™. Let c1,co € Ky and c3 : Ry — R, be a continuous nondecreasing function. If
there is a function V : R x C' — R which is continuous in its first variable, locally Lipschitz
in its second variable, and satisfies

(1) (Y O)]) < V(E,9) < eo([[¢ll7) for all (t,4) € R x C;
(ii) DTV (t,¢) < —cs([|(0)]]);

then the trivial solution of (2.6) is uniformly stable. If c3(s) > 0 for s > 0, then the trivial
solution 1s uniformly asymptotically stable.

It is also possible to prove stability of the trivial solution of a DDE using Lyapunov
functions, rather than functionals, which is the main idea behind Razumikhin theorems.
The intuitive idea is explained as follows: if a solution of the DDE IVP (2.6) is initially in a
ball and eventually leaves at some time t*, then ||z(t*+s)|| < ||z(t*)| for all s € [—7, 0] and
%[Hx(t*) I] > 0. Consequently we only need to consider initial data satisfying this property
and the aim is to control x(t) = 24(0). Define the upper right-hand time-derivative of a
function V' : R x R” — R which is continuous in its first variable and locally Lipschitz in
its second variable, along the solution of (2.5), as

DAV 9(0)) = limsup 3 [V(E+ b, (0) + 1/ (1,0)) = V (1, 6(0))]

h—0+t
where ¥(0) = z(t).

Theorem 2.2.6. Assume that f : Rx C — R" takes R x (bounded sets of C') into bounded
sets of R™. Let c; € Ky, ¢ € K, and c3 : Ry — R, be a continuous nondecreasing function
such that c3(s) > 0 for s > 0. Let ¢ : Ry — R, be a continuous nondecreasing function
such that q(s) > 0 for s > 0. If there is a function V : R x R™ — R which is continuous
in t, locally Lipschitz in x, and satisfies
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(1) cllzl)) <Vt z) < eolx]]) for (£, 2) € R x R™;
(1)) DTV (t,4(0)) < —cs([v(0)]) if V(E+ s,4(s)) < q(V(¢t,4(0))) for s € [-7,0];
then the trivial solution of (2.6) is uniformly asymptotically stable.

For more background on delay differential equations, the reader is referred to [61] which
is where the above results were taken from. Integro-differential equations are a certain type
of delay differential equation and can be most often classified into three types [85]: The
first, sometimes called a Volterra integro-differential equation, is given by

&= f(t,x) +/t g(t,s,x(s))ds, (2.8)

x(ty) = .

The second classification is
t

&= f(t,z) +/t_ g(t, s,2(s))ds, (2.9)

x(to + s) = ¢o(s), se€[-1,0],

where 7 > 0 is an upper bound on the distribution of delays. The third classification is
an equation with unbounded delay:

t

i = f(t,a:)+/_ g(t, s, x(s))ds, (2.10)

z(to+ s) = ¢o(s), s€(—o0,0].

Motivated by the applications considered in the present thesis, the focus here is on the
second and third classifications. The second classification (2.9) can be modelled by (2.6),
however this is not true for the third classification with unbounded delay (2.10). For
basic theory of integro-differential equations see Chapter 1 of [85], for linear analysis and
Lyapunov stability see Chapters 2 and 3 of [85].

2.3 Hybrid Systems

Hybrid systems are systems in which continuous and discrete dynamics interact to generate
the evolution of the system state. Impulsive systems are a focal point of the present thesis
and are detailed in Section 2.3.1. Background on switched systems, also a type of hybrid
system, is established in Section 2.3.2.

14



2.3.1 Impulsive Systems

The background in this section is taken from [83], unless otherwise specified. An impulsive
differential equation (IDE) is a natural way to model the evolution of a system which
experiences instantaneous changes in the system state, called impulsive effects. Consider
the following general control system

{x': flt,z) +u, (2.11)

ZL’(to) = 2o,

where x € R" is the state and u € R" is control input constructed using the generalized
Dirac delta function, 6(¢), by letting

u(t) =Y ge(z(t)d(t —Ty)
k=1

where g are the impulsive effects and x(¢t7) := limy,_,o+ (¢t — h). The sequence of times
{T}:.}32, are the impulsive times (also called impulsive moments) which satisfy tq < T} <
Ty <...<Tp<...—> o0ask — oo. When t # Tj, the system evolves as an ODE and
when t = T}, an impulsive effect is applied to the system:

i a(T) = (T =) = tim [ (6)+ Y alal)ls = Tp) | ds,
= 0u(x(T;)

since [7°_g(t)o(t)dt = g(0) and [ g(t)d(t — a)dt = g(a). Then (2.11) can be re-written
as the IDE IVP:
l’:f(t,l'), t?'éTka

Ax = gp(z(t7)), t =Tk, (2.12)
x(tO) = Zo, ke Na

where N is the set of positive integers and Az := z(t) —x(t7). Let f: R x D — R™ where
D is an open set in R"™. A solution of (2.12) is a function z(t) = x(t; ty, o) on the interval
I containing t, which satisfies the following [17]:

(i) (t,z(t)) € R x D for t € I, and z(ty) = xg where (to,z9) € R x D.

(ii) For t € I, t # Ty, x(t) satisfies @(t) = f(t,z(t)).
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(iii) x(¢) is continuous from the right and if T}, € I then z(T}) = x(1},) + gr(x(T},)).

Existence and uniqueness of the IDE IVP (2.12) can be established.

Theorem 2.3.1. (Existence and Uniqueness) [17]
Assume f € CYR x D,R") and z + gx(x) € D for each k € N and x € D. Then for each
(to, o) € R x D there exists a unique solution of the IVP (2.12).

In the IDE IVP (2.12), impulses are applied at the fixed times ¢t = T}, which need not
be the case. Consider the following IDE IVP with variable impulsive times

S'U:f(t,l’), t#Tk(I)a
l’(to) = Xy, ke N,

where Ty (z) < Tpy1(x) and limg_,o Ti(x) = oco. The moments of impulsive effect, T,
depend on the solution state and so solutions initialized at different points may have
different points of discontinuity. A solution may hit the same surface several times and
different solutions may coincide after some time. For more details on impulsive differential
equations, including systems with variable impulse times, global existence, stability, and
Lyapunov function methods, see [17,83].

2.3.2 Switched Systems

A switched system, which is another type of hybrid system, evolves according to mode-
dependent continuous/discrete dynamics and experiences abrupt transitions between modes
triggered by a logic-based switching rule [166]. Switched systems most often arise in two
contexts [32]: (i) a natural system which exhibits sudden changes in its dynamics based
on, for example, environmental factors; (ii) when switching control is used to stabilize a
continuous system. As discussed in Chapter 1, practical applications are wide-ranging.
Unless otherwise specified, the results in this section are from [101].

Example 2.3.1. (Multi-controller architecture)

Given a process to manipulate, a continuous feedback control which achieves some desired
behaviour may not exist. However, it may be possible to control the process by switching
among a family of controllers, each of which is designed for a particular task in the imple-
mentation. As the system evolves, a decision maker determines which controller should be
active in the closed-loop system. This is an example of switching via a logic-based supervisor
and leads to a switched system architecture (see Figure 2.1).
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Figure 2.1: Desired behaviour is achieved via supervisory switching control.

Example 2.3.2. (Epidemic model)

The spread of an infectious disease can be modelled using a system of ordinary differential
equations. Crucial model components include the transmission rate of the disease and the
population behaviour. An important factor in the transmission of a disease is seasonal
changes in its spread, which can be modelled by term-time forced parameters (piecewise
constant) which abruptly change in time. For example, a student’s school schedule causes
sudden changes in their day-to-day pattern of contacts with other individuals. Hence, the
system can be modelled as a switched system. See Figure 2.2 for the flow of individuals
in the population: S represents individuals in the population that are susceptible; E rep-
resents individuals that have been exposed but are not yet infectious; I represents infected
individuals that are infectious; and R represents recovered individuals.

Births

1
S E|—| I |—|R
N N\ N\ N

Natura deaths

Figure 2.2: Flow diagram of SEIR epidemic model.

Example 2.3.3. (Air conditioner) [46]
A home climate-control system can be modelled naturally as a switched system. When the
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temperature increases above some threshold level, the AC is turned on which causes a drop
in the temperature. Once a different lower threshold is reached, the AC is turned off and
the temperature may rise again to the ambient temperature. See Figure 2.3.

T<18

AC OFF AC ON

T>23

Figure 2.3: Air conditioner as a switched system.

Example 2.3.4. (Manual transmission) [166]

Consider a vehicle with manual transmission travelling along a fized path. Its motion can
be characterized by its position z(t) and velocity v(t). In a simplified model, the system
has two control inputs: the current angle of the throttle, (denoted by u), and the current
engaged gear (denoted by g). Fach gear represents a mode of the system and changing gears

(an abrupt action triggered by the driver) represents switching between different modes. See
Figure 2.4 for an illustration.

1st gear 2nd gear 3rd gear
;( =V ;( =V ;( =V
v=f (uV) V=tuw) v=f(uv)

Figure 2.4: A hybrid model of a vehicle with manual transmission.

Here we consider a switched system as a dynamical system consisting of continuous-
time subsystems (or modes) and a logical rule that orchestrates switching between them.
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Consider the family of time-invariant ODEs

i = fi(a), (2.14)

where {f; : ¢ € P} is a family of sufficiently smooth functions from R" to R" parameterized
by an index set P and a piecewise constant function o : [tx_1,t;) — P which is assumed
to be right-continuous. In the present thesis, the index set is assumed to be finite: P =
{1,2,...,m} for some positive integer m. The function o is called a switching signal or
switching rule and is assumed to be deterministic. The switching times {¢;}72, are assumed
to satisfy 0 < t; < ... <ty < ... with t, — 0o as k — oo. The switching times can be
time-dependent, state-dependent (t; = t(z)), or a mixture of both?.

Under this formulation the index i is chosen according to the switching rule and the
system evolves according to the dynamics of the active subsystem. At the switching time
tx, the active subsystem changes from o (¢, ) := lim,_,o+ o(tx — h) to o(t;). The solution
evolves according to & = fy«, ,)(x) for t € [ty_1, 1) and then according to & = fo(,) ()
for t € [ty,tr+1). Since o is piecewise constant, o(tx_1) = o(t; ). For an illustration of a
simple switching rule, see Figure 2.5.

| [— 0]
al ]

35F B
3t =] e

251 1
2 —

15F B
| —C

lar 1
0 . . . . . \ . . .

u] 05 1 155 2 25 3 35 4 45 L5}
Time

Figure 2.5: Example of a switching rule o with switch times ¢, = 1,3,4 and P = {1, 2, 3}.

With a switching rule o and an initial condition xg, the family of systems (2.14) can

4For other types of switching rules, such as Markovian switching, see [102].
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be written as a switched system

= fi,(x), t€ [tpio1,tr),
{x(o) el (2.15)

where i, € P follows the switching rule o. For a particular choice of the index p € P,
the system & = f,(z) is called the p™ subsystem or mode of the switched system (2.15).
Assume that the initial time is ¢y = 0 since if this is not the case it is possible to shift the
time by defining a new time variable 7 =t — t; and new switching times hy =t — to.

The switched system (2.15) can be re-written in a more compact form:

T = fcr(x)v
{ $(O) — . (2.16)

System (2.16) admits a family of solutions that is parameterized both by the initial condi-
tion and the switching signal o, which is unlike the ODE IVP (2.3) that admits a family
of solutions parameterized solely by the initial condition [64]. A solution of the switched
system (2.16) is a continuous function x(¢; x¢) : Ry — R™ which satisfies the following [14]:
there exists a switching sequence {t;}%2, and indices i1, 2,3, ..., with i, € P, associated
with a switching rule o such that z(¢;z¢) is an integral curve of the vector field f; (=) for
t # t and x(0; zo) = .

Remark 2.3.1. Since a solution of (2.16) is parameterized by the switching rule, we could
write x(t) = z(t; xo,0) to show this dependency but we choose the more compact form with
this understanding in mind.

The switched system (2.16) has an equilibrium point Z (sometimes called a common
equilibrium point) if f;(z) = 0 for all 7 € P. Since it is possible to shift such a point to the
origin by setting y = = — Z, assume that f;(0) = 0 for all i € P. Then the definitions of
stability of the trivial solution of (2.16) are analogous® to those in the classical theory of
ODEs.

Since analytic solutions of the switched system (2.16) cannot be found explicitly in

general, most of the switched systems literature can be categorized into one of the following
problems [102]:

1. Find conditions guaranteeing asymptotic stability of the trivial solution for arbitrary
switching rules.

SFor example, see [14].
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2. Identify classes of switching rules under which the trivial solution is asymptotically
stable.

3. Construct switching rules such that the trivial solution is asymptotically stable.

We detail each of these problems below.

Problem 1: Stability under arbitrary switching

Preserving stability under arbitrary switching is of particular importance in switching
feedback control. If the j* subsystem of a switched system evolves according to an unstable
mode then the switching rule o(t) = j leads to instability. Therefore, for stability under
arbitrary switching to be possible, a necessary condition is that all subsystems must be
stable. However, this is not a sufficient condition for stability. Switching between two
stable subsystems can lead to instability, illustrated in the following example.

Example 2.3.5. Consider (2.16) with P = {1,2} and fi(x) = Az, fo(z) = Asx with

0.1 1 0.1 2
A= ( —2 —0.1) o A= ( ~1 —0.1) '

Both A, and Ay are Hurwit’ matrices and so the origin is exponentially stable for each
subsystem. Consider the following state-dependent switching rule: if x1xs < 0 choose
subsystem 1 to be active, otherwise choose subsystem 2 to be active. See Figure 2.6 for an
illustration, where the origin of the switched system is unstable.

A sufficient condition for the asymptotic stability of the origin of (2.16) involves the
existence of a so-called common Lyapunov function.

Theorem 2.3.2. Let V € CY(R",R,) and let W € C(R",R,) be a positive definite and
radially unbounded’ function. If
VV(x) - filz) < =W (x) (2.17)

for all x € R™ and for all i € P then the origin of the switched system (2.16) is globally
asymptotically stable for arbitrary switching.

The main idea is that the rate of decrease of V' along solutions is unaffected by the
switching and asymptotic stability is uniform with respect to the switching rule . For
more details regarding stability under arbitrary switching, see Chapter 2 of [101].

6All eigenvalues have negative real part.
"W (z) — oo as ||z] — oo.
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Figure 2.6: The subsystems are stable (left), however, the overall switched system is un-
stable (right).

Problem 2: Stability under constrained switching

Motivated by instability of a switched system composed entirely of stable subsystems, we
seek classes of switching rules which avoid this unwanted behaviour. Again we consider
a switched system (2.16) composed entirely of stable subsystems. This problem can be
solved by putting restrictions on how fast the system can switch modes, which leads to the
concept of stability under slow switching or dwell-time switching [102].

One way to guarantee the switching is sufficiently slow is the existence of multiple
Lyapunov functions. If each subsystem is stable, then each subsystem has a Lyapunov
function which decreases along solutions. If the Lyapunov functions satisfy appropriate
conditions at the switching times then asymptotic stability of the switched system can be
achieved.

Theorem 2.3.3. [63]
Let D C R™ be an open set and suppose that f; : D — R™ for alli € P. Assume there exist
V; € CY(D,Ry) fori € P which satisfy VV;(z)- f;(z) <0 for allz € D\ {0}. Assume that

Vi (2(te) < Vi (2(tr)) (2.18)

at every switching time t,. Then the trivial solution of the switched system (2.16) is
asymptotically stable.
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Since the Lyapunov functions do not increase at the switch times, the switching Lya-
punov function V; is always decreasing along solutions of the switched system (2.16). In
fact, stability can be guaranteed if the Lyapunov functions form a decreasing sequence at
the switching times.

Theorem 2.3.4. Let D C R"™ be an open set and suppose that f; : D — R™ for all i € P.
Assume there exist V; € CY(D,Ry) for i € P which satisfy VVi(z) - fi(x) < 0 for all
x € D\ {0}. Assume there exist positive definite continuous functions W;, i € P such that

Vo((ty)) = Vola(t)) < =Wp(x(ts)), (2.19)
for every pair of switching times (t;,t;), i < j such that o(t;) = o(t;) = peP and o(ty) # p

for any ty, satisfying t; < t, < t;. Then the trivial solution of the switched system (2.16) is
asymptotically stable.

See Figure 2.7 for an illustration of condition (2.19).
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Figure 2.7: Two Lyapunov functions which satisfy (2.19). The red line corresponds to the
first mode being active while the blue line corresponds to the second mode being active.

Remark 2.3.2. If f;(x) = A;x for alli € P where A; € R™"™ are Hurwitz matrices, then it
is straightforward to calculate a Lyapunov function for each subsystem as V; = x* Pjx where
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P; are positive definite matrices satisfying the Lyapunov equations Al P+ P,AT = —Q; for
any positive definite matriz Q;.

Unfortunately, the energy conditions at the switching times in equations (2.18) and
(2.19) require explicit knowledge of the solution trajectory at the switching points t; [152].
This might seem unreasonably strict, but it is often the case that the multiple Lyapunov
function switching conditions are trivially satisfied or that the switching signal is con-
structed precisely with these conditions in mind.

An alternative approach to the problem of sufficiently slow switching is to restrict the
set of admissible switching rules (which is especially convenient when the switching signals
are trajectory dependent [64]). The switching rule of system (2.16) is said to have a dwell-
time if there exists a constant n > 0 such that infren(tx — tx—1) > 1. Stability can be
established based on a lower bound on 7.

Theorem 2.3.5. Consider (2.16) with P = {1,2}. Assume that there exist functions
Vi, Vo € CH(R™,R) and positive constants ay, as, b1, b, 1, and cy such that

(i) a;||z||* < Vi(z) < bil|z||* for all x € R";

(ii) VVi(z) - fi(x) < —ci||z||* for all z € R™.

Then the trivial solution of (2.16) is asymptotically stable if

c c b1b
b by a1Gz
Dwell-time switching such as in Theorem 2.3.5 can be too restrictive for certain physical
applications. For example, if the switching rule selects subsystems according to optimizing
a particular behaviour, it may be possible that the performance deteriorates (due to, for
example, system failure) to an unacceptable level before the required dwell-time has passed.
Average dwell-time switching can alleviate this problem [65]. If there exist two positive
constants Ny and 7, such that
~ t —to

Ng(t(],tl) < N() + y for all to <t < tl, (220)
Ta

where N, (to, t1) is defined to be the number of discontinuities of the switching rule o on
the interval (¢, t1), then the switching signal o is said to have an average dwell-time 7.
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Theorem 2.3.6. Consider (2.16) with P = {1,2}. Assume that there exist Lyapunov
functions Vi, Vy € CHR™,R) and o,y € Koo and constants p > 0, X > 0 such that for
i=1,2,

(i) aa([[z]]) < Vi(x) < aq(lz]]) for all x € R";
(1) VVi(z) - fi(x) < =AVi(z) for all x € R";
(ii) Vp(x) < uVy(z) for all p,q € P.

Then the trivial solution of the switched system (2.16) is globally asymptotically stable for
any switching rule with average dwell-time satisfying T, > In(u) /X where Ny is arbitrary.

Average dwell-time switching allows the possibility of fast switching on certain inter-
vals but compensates for it by demanding sufficiently slow switching later on. For more
background on the stability of switched systems with dwell-time and average dwell-time,
see [65,101,166]. For examples of some other classes of switching signals, see [64].

Problem 3: Switching control

The third problem can be viewed as a control problem where switching control is used to
stabilize an unstable continuous system. This may be required if continuous control is not
suitable (due to the nature of the problem), cannot be found (due to model uncertainty), or
cannot be implemented (due to sensor and /or actuator limitations). Not only can switching
control stabilize an unstable system, switching between controllers in a certain way can
also improve performance over a fixed continuous controller [32]. It can also prove to be
easier to find a switching controller to perform a desired task versus finding a continuous
one [46].

Consider the following example in which the solution trajectory in either of the sub-
systems grows over time, but not monotonically. The switching rule is constructed to take
advantage of this fact.

Example 2.3.6. Consider the switched system (2.16) with P = {1,2}, fi(x) = Az,

fa() = Agz,
01 -1 01 —2
A1_<2 0.1)’ A2_<1 0.1)'

The eigenvalues of both of these matrices have positive real parts, and so each subsystem
is unstable. It is possible to construct a stabilizing switching rule as follows: if x1xe < 0
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Subsystem 1
Subsystem 2 81

Stabilizing Trajectory

Figure 2.8: Both subsystems are unstable (left figure). The right figure shows a trajectory
of the switched system under the stabilizing switching rule outlined above.

0 5 10 15 20 0 5 10 15 20
Time Time

Figure 2.9: The solution trajectories of subsystem 1 (left figure) and subsystem 2 (right
figure). Both are unstable systems, but the norms (green curves) do not increase mono-
tonically.

choose subsystem 1 to be active, otherwise choose subsystem 2 to be active. See Figures
2.8 and 2.9.
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In [191], Wicks et al. first constructed a stabilizing state-dependent switching rule for
a linear switched system. In short: if there exists a scalar 0 < « < 1 such that the convex
combination A := aA; + (1 — a)As is Hurwitz, where A;, Ay € R™ " then there is a
stabilizing switching rule for the switched system & = A,z where o : [tp_1,tx) — {1,2}.
The switching rule can be constructed by partitioning the state space into 2y = {z €R"™ :
2T (ATP + PAT)z < 0} and Qy = {z€R": 27(ATP + PAL)z < 0} where P is a positive
definite matrix which solves the Lyapunov equation ATP + PA = —() for some positive
definite matrix ). The Lyapunov function V = 27 Px decreases along solutions of the
first system (& = Ajx) in the region €; and decreases along solutions of the second system
(z = Asz) in the region €y. The switching rule takes the form:

1 ifzeQ
o T e i, (2.21)
2 ifx € Q.

The state-dependent switching rule is extendable to a linear switched system with m
subsystems if there exist constants «; > 0 satisfying Y ", a; = 1 such that the convex
combination matrix A 1= Yo oAy is Hurwitz. For a more detailed account of the linear
case, see the book Chapter 3 in [101] and the survey paper [103], where Lin and Antsaklis
detailed results regarding the switching stabilization of linear systems. The nonlinear case
is detailed in Section 5.1.2 of the present thesis. Graphically, the state-space is subdivided
into switching regions and the current active mode depends on the location of the state
trajectory (see Figure 2.10).

Region 1

AN
S

Region 2 Region 3

Figure 2.10: Solution trajectories for a switched system with a state-dependent switching
rule. A switch occurs whenever the state trajectory crosses a switching region boundary.
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Remark 2.3.3. The state-dependent switching rule in (2.21) raises some concerns over
the well-posedness of a state-dependent switching rule. For example, if the system crosses a
boundary and switches, the trajectory could then immediately cross over the same boundary,
forcing another switch. This raises the possibility of infinitely fast switching, or chattering,
which is undesirable practically as it results in excessive equipment wear. See Figure 2.11
for an illustration.

Region 1
\ o\ /
\J \ 4
Region 2 Region 3

Figure 2.11: Possible chattering behaviour in a state-dependent switching rule.

If a switched system is composed entirely of unstable subsystems, it may also be possible
to construct a purely time-dependent stabilizing switching rule. The main idea here is
that since each subsystem is unstable, the switching strategy should be a high-frequency
switching rule. If the switching rule dwells in any one subsystem for too long, instability
occurs. This is the opposite of the dwell-time approach in the previous section where each
subsystem is stable and stability is achieved as long as the switching does not occur too
frequently. Sun et al. [174] detailed the idea of fast-switching stabilization via periodic
time-dependent switching rules for linear systems. Time-dependent switching stabilization
of nonlinear systems is presented later in Section 5.1.1 of this thesis. Consider the following
linear example.

Example 2.3.7. Consider the switched system (2.16) with P = {1,2}, fi(z) = Az,

f2<I) :AQ.T,
-9 1 1 -1
Al:{g 2}’ A2:[3 —8]

Both matrices have eigenvalues with positive real part and the matrix A= 0.5A;+0.5A, is
Hurwitz. See Figure 2.12 for a simulation with periodic switching (every 0.05 time units)
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where it 1s observed that the solution trajectories of the switched system converges to the
origin.

Figure 2.12: Simulation of Example 2.3.7. The blue lines are solution trajectories of the
convex combination system & = Ax. The red lines are solution trajectories of the switched
system under periodic high-frequency switching.
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Chapter 3

Fundamental Theory of HISD

To simulate real-world problems using mathematical models, it is important to investigate
the well-posedness of said models. For applications in epidemic modelling, the physical
problem certainly exists and given the same initial disease profile we should expect the
same outcome. We hope then that the mathematical model exhibits these properties.
Namely, the mathematical model has at least one solution (existence) and the model has
at most one solution given the same initial data (uniqueness). Significant work has been
done on fundamental theory for impulsive systems (for example, see [83]) and for functional
differential equations (for example, see [61]).

Attention has also been given to functional differential equations with infinite delay. For
example, the work by Hale and Kato in [60] on phase spaces for delay differential equations
with unbounded delay. This work has been studied further in [8,58,73,100,162,165]. Less
work has been devoted to the investigation of basic theory for classical solutions of impulsive
systems with finite delay: for example, existence and uniqueness results were given by
Ballinger and Liu in [19] for impulsive systems with delay. Liu and Ballinger [111] extended
these results for finite delay systems with state-dependent impulses. Work has been done
on stochastic impulsive systems with finite delay (for example, see [4]). Investigations into
the global existence of classical solutions for impulsive systems with finite delay have been
completed (for example, see [111,129]).

The results in the reports discussed above do not apply to switched systems with infinite
delay and impulses. This is the focus of the present chapter where we develop results for
the existence, uniqueness, and continuation of solutions to hybrid impulsive systems with
distributed delays (HISD), including unbounded delay. The main results on existence and
uniqueness are proved by adjusting classical techniques in order to deal with impulsive
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effects, infinite delay, and switching behaviour. The results found here are applicable
to systems with finite delay and to systems where the impulsive times and switch times
do not necessarily coincide. The HISD is formulated so that each subsystem can have a
different domain of definition. The switching rule and impulsive effects are both dependent
on the time and/or state and are constructed in a general way. The main contributions
are results on the local existence, uniqueness, extended existence, and global existence of
classical solutions to HISD with infinite delay and generalized impulsive sets, which, to the
best of the author’s knowledge, are extensions of the current literature. The material in
this chapter formed the basis for [116].

3.1 Choice of Phase Space

For a delay differential equation with finite delay (such as equation (2.6)), the phase space
chosen for the initial function is not qualitatively important [61]: after one delay interval,
the history of the state belongs to the space of continuous functions. If the system has
impulsive effects then even if the initial function contains no discontinuities, once the first
impulsive effect is applied, the history contains a discontinuity. The space of piecewise con-
tinuous functions is an obvious choice for impulsive systems with finite delay, constructed
as follows: given the constants a and b satisfying a < b and the open set D C R"”, define
the following classes of piecewise continuous functions (for example, see [124])

PC(la,b], D) ={z : [a,b] = D | z(t) = x(t") for all t € [a, );
x(t”) exists in D for all t € (a,b];
x(t7) = z(t) for all but at most a finite number
of points ¢ € (a,bl},

PC(la,b), D) = {x :[a,b) = D | z(t) = z(tT) for all t € [a,b);
x(t”) exists in D for all ¢ € (a,b);
x(t™) = x(t) for all but at most a finite number
of points t € (a,b)},
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which can be extended to infinite intervals as

PC(la,0),D) ={x: [a,00) = D | for all ¢ > a,z|,q € PC([a,c], D)},
PC((—00,b],D) = {x : (—o0,b] = D | z(t*) = x(t) for all t € (—oc0,b);
x(t7) exists in D for all t € (—oo0, b];
x(t™) = x(t) for all but a countable infinite number
of points ¢t € (—o0, ]},
PC(R,D) ={z:R = D |for all be R, z|(_o0 ) € PC((—00,b], D)}.

Equip the space with the usual sup norm: for ¢y € PC([—7,0],R"), let

ol = sup_[[0(s)]|

—TSSS

In the case of infinite delay, the phase space is important as the history of the state
always contains the initial data. If the delay is unbounded and an impulsive effect is applied
to the solution state, the history will always contain the discontinuity (regardless of the
smoothness of the initial function ¢g). Since the interval (—oo, 0] is not compact, if a set is
closed and bounded in PC((—o0,0], D), the image of a solution map may not be compact
(see [87] and the references therein). It is often the case that a phase space is not given
explicitly or even discussed in the literature [48]. The development of appropriate phase
spaces for unbounded delay began with the work by Hale and Kato [60] and was further
refined by Hale in [58]. For more background on this topic, including other possible phase
space choices, see [8,48,61].

There have been numerous studies on the stability of impulsive systems with infinite
delay using the phase space PCB of piecewise continuous bounded functions. This has
included works using Razumikhin techniques and Lyapunov functionals. For example, see
the reports [48,49,93,94,96, 128, 130] (some of which are detailed in the analysis done in
the next chapter). We proceed by constructing the class of piecewise continuous bounded
functions as follows:

PCB([a,b],D) ={z:[a,b] = D |z € PC([a,b],D)},
PCB([a,b),D) ={x:[a,b) = D | x € PC(la,b),D)},
PCB([a,00),D) = {x : [a,00) = D | for all ¢ > a,x|q € PCB([a,c],D)},
PCB((—00,b],D) ={z: (—00,b] = D |z € PC((—00,b], D),

x is bounded on (—o0, b] with respect to || - || pcs},
PCB(R,D) = {z: R — D | for all beR, z|(_sy € POB((—00,b], D)},
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where the norm is given by

[¥llpes = sup ¢ (s)]],

a<s<0

for delay —oo < o < 0, which is understood to be

1]l pos = S;gng/f(S)H,

when the delay is infinite. Since the main focus of the present thesis is on the long-term
qualitative behaviour of HISD, including those with unbounded delay, and motivated by
the applications considered, we consider use of the phase space PCB.

3.2 Problem Formulation

Consider the following family of impulsive systems with time-delays:

{ i =fi(t,x), (t,x)¢T,

Az =g;(t,z-), (t,x) €T, (3.1)

where x € R™ is the state; i€ P := {1,...,m} where m > 1is an integer; Az := z(t)—z(t7);
and x; is defined by
x(s) == x(t + ), a<s<0

for —oo < o < 0. It is understood that if @« = —oo then the interval becomes (—oo, 0] and
x(8) == x(t+ 3), s <0.

The family of vector fields {f; | i € P} satisfy f; : J x PCB([a,0], D;) — R"™ where
J = [to,to +b), 0 < b < 00, and D; C R" is open for each i € P. The impulsive functions
satisfy g; : J x PCB([a, 0], D;) — R™, where z;- € PCB is defined by

() 1= x(t+s), fora<s<O0,
R x(t™), for s = 0.

The impulsive effects are applied at any time ¢ such that the (¢, z)-trajectory belongs to
the set I' € R"*!. Denote any such impulsive moment by T}, then the impulsive moments
necessarily satisfy (Ty,z(T,)) € I

To introduce switching into the system, assume that there is a logic-based rule which
dictates the vector field f; that is currently engaged in system (3.1). More precisely, suppose

33



that the index i changes values according to a switching rule o : [ty_1,tx) — P where
P ={1,2,...,m} for some integer m > 1. The switching rule determines which subsystem
(also called a mode) of the switched system is currently active and determines when the
system experiences a switch (called the switching times, denoted ¢;). The switching rule
(also called a switching signal) is assumed to be a deterministic function and is assumed
to be piecewise constant and continuous from the right. When a switch occurs at t = t;,
the old subsystem (¢, ) is disengaged and the next subsystem o(¢;) is engaged.

Remark 3.2.1. To emphasize the fact that the switching times can be time-dependent,
state-dependent (t;, = tg(z)), or a mizture of both, the switching rule is written as o :
Ry X R™ — P and o(t,x) at times in this chapter.

Parameterized by a switching rule and an initial function, system (3.1) can be re-written
as the following HISD

T =fo)(t, ), (t,x) ¢ T, (3.2a)
AT =got- 2y (E, T ), (t,z) €T, (3.2b)
Tty =00, (3.2¢)

where ¢y € R is the initial time. The initial function is ¢pg € PCB([cv, 0], Dy (1 (10))) Where
o(to, x(t)) is the subsystem which is active on the first switching interval [to, ;). Hence
D (t,2(t0)) 18 the domain of definition of the vector field f,(; 2(10)) Which is active during
the first switching interval.

The main focus of this chapter is to study the fundamental theory of system (3.2).
Due to the switching, impulsive effects, and delay behaviour, system (3.2) may fail to be
differentiable at certain points (including but not limited to switching points, see [19]) and
fails to be continuous at impulsive moments. The precise meaning of a solution z(t) =
x(t; to, ¢o) must be made clear. As in [19], the notion of a solution is weakened to permit a
finite number of points on any closed interval where the solution is right-continuous with
right-hand derivative but is not differentiable. A finite number of points on any closed
interval where the solution is only right-continuous is also permitted (to allow for the
impulses).

Definition 3.2.1. A function z € PCB([to+ o, to+7], D), where D := Ui~y Di and vy > 0
and [to, to + 7] C J, is said to be a solution of (3.2) if

(1) x is continuous at each t # Ty in (to,to + 7|;
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(i1) the derivative of x exists and is continuous at all but at most a finite number of points
tin (to,to +);

(111) the right-hand derivative of = exists and satisfies the switched system (3.2a) for all
t € [to,to+7);

(iv) x satisfies the impulse equation (3.2b) at each Ty € (to,to + ]; and
(v) x satisfies the initial condition (3.2c).

Definition 3.2.2. A function x € PCB([ty + «,ty + 5),5), where 0 < f < oo and
[to,to + ) C J is said to be a solution of (3.2) if for each 0 <~y < (B the restriction of x
to [to + a, to + 7] is a solution of (3.2).

Remark 3.2.2. [t is possible to weaken the notion of a solution further, so that it is
integrable in the Lebesgue sense but not in the Riemann sense. There has been work done
investigating these weaker solutions in the non-switched case where Carathéodory conditions
are used (for example see [20,149]). This type of solution is not considered here.

3.3 Admissible Impulsive Sets and Switching Rules

Before establishing existence and uniqueness results, we discuss the admissibility of the
impulsive sets and the switching rule.

Definition 3.3.1. (Admissible impulsive set)

The impulsive set T' C R™™ is said to be admissible for system (3.2) if there emwists a
constant 6 > 0 such that [T}, Ty, + 0] C J and (t,2(t) + Gopew)(t,xe)) ¢ T for all t €
(Tk, Ty + 9], Ty € J. Denote the set of all such admissible impulsive sets by Z.

Remark 3.3.1. The impulsive set I' is admissible if there exists a constant € > 0 such that
(T, x + 9i(Th, V) ¢ Ze
forallTy € J, i€ P,z €D,y e PCB([a,0],D) satisfying 1(0) = =, where
Ze=A{(t,z) e R"™ . ||(t,z) — (t,T)|| < € for all (t,T) € T}.

Remark 3.3.2. By definition, the sequence of impulsive moments {Tx}&_,, 1 < N < oo,
assoctated with an admissible impulsive set exhibits a dwell-time: there exists a constant
n > 0 such that

i%f(TkH —T) = n, (3.3)
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forallk=1,2,..., N — 1. Moreover, the impulsive moments satisfy to <T1 <Tp < ... <
Ty < ty+0b.

Remark 3.3.3. Equation (3.2b) is a generalized formulation of an impulsive system. Con-
sider the following possibilities for the set I' when b = oo:

(i) T = {(t,x) € R"™| (t,z) € M(Ty)} where M(t) represents a sequence of planes
t = T with the sequence {T}} satisfying T, — o0 as k — oo, then (3.2) reduces
to a switched system with impulses at fized times (time-dependent impulses). For
example, T = {(t,x) e R?| t =2k, k =1,2,...}.

(ii) T = {(t,x) € R"™| t = Ty(x)} which has a countable infinite number of roots,
where Ti(x) < Tri1(x) and limg_o Tp(z) = o0, then (3.2) reduces to a switched

system with impulses at variable times (state-dependent impulses). For example,
={(tx) eR®|t=20+2k k=12 .}

(iii) T = {(t,x) € R"™ | h(t,z) = 0}, where h € C*(Ry x R™",R), then the impulsive set
is the zero level set of a hypersurface in the (t,x)-plane. For example, T' = {(t,x) €
R 2?2+t =k, k=1,2,...}.

See [83] for more details.

An admissible switching rule is defined as follows.

Definition 3.3.2. (Admissible switching rule)
A switching rule o : Ry x R" — P and associated switching times {t;}n_, are said to be
admissible for system (3.2) if the following conditions are satisfied for 1 < N < oo:

(i) o is piecewise constant (continuous from the right);
(i1) there exists n > 0 such that for k=1,2,... ;N —1,

Denote the set of all such admissible switching rules by S.

Remark 3.3.4. Equation (3.4) is a nonvanishing dwell-time condition which guarantees
that the switching times {ty}2_;, 1 < N < oo satisfy to < t1 <ty < ... < tpy <t <
o<ty <tog+0b.
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Example 3.3.1. To illustrate the admissibility and inadmissibility of a switching rule

according to the definition, consider the following two rules

1, te2k—22k—1),
0‘ pr—
YT )2, te2k—1,2k), keN,

and
1, telo,3),
o2 =12, tel—g,1—5=),
3, te[l—gg,1-555), kel

(3.5)

(3.6)

It is clear that oy satisfies condition (3.4) with n = 1 and is well-posed. However, it is
not possible to choose a nonvanishing dwell-time n > 0 for oo, and hence this is not an
admissible switching rule. The switching rule oo exhibits an infinite number of switches in

finite time. See Figure 3.1 for an illustration.

0 2 4 6 8 10 0 0.2 0.4 0.6
Time Time

(a) o1 € S. (b) o2 ¢ S.

Figure 3.1: Example switching rules.

3.4 Local Existence of Solutions

Suppose that x is a function that maps [tg — 7,tg + b) to R™ for b > 0, 7 > 0. If = is
continuous on [ty — 7,tp + b) then it follows that z; is continuous on [—7,0] (see Lemma
2.2.2). However, if  is only piecewise continuous on [ty — 7, to+0b), then z; is not necessarily
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piecewise continuous on [—7, 0], in fact it may be discontinuous everywhere (see [19]). For
the same reasons, if x € PCB((—00,ty 4 b), D) then it does not necessarily follow that
x; € PCB((—00,0], 15) This is an important problem that can arise in impulsive systems
with time-delays and is problematic when considering classical solutions (functions that
are discontinuous everywhere are not Riemann-integrable). This possibility is illustrated

in the following example.

Example 3.4.1. Consider the following function
z(t) = sin(k), telkk+1), k=0,+£1,£2,...

The function x is in PCB(R,[—1,1]). Suppose that hi,hy € [0,0.5] and 6 > 0 satisfies
0> hg —hy >0. Let s = —hy then

[2(he +s) = x(hy + s)|| = [[2(0) — x(he — hy)[| = |sin(=1)],

and hence
[hy — @ny|lPep = [sin(=1)].
Choose
_ |sin(=1)]
B 2
then for any § > 0, |ho —hy| < § implies ||xp, —xp, ||pop > €. Therefore xy is discontinuous
for allt € [0,0.5]. A similar procedure shows that x; is discontinuous for all t € R.

Motivated by this observation, the authors Ballinger and Liu [19] introduced the composite-
PC class of functions for impulsive non-switched systems with finite delay. A functional
f(t,x;) is said to be composite-PC if = being piecewise continuous implies that the com-
posite function v(t) = f(t,x;) is also piecewise continuous. For an idea of functionals that
satisfy the composite-PC property, the reader is referred to [19]. We extend the notion to
the class PCB as follows.

Definition 3.4.1. A functional f : Jx PCB([c, 0], D) — R" is composite-PCB if whenever
r € PCB([ty + a,to + b], D) and x is continuous at each t # Ty in (tg,to + b] then the
composite function v(t) = f(t,x;) satisfies v € PCB([ty,to + b], D).

It is possible to re-formulate the solution of (3.2) in terms of an integral equation.
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Lemma 3.4.1. Assume that f; is composite-PCB for each i € P, assume that 0 € S and
assume that I' € Z. Consider a function x € PCB([ty + a,ty + 7], D) where v > 0 is a
constant and [to,to + ] C J. Then x is a solution of (3.2) if and only if x satisfies

Po(t — to), fort € [to + a, o],
t
l’(t) = (bO(O) + LO fa(s,m(s))<37 xs)ds (37)
T2 (kto<Ty<t} Yot w ) Ths 2p-), for t € (to, to + 7).

In order to prove local existence of solutions, the following definitions are required.

Definition 3.4.2. A functional f : J x PCB(|a,0], D) — R" is continuous in its second
variable if for each t € J, f(t,v) is a continuous function of 1 in PCB(|c,0], D).

Definition 3.4.3. A functional f : J x PCB(|«,0], D) — R" is quasi-bounded if f is
bounded on every set of the form [to, to + ] x PCB([a,0],9), where v > 0, [to, to+7] C J,
and ) is a closed and bounded subset of D.

Since the proof method is to adjust classical techniques, we remind the reader of two
definitions and the Ascoli-Arzela lemma.

Definition 3.4.4. The sequence of functions {z,(t)} defined on [a,b] is uniformly bounded
if there exists N > 0 such that ||z, (t)|| < N for all n and for all t €[a,b].

Definition 3.4.5. The sequence of functions {x,(t)} defined on [a,b] is equicontinuous if
for all € > 0 there exists § > 0 such that for all ti,ts € [a,b], |t; — ta| < 0 implies that
|xn(t1) — zn(t2)|| < € for all n.

Lemma 3.4.2. (Ascoli-Arzeld Lemma)
If {z,(t)} is a uniformly bounded and equicontinuous sequence of functions defined on |a, b|
then there ezists a subsequence which converges uniformly on [a,b].

We are now in a position to give the first existence result, which extends the work of
Liu and Ballinger in [19] where the authors studied the non-switched finite delay case. The
idea of the proof is to define a sequence of functions as in [19] and show the sequence has
a converging subsequence which satisfies (3.7).

Theorem 3.4.3. (Local Existence)

Assume that 0 € S and I' € Z. Assume that f; is composite-PCB, quasi-bounded, and
continuous in each of its variables for all i € P. Assume that g; is continuous in each of
its variables for i € P. Then for each to € J and ¢pg € PCB([c, 0], Dyt 2(t0))) there exists
a solution of (3.2) on [ty + a,to + B] for some 5 > 0.
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Proof. Since each functional f; is composite-PCB, Lemma 3.4.1 implies that a function
x € PCB([ty + a,tg + 7], D), where v > 0 is a constant satisfying [to,to + ] C J, that
experiences discontinuities at the impulsive times {7} }2_, with tg < T} < ... < Ty < to+7
is a solution to (3.2) if and only if x satisfies (3.7). Define the following sequence of functions
forj=1,2,...,

¢0(t—t0), for t € [to—i‘a,to],

29 (1) = < ¢(0), . for ¢t € (to, to + 5/7],

¢0(0) + j;;*ﬁ/] U(s,x(j>(s))(87 xg]))dsv for t € (tO + 5/.77 to + B]a

where the constant S > 0 satisfies

b,

0.5 min{b, t — to, T1 - to}, t1 7é to,Tl 7é to,
0.5 min{b, tg — tl, T1 — to}, tl = to,

0.5 min{b, tl - to, T2 — Tl}a Tl = to.

0<p<

Next we prove a series of claims in order to show that the sequence {#()} contains a
subsequence that converges to a piecewise continuous function satisfying (3.7) (and hence
is a solution of (3.2)).

Claim: If 1) is initialized on an impulsive set (7} = t,) or switching hypersurface (t; = ),
it immediately moves off it and there is a positive amount of time before the next switch
and/or impulse is applied.

Proof of claim: If (ty, V) (ty)) & I' then each ) (¢;) lies outside the impulsive set I'" and
there must exist a positive constant § such that T} ¢ (to,to + 0]. If (to, 29 (ty)) € T then
the solution is initialized in the impulsive set I' € Z and there exists a constant § > 0 such
that (t,29)(t)) ¢ T for all t € (¢, to+ 6] and ||2(t) — ¢o(0)|| < &; for some §; > 0. That is,
() (t) cannot remain in the impulsive set for any positive amount of time past the initial
time. Similarly, o € S implies that £()(¢) cannot remain on a switching hypersurface for
t € (to,to + 0] for some constant 6 > 0. By choice of 3, the solution does not reach the
next switch or impulse in the interval [to, to + 5.

Claim: For each j = 1,2,..., the function 29 is in PCB([to + o, to + 8], Dotou(to)))-

Proof of claim: For ¢ € [ty + a,ty + 8/j] the function 29 (¢) is in PCB([ty + a,to +
B, Do(oa(to)))- It follows from the composite-PCB property of f;(t, ;) that the com-

position of functions v (£) = fo0.(t0)) (¢ 2 satisfies v € PCBlto+a, to+ /). Thus,

‘ t—B/j
’5(3)@) — / U(J)(S)ds

to
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is a continuous function on (tg+8/4, to+28/4]. If 29 € PCB([to+a, to+18/5], Doty w(to)))
for any [ > 1 then v € PCB((to,to +18/7, Do(to.e(to))) S0 that 019 (t) is continuous on the
interval (to,to + (I +1)8/j]. For any € > 0 and j = 1,2,..., there exists [* > 0 such that
(I+1)3/j > B — e for all I > I*. Therefore, 1) € PC’B([tO + o, to + B, Doto,w(to)))-

Claim: When restricted to the interval [to, to+ 3], 1) is continuous and uniformly bounded
and the family of functions {2} is equlcontlnuous.

Proof of claim: For any positive constants a;, as, define

S(a17a2) = {y € POB([tO + aatO + &1], Da(to z(to)) ) | Yty = ¢07
y(t) is continuous and ||y(t) — ¢o(0)|| < ag for all to <t <ty+ a}.

We claim that ) € S(ay,as) for all j = 1,2,..., for some constants a, ay to be deter-
mined. To prove this claim, we require the qua81 boundedness property of f;(t,z;): for
t € [to + o, o], the closure of the range of ¢g : [ov,0] = Diy1o2(0)), denoted €2, is bounded
since g9 € PCB and is closed by definition. Hence 2 is a compact subset of R™. Since
fi(t,z;) is quasi-bounded, there exists a constant M; > 0 such that ||f;(t,2;)| < M, for
all (¢, ¢0) € [to, to+ 8] x PCB([a,0],). It is possible to choose h > 0 sufficiently small so
that

cl(Bp(90(0))) = {z € R" : [l — ¢o(0)[| < h}
is entirely contained in Dot 2(t0))- Since cl(Bp(¢o(0))) is compact, there exists a constant
M, > 0 such that ||fi(t,¥)] < M2 for all v € PCB([a,0],cl(Br(¢po(0)))J2) and t €
[t07 o + B]

Since 29 € PCB([ty + a,to + B, Do(ton(to))) and, in particular, 290 € C([to,to +
Bl Do (to.(to))) Where U is the restriction of 1) to [to, to—i—ﬂ] then f;(t, x;) bemg composite-
PCB for each i € P implies that v0)(t) = fg(tox to) (t, ! ')) satisfies v) € PCB([ty +

a,ty + ﬁ] o(to ﬂﬁ(to)))' Thus ”fa tozto))(t xt )H < M where M = maX{MhM?}? for
te[t0+at0+ﬁ] For all j =1,2,. andte[t0+5/j,t0+6],

' t=pB/j .
129) () — o (0)] = H/ Fottosto)) (5, 29 ds],
to

1—B/j .
< / ottt (5 29 | ds,
to

to+8
< Mds,

to

< MB.
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Thus ) € S(B, MB) for all j =1,2,... and V) is continuous. For t € [to, s + 3],

A t—B/j )
1Z9(8)|| < |0 (0) +/ Fottoutto)) (5, x90)ds||,

to

t—B/j "
<Ol + [ ot (2 s,
t
0t0+5
<leu()l+ [ s,

to

= o (0)[ + M

which proves that zU) is uniformly bounded. Finally, for all hy, hy € [to, o + (] and for all
j=12 ...,

. . ha2—B/j .
129 (hg) — 29 ()| < || / Fottotion (5, 29)ds|| < M|hy — Iy
hi—B/j

and hence {Z)} are equicontinuous on [to, ty + ).

Claim: The sequence {Z/)} has a uniformly convergent subsequence which converges to a
function that satisfies the integral equation (3.7).

Proof of claim: Since the interval [to, to + (3] is compact, it follows from the Ascoli-Arzeld
Lemma that there exists a uniformly convergent subsequence, denoted by {ZU)}, on the
interval [to,to + (3] that converges to a continuous function (denoted by Z(t)) as | — oc.

We claim that the function

H0) = Po(t —ty), fort e [to+ a,tyl,
)z, for t € (to,to + 3],

is a solution to (3.7). By the arguments outlined above, || foeq(t0)) (%, x%jl))H < M for all
t € [to, to + B]. Also, since fo(1y,2(t))(, 2¢) is continuous in its second variable for fixed ¢,

B foao (o)) (F 27) = Fotuoution (. fim o) = Fottputeon (£ E(2).

Hence, for all ¢ € [to,to + f],
t

t
hm fo’(to,x(to)) (S7$gjl))d8 - / fo’(to,m(to))<57fs)d8
to to

l—00
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since the subsequence converges uniformly. Therefore, for all t € (to + 3/7,to + 5]:
t—L2
lim 29 () = ¢o(0) + lim Fottorntion (s, 290)ds,

l—o00 l—00 t
0

t
— ¢O(O> -+ lli}n / fo’(to,l‘(to)) (87 xgjl))ds
o Jio
l—o0

¢
— lim/ , fa(toyx(to))(s,xg”))ds,
t— B8
al

t
= ¢0(0) +11Lm/ Fotto.2(to)) (5, 2D ds,
o Sty

t
— 9(0) + / Fotountio (5,35 ds.
to

Since Z(t) = limy_,o 2 (t),

f(t) o (bo(t—t()), for t € [to+0&,t0],
®0(0) + fti fg(t07$(t0))(8, Ts)ds, fort € (to, 1o + B].
Thus Z(t) satisfies (3.7) and hence is a solution of (3.2). O

Remark 3.4.1. If the solution is initialized on an impulsive hypersurface or switching
hypersurface, the solution immediately moves off it and there is a positive amount of time
before the next switch and/or impulse. The sequence of functions {xU)(t)} has a subse-
quence that converges to a continuous function satisfying (3.7), and hence is a local solution
of (3.2). By construction of B in the proof, the local solution ezists at least up until the
first impulse or switching time. The boundedness property of the space PCB is used to
ensure that the closure of the range of an element of PCB is bounded (from this the quasi-
boundedness property of the functionals f; can be employed).

Motivated by the impulsive set described in (iii) of Remark 3.3.3 and the work of Liu
and Ballinger on state-dependent impulses in [111], the following corollary is presented.

Corollary 3.4.4. Assume that f; is composite-PCB, quasi-bounded, and continuous in
each of its variables for all i € P. Assume that g; is continuous in each of its variables for
i € P. Assume that o € S and assume that T' = {(t,z) € Ry x R" | h(t,xz) = 0}, where
h € CY R, x R"R). Assume that for each T}, € J and i € P there exists a constant § > 0
such that [Ty, Ty, + 6] C J and

Oh(t, 4(0))

S TR 0(0) it ) £ 0 (33
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for all t € (Ty, Ty + d] and ¢ € PCB([@,O],E). Then for each ty € J and ¢y €
PCB([a, 0], Doty,2(t0))) there exists a solution of (3.2) on [ty + a, ty + ] for some 3 > 0.

Proof. If h(ty, ) (t;)) = 0 then the solution is initialized on an impulsive hypersurface.
Let m(t) = h(t,x(t)) for t € [to,to + 5] then, since h is continuously differentiable and f;
is composite-PCB for all 7,

dm  Oh dx  Oh

i = BN +Vh- a = N + Vh- fg(to,x(to))(t, Ty).

Condition (3.8) implies that m/(t) # 0 in a small right neighbourhood of the initial time.
This implies the existence of a constant 6 > 0 such that m(t) is either strictly positive or
strictly negative for all ¢y <t <ty + 9. It follows that h(t, x(t)) # 0 for all t € (to,to + 9)
and ||z(t) — ¢o(0)|| < &, for some &, > 0. Therefore, 21)(¢) cannot remain on the impulsive
hypersurface h(ty,z)(ty)) = 0 for any positive amount of time past the initial time. If
h(to, 29 (to)) # 0 then each x()(ty) lies entirely between impulsive hypersurfaces. The rest
of the proof follows the proof of Theorem 3.4.3. O

3.5 Uniqueness Result

For a solution to be unique, a stronger condition than continuity is required.

Definition 3.5.1. A functional f : J x PCB([a,0],D) — R™ is Lipschitz in its second
variable on H C J x PCB(|«, 0], D) if there exists L > 0 such that

[f(t, 1) — f(t, )|l < L[ty — el pos

fOT' (t,wl), (t, w2> cH.

Definition 3.5.2. A functional f : J x PCB([a,0], D) — R™ is locally Lipschitz in its
second variable if for each ty € J and compact subset ) of D, there exists v > 0 such that
[to,to + ] C J and f is Lipschitz in its second variable on [to, to + v] x PCB([c, 0], ).

Remark 3.5.1. Two unique solutions of an impulsive switched system with infinite delay
may intersect or even merge after some timet > to. This is possibly because of the switching
dynamics (even with smooth vector fields f;) or the impulsive effects (e.g. when g; is not
one-to-one). This behaviour was noted in [19] for the non-switched finite delay case and
remains a possibility here.
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We are now in a position to give a uniqueness result.

Theorem 3.5.1. (Uniqueness)

Assume that 0 € S and I' € . Assume that f; is composite-PCB, continuous in its
first variable, and locally Lipschitz in its second variable for all © € P. Assume that g; is
continuous in each of its variables for i € P. Then for all B € (0,b — to] there exists at
most one solution of (3.2) on [ty + a,to + B).

Proof. Prove by contradiction: assume that there exist two solutions, denoted x(t) =
x(t; to, o) and y(t) = y(t; to, ¢o) which satisfy z,y : [to + o, to + ) — D for some positive
constant [ satisfying 8 < b. As noted, two distinct solutions of (3.2) could intersect or
merge. However, since z(s) = y(s) = ¢o(to + s) for all s € [a, 0], there must exist a time
t € (to,to + ) such that x(t) # y(t) for x and y to be distinct solutions. That is, the set
{t € (to,to+ B) : x(t) # y(t)} is non-empty. Let h = inf{t € (to,to + 5) : z(t) # y(t)}. Tt
follows that z(t) = y(¢) for all t € [ty + a, h). If h = t; for some k then z(h) = z(h™) =
y(h™) = y(h) since x(tx) = z(t; ) at the switching times. On the other hand, if h = T}, for
some k then

.T(h) = I(h_) + gcr(h*,:v(h*))(l% xh*) = y(h_) + gcr(h*,y(h*))(ha yh*) = y(h)

If h # t;, and h # T} for all k, then x(h) = z(h™) = y(h~) = y(h). Hence, x(t) = y(t) for
all t € [to + «, h]

For a positive constant ay, define

Q(ay) := {Range of z(t),y(t) | t € [to + a, h + a1]}.

Since h € [to,to + B), z, € PCB(|,0],D), yp € PCB(|,0],D) and z = y for all
t € [to+«, h] then it is possible to choose a; > 0 sufficiently small such that [h, h+a,] C J,
tr ¢ (h,h+ ay), and T}, ¢ (h,h + ay) for all k. Then ¢l(Q(a)) is a compact subset of D
and thus there exist L; > 0 such that [|f;(¢,¢1) — fi(t,¢2)]] < Li||yy — ¥s||pep for all
t € [to+ a,h+a] and ¥, € PCB([e,0],cl(2(ay))). Since z; and y; are in PCB for
t € [h, h+ ay] and since f; is composite-PCB for each i € P, then f, (¢, x;) and f,(t,y;) are
in PCB for t € [h, h+¢€) where € > 0 is chosen sufficiently small so that € < a; and Le < 1
where L = max;ep{L;}. Then for t € [h,h + €,

t

e =yl = [I | [fo(s,2s) = fo(s, ys)lds]l,

to

h-+e
< /h 1o (5,25) — fo (55 llds,
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and so

h-+e€
Hx—MSZ:AW%—%Ww%7

h+e
:L/ sup [[2(s +6) — y(s + 0)||ds,
h

a<0<0

h+e€
:g/ sup [|z(w) — y(u) | ds,
h

a<u<s
h-+e
:g/ sup. [J(u) — y(uw)|lds.
h h<u<s
and hence

h-+e€
!M—WSLA sup () — y(u)|ds,

h<u<h+e

< Le sup |z(u)—y(u)l,
h<u<h-e

which holds for all ¢ € [h, h + €]. Therefore x(t) = y(t) for all ¢t € [to + a, h + €], which is a
contradiction to the definition of h.

]

Remark 3.5.2. If f; is locally Lipschitz and composite-PCB then it is necessarily contin-
uous in its second variable and quasi-bounded (see [19]).

3.6 Forward Continuation of Solutions

In this section we extend the local solution to a maximal interval of existence paying special
attention to the possibility of an ill-defined switch or impulse (for example, an impulsive
effect which sends the trajectory to outside the domain of definition of the active vector

field).

Definition 3.6.1. A switching time t, € J is called a terminating switching time (or
terminating switch) if x(tr) & Do(ey.a(ty))-

Definition 3.6.2. An impulsive time T}, € J is called a terminating impulsive time (or
terminating impulse) if

x(Ty,) + ga(Tg,m(Tlg))(Tkv xT,;) ¢ Do(1y(1)).
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An extended existence result can be given which advances the work of Liu and Ballinger
in [111].

Theorem 3.6.1. (Extended Existence)

Assume that 0 € S and I' € Z. Assume that f; is composite-PCB, quasi-bounded, and
continuous in each of its variables for al i € P. Assume that g; is continuous in each
of its variables for i € P. Then for each ty € Ry and each ¢y € PCB([cv, 0], Doty a(t0)))
there exists a constant > 0 such that system (3.2) has a non-continuable solution on
[to +a,to+ B). If B < b then at least one of the following statements is true:

(i) to+ B is a terminating switching time;
(ii) to + B is a terminating impulsive time;

(iii) for every compact set Q0 C D,y 5 1(194+5-)) there exists a time t € (to,to + B) such
that x(t) ¢ €.

Proof. Since 0 € S and I' € Z, a solution cannot experience an infinite number of switches
or impulses on any finite interval. That is, there exist constants 1; > 0 and 7, > 0 such
that

inf — k) 2 inf  (Tyuq — Tk) > 1s.
ottt = t) 2, il (T = T3 >

By Theorem 3.4.3, system (3.2) has a solution on the interval [ty + oty + 1] for some
constant B, > 0 where to+ 81 # t, and to + 1 # Ti. Let ty = to + B1 and ¢y = Lig4p
then by Theorem 3.4.3, there exists a continuation of the original solution of (3.2) on the
interval [ty + «,to + f2] = [to + o, to + 1 + 2] for some constant B > 0. By adjusting
the definition of # in Theorem 3.4.3, continue this process of extending the solution to an
interval [ty + a,t) where tg = to + 1 + ... + B and (fo, z(ty)) € . That is, t, is an
impulsive time. If the continuation of the solution satisfies

2(to) + 9o 2@ ) (Lo, 275) & Do a(io))

then ¢, is a terminating impulse and z is a non-continuable on [to + a,to + 3) where

B=pF1+...4 B If B B
z(ty) + 90(25,x(?5))(t0> x’t‘g) € D, .40

then ¢, is not a terminating impulse and it is possible to extend the solution in the same
manner using Theorem 3.4.3 with the solution initialized on an impulsive hypersurface.
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On the other hand, if ¢, is a switching time then there are two possibilities: either

z(to) € Dy, 2(io))

or N
z(to) & Dy, 2(@0)).

In the former case, the solution can be extended from ¢, using Theorem 3.4.3 with the
solution initialized on a switching hypersurface. In the latter case, ¢, acts as a terminating
switch and x is the non-continuable solution on [ty +a, to+3) with 3 = 1 +...+B,,. Thus,
if a terminating impulse or switch is reached, the system has a non-continuable solution
on a maximal interval of existence [tg + «a, to + B) with to + 3 = t), or ty + 8 = T}, for some
k.

Next we consider the case where neither a terminating switch nor a terminating impulse
occurs. Let X be the set consisting of the original solution x as well as all of its continua-
tions, which are constructed as above. To show there is a solution that is a continuation of
x and is itself non-continuable (a maximal element in X'), we note that z(t;) = x(t; ) at the
switching times and no terminating switch or impulse occurs. Then by replacing D by D
and the space PC' by PCB in the first part of the proof of Theorem 3.3 in [111], it follows
that X has a maximal element and hence there exists 8 > 0 and a non-continuable solution
x(t) of (3.2) on [to+a, to+B3) with to+ 3 # t;, and to+ 3 # Tr. Suppose 3 < b and suppose,
by contradiction, that there exist a constant 5* > 0 and a compact set €2y C D such that
x(t) € Qy for all t € [ty + 5, o + B) where B* is chosen so that t;, T} & [to + 5%, to + 3) for
all k. Let

Qy = {Range of x(t) | t € [ty + a, to + 5]}

Since the solution z(t) € PCB, it follows that cl(€2) is compact in the set D. Therefore,
for t € [to + a,to+ B), x(t) € Q= O Ucl(Qy) and Q is a compact subset of D.

Since each f; is quasi-bounded, there exists a positive constant M such that || f;(¢, )| <
M for all i € P and (t,v) € (to,to + ) x PCB([,0],Q). This means that ||@|| < M for
all t € [tg,to + () and

w=lim_ x(¢)
t=(to+8)~

exists and w € €. It follows that the solution z(t) is defined for [ty +a, to+ 3] and z(t) € Q
for all t € (—o0,to+ f]. Let ty = to+ 3 be the new initial time and ¢y = z, 5 be the new
initial function, then it is possible to extend the solution past to + 8 by applying Theorem
3.4.3 to conclude the existence of § > 0 such that (3.2) has a solution on [to+a, o+ 3+9),
a contradiction to the assumption made above. It follows that z(t) ¢ Q for some t €
(to, to + 1). ]
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If the switching times are purely time-dependent, o = o(t) : J — P, then some unique
possibilities arise with regards to extended existence.

Definition 3.6.3. The switching rule o : J — P is said to be cyclic if there exists a
sequence of times {h;}, such that to < h; <ty +b and o(h;) =i for alli € P.

If the switching rule is cyclic then each subsystem is activated at least once on J. If the
domains of definition are not connected (i.e. i, D; is not connected), then a terminating
switch /impulse is reached or the solution must leave the domain (that is, 3 = oo is not
possible). This is captured in the following corollary, which follows directly from Theorem
3.6.1.

Corollary 3.6.2. Assume that o0 € S and I' € Z. Assume that f; is composite-PCB,
quasi-bounded, and continuous in each of its variables for all i € P. Assume that g; is
continuous in each of its variables for i € P. Assume that o = o(t) is cyclic and D is not
connected. Then for each to € Ry and each ¢pg € PCB(|a, 0], Do (t0,2(t0))) there exists 5 >0

such that system (3.2) has a non-continuable solution on [ty + o, to + B) and 5 < b.

If the domains of definition D; are simply connected but share no overlapping region,
then either each region D; is visited by the solution trajectory of the switched system or
the non-continuable solution terminates before the time ¢y +b (due to a terminating switch
or impulse).

Corollary 3.6.3. Assume thato € S and ' € Z. Assume that f; is composite-PCB, quasi-
bounded, and continuous in each of its variables for all i € P. Assume that g; is continuous
in each of its variables for i € P. Assume that o = o(t) is cyclic, D is simply connected,
and (-, D; is the empty set. Then for each ty € Ry and each ¢g € PCB([cv, 0], Dy (1g,2(10)))
there exists 5 > 0 such that system (3.2) has a non-continuable solution on [ty + «,ty+ B)
and either

(i) B < b; or
(i1) for alli € P, there exists a time h; € (to,to + b) such that x(h;) € D;.

If D; =R" for all « € P then there is no possibility of a terminating switch or impulse
and so an immediate consequence of Theorem 3.6.1 can be given.
Corollary 3.6.4. Assume that f; : [to,00) X PCB(|a,0],R") — R™ and assume that
gi : [to,00) x PCB(|e,0],R™) — R"™. Assume that f; is composite-PCB, quasi-bounded,
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and continuous in each of its variables for all i € P. Assume that g; is continuous in each
of its variables for i € P. Assume that o0 € S and I' € Z. Then for each iy € Ry and
each initial function ¢9 € PCB([e,0],R™) there exists f > 0 such that system (3.2) has a

non-continuable solution on [ty + o, ty + B) and either

(i) 3 = oo; or

(id) Tim, . 5- l(t)] = oo.

3.7 Global Existence

To prove a global existence result for HISD with unbounded delay, the Gronwall inequal-
ity for piecewise continuous functions (for example, see [111]) is used and a smoothness
condition related to ||x;||pcp must be given.

Lemma 3.7.1. (Gronwall’s Inequality)
Let v,k € PC([a,b],Ry), c€e Ry, and

v(t) < c+/ v(s)k(s)ds

fort € [a,b]. Then it follows that

o(t) < cexp {/t k(s)ds}

fort € [a,b].

Lemma 3.7.2. Assume that x € PCB((—o00,ty + b], D) and define z(t) = ||x¢||pcp for
t € [to,to+b]. Then z € PC([to,to + b],R;) and the only possible points of discontinuity
of z(t) are at discontinuity points of z(t).

Proof. Let hy € [ty,to+0b) and prove z(h{) = z(hy). Since z € PCB, it is right-continuous
for all t € (—o0,ty + b). For any e > 0, there exists 6 € (0,%y + b — hy) such that if
t € [hi,hy + 0], ||z(t) — x(hy)]| < €. Then ||z(t)|| < ||z(h1)| + € for all t € [hy, he] where
ho € (hyi, hy + 9]. Tt follows that

@)} < sup [lz(hy + 5)[| + ¢
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for t € [hy,hs]. Hence, ||z(t)]] < z(h1) + € for t € [hy, hy] which implies that ||z(¢)|| <
z(hy) + € for t € (—o0, hg]. Therefore

sup [[2(ha + 5)|| < (k) + ¢
s<0

so that z(hs) < z(hy) + €. Since z(t) is a non-decreasing function, z(h;) < z(hy) + € also
holds. Thus, ||z(h1) — z(h2)|| < € and z is right-continuous for all ¢ € (—oo,ty + b). By
similar arguments, z(h; ) = z(hy) for all by € [ty, to+b) except at any point of discontinuity
of z(t). O

Consider the following global existence result which extends the work of Liu and
Ballinger in [111].

Theorem 3.7.3. (Global Existence)
Assume that 0 € S and I' € Z. Suppose that f; : [to,00) x PCB(|e,0],R") — R" and
gi © [to,00) x PCB([er,0],R") = R" for alli € P. Assume that f; is composite-PCB, quasi-
bounded, and continuous in each of its variables for i € P. Assume that g; is continuous in
each of its variables for i € P. Assume that there exist functions hy, he € PCB([ty,0),Ry)
such that

1Fi(t; ) < 7 (t) + ha (D[Pl pos
for all i € P and (t,v) € J x PCB([a,0],R™). Then for each to € Ry and ¢y €
PCB([a,0],R"™) there exists a solution of (3.2) on [ty + «, 00).

Proof. System (3.2) has a non-continuable solution according to Theorem 3.6.1 without
the possibility of termination by a switch or impulse because D; = R™ for all i € P. Show
by contradiction and suppose that the non-continuable solution exists on [tg+ «, to+ 3) for
some [ € (0,00). It follows from Corollary 3.6.4 that ||z(t)|| — oo as t — (o + §)~. Since
hi,hy € PCB, there exist positive constants H; and Hs so that hy(t) < Hy and he(t) < Hy
for all t € [ty + o, to + 3.

Using the integral form of the solution, for ¢ € [to, o + ),

t
Lo < leo@ +1 S o wrey T )l + / Fotsarny (s, 7).

{k‘:toSTk St}

t
<O+ 3 Moty Teg )l + [ eon(siz)lds,
to

{kito<Tp<t}

<Ol + 3 Nootry sy @zl + [ 1a(s) + ha(s) o rcnlds.

{kito<Ty<t} fo

ol



Therefore,

t
el pon < M + Hy / 2|l pends
to

where
M = ||¢o(0)]| + Z ga(Tk_,m(Tk_))(TkaTk_> + BH,
{k:to<Tj, <t}
is finite since there are a finite number of impulses in finite time. Let z(t) = ||z¢||pcp for

t € [to,to + B). Restricted to the interval [to,to + £1] where 0 < By < 3, it follows that
z € PC([to,to + £1],Ry) by Lemma 3.7.2 if the delay is infinite or by Lemma 3.3 in [111]
if the delay is finite. Gronwall’s inequality implies z(t) < Mef2%1 and hence

le(@)l < Me™

for all t € [to + a,to + B1]. This holds for f; arbitrarily close to 8. It follows that the
solution ||z(t)|| is bounded as t — (ty + /), a contradiction. Hence the solution z(t) is
defined for all t > t,. O
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Chapter 4

Stability Theory of HISD

Two major areas of research in switched systems theory are finding conditions for stability
under arbitrary switching and finding special classes of switching rules which guarantee
stability (when stability under arbitrary switching is not possible). The former leads
to the idea of a common Lyapunov function (one Lyapunov function that is common
to all subsystems). In the second area of research, concepts of dwell-time switching and
multiple Lyapunov functions are most often used for systems composed of stable subsystems
where no common Lyapunov function can be found (for example, see [65,101,102]). The
underlying idea is that if the switching is sufficiently slow, stability of the overall switched
system can be shown. These notions are applicable to switched systems composed entirely
of stable subsystems or those composed of a mixture of stable and unstable modes. In this
latter scenario, close attention must be paid to the time spent in the stable subsystems
versus the time spent in the unstable subsystems.

4.1 Introduction: Stability under Arbitrary Switch-
ing

To ensure a switched system of ODEs is stable under arbitrary switching, a common

Lyapunov function approach can be used (as detailed in Section 2.3.2). The same idea

holds for a switched system of DDEs if a common Lyapunov function or common Lyapunov
functional can be found. Consider the following switched system with finite time-delays
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and impulses applied at pre-specified moments in time:

i.:fa(taxt)7 t%Tka
Ax =gi(t,z(t7)), t="Ty, (4.1)

Ttq :¢07 ke Na
where ty € Ry and ¢g € PC([—7,0],R") is the initial function, 7 > 0 a constant. The
functionals f; : Rx PC([—7,0],R") — R" are assumed to be sufficiently smooth and satisfy
fi(t,0) = 0 for all i € P and t € R. The switching rule o : [ty_1,t;x) — P where t; are
the switching times which satisfy to < t; < ... <ty < ... with {, — oo as k — oo. The
impulsive functions gx : R x R — R™ are assumed to satisfy gx(¢,0) = 0 for all k € N
and are assumed to be continuous in each variable. The impulsive times T} are assumed

to satisty to <11 < ... < T} < ... with T — oo as k — oo. Note that there is no switch
or impulse applied at the initial time in this formulation.

Definition 4.1.1. Let x(t) = x(t; to, xo) be the solution of the switched system (4.1). Then
the trivial solution x = 0 is said to be

(1) stable if for all € > 0, ty € Ry, there exists a § = 6(tg,€) > 0 such that ||¢ol|r < 0
implies ||x(t)|| < € for all t > ty;

(11) uniformly stable if 6 in (i) is independent of to, that is, 6(tg,€) = 0(€);
(111) asymptotically stable if (i) holds and there exists a B > 0 such that ||¢ol|» < 5 implies

lim z(t) = 0;

t—o00

(iv) uniformly asymptotically stable if (ii) holds and there exists a 5 > 0, independent of
to, such that ||¢oll, < B implies that for all n > 0, there ezists a T = T(n) > 0 such
that for all to € Ry, ||x(t)]| <nift > to+T(n);

(v) exponentially stable if there exist constants B,~v,C > 0 such that if ||po|l» < B then
lz ()]l < Cllgoll-e~) for all t > to;

(vi) globally exponentially stable if B in (vii) is arbitrary;
(vii) unstable if (i) fails to hold.

The stability properties in (i), (iv), (v) are said to be global if they hold for arbitary 3.
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Note that the notions of uniform stability in Definition 4.1.1 are uniform with respect
to the initial time, ¢y, and not with respect to the switching rule, o.

For (4.1) to be stable under arbitrary switching, a necessary condition is that each
subsystem is stable. It is straightforward to give common Lyapunov functional and com-
mon Lyapunov function results for (4.1) by using results directly from the non-switched
literature. Consider the following class of function (for example, see [124]).

Definition 4.1.2. A function V : R, x R™ — R, is said to belong to the class vy if

(1) V is continuous in each of the sets [ty_1,tx) X R™ and for each x,y € R™, t € [ty_1,tx),
k=12
lm V(t.) = Vit o)

(ty)—=(t), 2)

exists;
(i1) V(t,x) is locally Lipschitzian in all x € R™, and V (t,0) =0 for all t > 1.

Since V need not be differentiable, the upper right-hand derivative along the i** sub-
system is defined as follows.

Definition 4.1.3. The upper right-hand derivative of a function V € vy with respect to
the i" subsystem of (4.1) is defined by

DTVIi(t,4(0)) = lim sup % [V (t+h,¥(0) + hfilt, ) = V(¢ 4(0))], (4.2)
for (t,v) € Ry x PC([—T,0],R").

Remark 4.1.1. If V' has continuous partial derivatives, then (4.2) reduces to

oV (t,4(0))

DHVIi(t,0(0) = =

+ VV(t,9(0) - filt, ¥).

A Razumikhin-type theorem can be established using a common Lyapunov function.

Theorem 4.1.1. [184]
Assume that there exist a function V € vy and constants p > 0, A > 0, ¢; > 0, c5 > 0,
q> e and d, >0, 0, > 0 such that for k € N,

(1) ci||lz||P < V(t,x) < collz||” for all (t,z) € Ry x R™;
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(ii) along the solution of the i subsystem of (4.1) fort # Ty,
DTVi(t,4(0)) < =AV(t,4(0))
whenever V(t +s,9(s)) < ¢V (¢,9(0)) for s € [—7,0];
(iii) for allp € PC([—7,0],R") and s € [-,0],

V (T, 1p(0) + gr(Th, ¥(s))) < (L4 0:)V (T}, 9(0)) + diV (T} + 5,9(s));

(iv) S_pe (6 + dpe™) < oo.
Then the trivial solution of system (4.1) is globally exponentially stable.

Proof. If the Razumikhin condition holds then D*V|;(t,1(0)) < —AV(¢,(0)) holds for
any subsystem and the Lyapunov function acts as a common Lyapunov function. The
result follows immediately from the proof of Theorem 3.1 in [184]. O

Consider the following class of functionals (for example, see [124]).

Definition 4.1.4. A functional V : Ry x PC([—7,0],R") — Ry is said to belong to the
class Vpe if

(1) V is continuous on [tg_1,tx) X PC([—7,0],R™) and for all ¢,¢ € PC(|—7,0],R"),
and k=1,2,...,

lim V() =V(t;,¢)
()= (t;, )

exists;

(i1) V(t, 1) is locally Lipschitzian in 1 in each compact set in PC([—7,0],R™), and
V(t,0) =0 for all t > ty;

(117) for any x € PC([to — 7,00),R™), V(t,x¢) is continuous for t > t,.
A common Lyapunov functional theorem can be given for a system with stabilizing
impulses.

Theorem 4.1.2. [124]
Assume that there exist Vi € vy, Vo € Vhe, constants py > 0, pa > 0 such that p; < pa,
A>0,T>0,(>0,c;>0,co>0, c3 >0, constants 6 > 0 such that for k € N
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(i) ez < Vit z) < cofle|™ and 0 < Va(t,9) < csl[QlF2, for all t > to, x € R”,
Y € PC(]—1,0,R™);

(ii) along the solution of the i subsystem of (4.1) for t # Ty,
DYV it ¥) < AV(t, )
where V(t,x) = Vi(t, x) + Va(t, xy);
(111) Vi(Tk, x + gi(Ty, x)) < 0, Vi(T) ,x) for all x € R™ and each Tj;
() T <Tp—Tp1 <T and In(o; + c3/c1) + \NT < —(T.

Then the trivial solution of system (4.1) is exponentially stable.

Proof. Follows immediately from the proof of Theorem 3.1 in [124] since DTV |;(t,¢) <
AV (t,1) holds for any subsystem. ]

If each subsystem of a switched system of ordinary differential equations is stable then
overall stability is achieved if the switching is not too frequent (see Section 2.3.2). This leads
to the idea of dwell-time switching and average dwell-time switching where the switching
rule satisfies a certain dwell-time condition to ensure the time spent in each subsystem is
sufficiently long. This type of result has been extended to switched systems with time-
delays. For example, see the report by Yan and Ozbay in [193] and the work by Sun et al.
in [173] where dwell-time based switching and average dwell-time based switching is used
along with multiple Lyapunov-Razumikhin functions. In the rest of the present chapter,
we focus on the constrained dwell-time switching stability of hybrid impulsive systems with
distributed delays (HISD) where stability under arbitrary switching may not be possible.

4.2 HISD Composed of Stable and Unstable Modes

The focus of this section is on switched integro-differential equations with distributed
delays that are composed of a mixture of stable and unstable subsystems. Both stabilizing
impulses as well as disturbance impulsive effects are considered. The main contribution of
this section is to extend the current literature by finding verifiable sufficient conditions for
the stability of a class of nonlinear HISD composed of stable and unstable modes. In doing
so, we use notions from dwell-time switching to ensure that the relationship between the
time spent in the unstable modes versus the stable modes is such that the overall system
remains stable when the impulsive effects are taken into account.
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4.2.1 A Motivating Synchronization Problem

In the paper by Guan et al. [57], the authors considered the synchronization of nonlin-
ear systems in view of potential applications in communication systems. Specifically, the
authors considered a drive system

&= Ax + f(t,x)

and a response system
y=Ay+ f(t,y) +u(t,z,y)

where x € R" is the state variable for the drive system, y € R™ is the state variable for
the response system, A € R™" f : R, x R" — R" is a sufficiently smooth vector field
u(t, z,y) is the control input. The authors’ goal was to use hybrid switching and impulsive
control in order to synchronize the drive and response system so that

lim [ly(t) — (1) =0

The authors constructed the control input as v = u; + us with
ur(t) = Buly(t) — (t)]l(t),
k=1

where the indicator function [ (t) := { Lo 1€ [t th),

0 otherwise,
us(t) = > Baxly(t) — z(8)]6(t — t;),

where By, and By are m X n constant matrices and §(t) is the generalized Dirac delta
function. The control u;(t) is a switching control, while us(¢) is an impulsive control. The
closed-loop response system can be re-written as

y=Ay+ f(t,y) + Bu(y —x), t€ [ti_1,tp),

Ay = Bay(y(t™) — x(t7)), t=t,
y(to) = Yo, keN,
where {t;}7°, satisfies tg < t; < ... < & < ... with t; — o0 as k — oo. In this

formulation, the switching times coincide with the impulsive times. The synchronization

o8



error, e = y — x, is governed by the system

€= [A+Blk]€+f(t,y>—f(t,l‘)7 te [tk—latk)a
Ae = Byre(t™), t=ty,
e(to) = €y, k € N.

The main objective is to determine a hybrid and switching control time sequence {¢}, and
control gain matrices { By} and {Bax} so that the two systems synchronize for large time,
that is,

lim |le(t)]| = 0.

t—o00

Motivated by this problem, the authors Guan et al. analyzed the stability properties of
the following nonlinear switched and impulsive system composed of stable and unstable

modes:
T = Azkgj + Ek(t7x)7 te [tk—latk)a

Azr = B; xz(t7), t = ty,
x(to) = Xy, k e N,
where the index i, follows a switching rule o : [ty_1,tx) — P where P = {1,2,...,m}.

Guan et al. used multiple Lyapunov functions (a different Lyapunov function for each
subsystem): V; = 2T Px, i € P, where P, is a positive definite matrix. The authors
assumed that the nonlinear functions F;(¢,x) satisfy a certain condition and then found
sufficient conditions for synchronization which depended on the rate of switching, the
growth /decay rate of each subsystem, and the impulsive effects.

In the paper by Alwan and Liu [3], the authors analyzed the stability of a time-delay

switched system made up of stable and unstable modes:
= A x(t)+ Bix(t —r), t€ [tr1,tr),
Tty = ¢07 k e N,

where r > 0 is a discrete delay and ¢y € C([—r, 0], R") is the initial function. The authors
used Halanay’s inequality and multiple Lyapunov functions V; = 27 Px (where each P; is
positive definite) to develop threshold criteria on the model’s matrices A; and B; which
dictated the long-term behaviour based on dwell-time conditions. If the amount of time

spent in the stable modes is a particular multiple of the time spent in the unstable modes,
stability is guaranteed.
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In [194], Yang and Zhu used a switching Halanay-like inequality to study the stability
properties of the switched and impulsive system with time-delay

b= At fi (bt — 7)), tE [te,te),
Azr = Brz(t™), t =1,
Ttg = ¢07 ke Na

where the delay satisfies 0 < 7(¢t) < 7 for some constant 7 > 0, the initial function is
¢o € PC([—7,0],R"), and f; are sufficiently smooth and satisfy fI(¢,z)y < L;zTy for all
z,y € R" for some L; > 0. The authors used a common Lyapunov function V = 2%z and
found sufficient dwell-time conditions.

Zhu [204] analyzed the following impulsive and switched system with delay

j":fik<x(t)7x(t_7-ik))7 te [tk—htk)?
Ax = h; (z(t7)), t =t
Tyy = ¢0a ke N,

where 0 < 7; < 7 for i € P, ¢9 € PC([—7,0],R"), iy follows a switching rule o, and
filz,y) : R" x R™ — R™ are continuous vector-valued functions. Then Zhu proved a result
using multiple Lyapunov functions a(||z]|) < V; < b(||x||) where a,b € K. The author then
applied the results to

l'IAlkl'(t)—FszQJ(t—le), te [tkfl,tk),
Ax = H; x(t"), t=t,
xto - ¢07 k - N,
to establish easily verifiable sufficient conditions for uniform asymptotic stability using
V; =27 Px.

Finally, Niamsup [147] and Zhang et al. [202] studied the stability of switched sys-
tems with time-delays using a generalized Halanay’s inequality along with a variation of
parameters approach. In particular, Niamsup investigated the system

&= Ay (D2(t) + By (Da(t — 7(1)) + / fult = $)a(s)ds,

for t € [ty_1,tx) where x € R, A;, B; € R™", f; € C(Ry,R™") and 0 < 7(t) < 7 for
some constant 7 > 0.
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Here we extend the aforementioned reports by considering switched systems with dis-
tributed delays, nonlinear perturbations, and impulses. Consider the following HISD:

;

t
T =A;, x(t)+ Bix(t —r) + C;, / x(s)ds + F, (t,xt), t€ [tp1,tr),
t—r

t
Ar =FE;, z(t7) + G;, x(s)ds, t =1, (43)

t—1

L Lo :¢07 k € N7

where € R™ is the state; the index iy follows the switching rule o : [tp_1,tx) — P;
z; € PC([—7,0],R") is defined as z(s) = z(t + s) for s € [—7,0] where 7 = max{r, 7};
and where ¢y € PC([—7,0],R") is the initial function. Note that PC is used since the
delay is finite. The real n x n matrices A;, B;, C;, and the family of functionals F;(t, x;)
are parameterized by the finite set P. For each ¢ € P, assume that F; is composite-
PC and locally Lipschitz, then it follows from Chapter 3 that each family in (4.3) has
a unique solution. Each functional F; : R x PC([—7,0],R") — R" is also assumed to
satisfy F;(t,0) = 0 for all ¢ > t5. The impulsive switching times are assumed to satisfy
to <ty <ty <...<tp<... witht, = o0oask — 0.

Given the matrices A;, B;, C;, E;, G;, and the nonlinear functionals Fj, the goal is to
determine classes of switching/impulsive times {¢;} so that the origin of (4.13) is asymp-
totically stable. To study this problem, switching Halanay-like inequalities are developed
(Section 4.2.2) and are then applied to a set of Lyapunov functions V; = 27 Pz (Section
1.2.3).

4.2.2 Switching Halanay-like Inequalities

In [204], Zhu used the following Halanay-like lemma to study switched system stability.

Lemma 4.2.1. [204]
Assume that B,a > 0 and u : [ty — 7,00) — Ry satisfies the following delay differential
inequality:

u(t) < Bllugllr — au(t), t > tp.

If B—a >0 then
u(t) < ||ut0||76(5_a)(t_t°), t > 1.

If B — a < 0, then there exists a positive constant n satisfying n + fe"™ — a < 0 such that

u(t) < ||ut0||76_”(t_t°), t>tp.
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Halanay-like inequalities have been generalized to include switching (for example, [194]),
time-varying parameters (for example, [147,202]), and impulsive effects (for example, [189,
192]). Here we extend the results for impulsive and switched differential inequalities.

Given a switched system composed of a mixture of stable and unstable modes, we
denote P, to be the set of modes that are stable and P, the set of modes that are unstable.
That is, P = P,UPs and P, C P and P, C P. Consider the following dwell-time
switching notions [56,57]: let T;(to,t) be the Lebesgue measure' of the total activation
time of the " subsystem on the interval [ty,t]. Since there are m modes, it follows that
Ui~ Ti(to,t) = [to,t]. Denote ®;(tg,t) to be the number of switching times such that
o(ty) = i for ty € [to,t) (i.e. the total number of activations of the i* mode on the
interval).

Example 4.2.1. For the switching rule in Figure 4.1,

T1(0,5) = 2, T1(0,4) =1, T5(3,3.5) = 0.5, T5(0,5) =2
$,(0,5) = 2, $,(0,4) =1, d4(3,3.5) = 1, ®4(0,5) =1

5 T T
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Figure 4.1: Example of a switching rule o with switch times ¢, = 1,3,4 and P = {1, 2, 3}.

The Halanay-like inequality can be extended as follows.
Proposition 4.2.2. Assume that f; > 0 and «; > 0 for i € P. Assume that u : [ty —
T,00) = Ry satisfies the following switching delay differential inequality:

u(t) < 50””1&”7’ - aau(t)'

See page 582 of [146].
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Let P, ={i € P: X\ >0} and Ps = {i € P : \; < 0} where \; = B; — a;, and for i € P,
n; > 0 are chosen so that
n; + Bie"T — a; < 0.

Then for t > to, u(t) satisfies
u(t) < Jlugg |l exp [Z AT(to,t) = Y mi(Ti(to, ) — Pilto, )7) | (4.4)
1€PyY 1€Ps

Proof. By Lemma 4.2.1 it follows that for t € [to, t1),

u(t) < {IlutollTeAil(t‘tO), i1 € Pu,

[ [l =00 iy € Py,

where ||, |- = sup_, << ||u(to + s)|| = sup_, <o u(to + s). Hence,
u(t ) < Huto”‘re)\il(tl_to)a i1 € Py,
1) < g :
gy [lre~1 17100y € Py,
and
Hu || < HutoneAil(tl_to)’ i1 € Pu,
tillm = HUtOHTe—nil(tl—T—to)? ,L'l c PS'

For t € [t1,t2), Lemma 4.2.1 implies that

U,(t) < ||ut1||7'€)\i1(t7t0); Z.2 S Pua
T g, ||l e )Gy € P

so that
||u150||7'6)\i1 (tlito)e)\h(titl)a il € Pua i2 € Pua
(1) < 3 ol lemalon, iy e Py, iy € P,
u
B HutOH"'e_m1 (tl_T_tO)eAQ (t_t1)7 il € 7)87 Z'2 S P'W
g || e~ == t0)emma (=0 gy € Py, iy € P
Therefore,
||U’t0||T€)\i1(tlitO)eAiQ(witl)v il € Puy i2 € Pu7
< ||ut0||7'6)\i1 (t1*t0)67m2(t2777t1)7 il 6 Pu7 i2 6 PS)
s [l < —niy (t1—T—t0) pAiy (t2—t1) ; P ; P
HutouTe 1 €2 ’ 11 € Fs, 12 € Py,

gy || re~mia =T t0) gmmia (27 =00) gy € P, iy € P
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Assume it holds on [tx_1,tx):

(t) - HutoHT (HiePu eriTi(totk—1) HiEPS e—m‘[Ti(t07tk—1)—¢i(t0,tk—1)T]) e>\ik(t—tk—1)7 ix € Py,
< ||ut0||7' (Hz‘EPu eXiTi(to,tk—1) HiePs 67771'[Ti(to,tkfl)*q’i(to,tkfl)ﬂ) e i, (t_tk—1)7 ix € Ps.

Then

”u H < Hut()HT (Hiepu e)\iTi(tO,tkfl) Hie'PS 6_771'[Ti(tO,tkfl)—q%(to,tkfl)T]) e)‘lk (tk—tkfl)’ Zk G Pu7
tellT > HutoHT (HiePu eNiTi(totk—1) Hie’Ps 6_771'[Ti(tO,tk—l)_¢i(t07tk—1)T]) e i, (tk_’r_tk—l)7 ir € P,.

And hence,

s 1 < et - (H e ]] “””) -

1€Py 1€Ps

Finally, for [tg,t;41), by Lemma 4.2.1,

u(t) < ||utk||7'e/\ik+l(t_tk)a ik’-H € Pua
B Hutk‘|7'€7mk+l(titk)> ikJrl € Ps'
||ut0||r (HieP e)\iTi(tO,tk) HieP 6—771[Ti(to,tk)—‘i)i(to,tk)ﬂ) eAik_,.l(t—tk)’ ik+1 c Pu»
< u s
- HutoHT (Hiepu eNiTi(tot) HiePs e—m[Tz‘(to,tk)—q)i(to,tk)T]) e*’h’kﬂ(t*tk)’ i1 € P,

- Huto HT HiePu 6>\iTz‘(t0,t) HiGPS e—m[Tz’(toi)—‘I’i(to,t)ﬂ’ ik—&-l c ’]Du7
) g |- Hiepu eiTi(tost) Hie’PS e—m[Ti(to,t)—fbi(to,t)ﬂ, ipi1 € Ps.

as required. O

Remark 4.2.1. Note that if \; = B; —a; < 0 fori € P then it is always possible to choose
n; > 0 satisfying n; + fie™™ —a; < 0. Let F(n;) = n; + Bie"™ — oy, then F(0) = 5, —a; <0
and F'(n;) = 1+ Bire™™ > 0. By continuity of F, there exists nf > 0 such that F(nf) =0
and n; can be chosen as 0 <n; < nf.

Next we consider the case when the switching rule is periodic. Let hy = t; — tx_1 and
assume that hgm = hg. Assume that §;, = 5 and a;, = oy, for t € [t_1,t;). Assume that
Br = Br+m and ay = agim,m. Denote one period of the switching rule by w = hy + ... + hy,.
Denote the set of all such periodic switching rules by Speriodic C S.

Proposition 4.2.3. Assume that f; > 0 and o; > 0 for i € P. Assume that u : [ty —
T,00) — R satisfies the following switching delay differential inequality:

w(t) < Bolluellr — asu(t).
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Let P, ={i € P: X\ >0} and Ps = {i € P : \; < 0} where \; = B; — a;, and for i € P,
n; > 0 are chosen so that
n; + Bie"T — a; < 0.

If 0 € Speriodic then u(t) is bounded on any compact interval and
u(to + jw) < [fug [l (4.5)
for any positive integer j where
A = exp Z Aihi — Z ni(hi — 1)
1€Py 1€Ps

Proof. The boundedness of u(t) on any compact interval follows immediately from Theorem
4.2.2. From equation (4.4), for j =1,2,...,

ulty + jw) <llusell- exp Y MiTilto, to+ jw) = > m:(Tilto, to + jw) — ®i(to, to + jw)7)],

i€Pu =
=l exp[ D NigTilto,to +w) = D i (Tilto, to +w) — Pilto, to +w)7)],
i€Py =
=l I expli 3 Aihi =5 3 mihi = 7)),
i€Py i€Ps

=l |-,
since 0 € Speriodgic implies that Tj(to,to + jw) = jTi(to,to + w) and @;(to,to + jw) =
Ji(to,to + w). -
The Halanay-like inequality can be extended to switched impulsive systems. Denote

N(to,t) to be the total number of impulses of a system on the interval [to, ¢].

Proposition 4.2.4. Assume that 5; > 0 and oy > 0 for i € P. Assume that 6, > 0
and hy > 0 for k € N. Assume that u : [to — 7,00) — R, satisfies the following switched
impulsive delay differential inequality:

{ a(t) < Bollwlly — awu(t), t# T,

4.6
u(t) < dyu(t™) + hillwlls, t=Te, k€N (4.6)

Let P, ={i €P: X\ >0} and Ps ={i € P: \; <0} where

1
i = @‘SUP{—, 1} -y,
keN | Ok
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(Sk = dk + hke&,

and & = maxep,{&}, where & > 0 is chosen for i € P, such that & + ;€57 — a; < 0. For
1 € Ps, choose n; > 0 such that

1
77i+5isup{ 1}6""T—ai<0.
keN | Ox

Assume that t, —ty—y > 7 and Ty, — Ty—1 > 7 for k € N. Then for t > ty, u(t) satisfies

N(to,t)
w(t) < |lugll, H(s exp{Z)\iTi(to, = milTi(to, 1) (to,t)r]}. (4.7)

1€EPy 1€Ps

Proof. First we consider the case when t;, = T}, for k£ € N, that is, the impulse times are the
same as the switching times. It immediately follows from Lemma 4.2.1 that for ¢ € [tg, t;),

u(t) < {”uto||TeW—to>, it € P,

g || - (710) iy € Py
where [Jug||; = sup_ <, [lu(to + s)||-
Suppose that ¢t € [t1,t3) and suppose that i; € P, and iy € P,. Then we claim that
1) < Bl =010

for all t € [t1,t3). If the claim is not true, then there exists a time t* € [t1,%3) such
that u(t*) = w(t*), u(t) < w(t) for all ¢ € [t,t*) and for any € > 0 there exists a time
te € (t*,t* + €) such that u(t.) > w(t.). Note that max;ep, 7; < max;ep, & by construction
of n; and &;. Thus,

Ww(t*) <Bi, sup u(t*+s) — az,u(t"),
—7<5<0

S X N
€

S 62'2 Sup(l/akv 1)6m27 — Oy, 51||uto ||T€)\i1 (tl_tO)_m2(t*_tl)7

= miw(t"),
—w(t)

This is a contradiction as no such ¢, can exist, hence the claim holds.
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If iy € P, and iy € P, then we claim that for all t € [t1,t):
) < G220 = ),

Assume that the claim is not true, then there exists a time t* € [t1,y) such that u(t*) =
w(t*), u(t) < w(t) for all t € [t1,t*) and for any € > 0 there exists a time t. € (t*,t* + €)
such that u(t.) > w(t.).

W(t*) <Bi, sup u(t'+s) — agu(t),
—7<s<0
< SUp(B, 1) -0
keN

— iy O [|agg || e (1t FAep ()

< | Biy Sup(1/0, 1) — iy | 01 [Juag, || e (100 FAia (=10
keN
S)‘izw(t*>7
= (t*),
which is a contradiction to the claim.

Suppose that i; € Ps and is € Ps then we claim that for all ¢ € [tq,s),
U(t) < by e a0 ).

If the claim is not true, then there exists a time t* € [t;,t3) such that u(t*) = w(t*),
u(t) < w(t) for all t € [t1,t*) and for any € > 0 there exists a time t. € (t*,t* + €) such
that u(te) > w(t,).

Wt) <Bi, s ult +s) — agu(t),
—7<5<0

< B up (B 1)l 7 =071
keN

— i, 01 ||y, || re M Tt TR (=)

< | iy sup(1/65, 1)e"27 — ai, | 61 |Jugy || e~ 1771007 (020,
keN

S - 77i2w(t*>7
—w(t).

This is a contradiction.
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Finally, if i; € Ps and iy € P, then we claim that for all ¢ € [t1,5),
U(t) < Bl e TR ()

If not, then there exists a time t* € [t1,t2) such that u(t*) = w(t*), u(t) < w(t) for all
t € [t1,t*) and for any € > 0 there exists a time t. € (t*,t* + €) such that u(t.) > w(t,).

W(t*) <Bi, sup u(t*+s) — a,u(t"),

—7<s<0

< B sup(B, )l 1700 P10
keN

— iy 01 ||, Hrefml(th*to)%\ig =),

< | By sup(1/05, 1) = iy | 81 [Jug, || e~ 17Tt 20),
keN

S)‘léw(t*)a

=w(t"),

a contradiction.

Assume the result holds for ¢ € [t;_1, ;). That is,

<||ut0||T<H5)exp{zwt0, = 2 nlTito, ) <fo=f>ﬂ}-

1EPy 1E€Ps

Since N(to,t) = k for t € [tg,try1) if tp = T}, we aim to show it holds by claiming that
u(t) < w(t) for t € [ty, tgr1) where

( HutOHT (H(S) exp {Z )\ T th Z 77@ tO; z(toat)T]} . (48)

1€EPy, 1€Ps

If not, then there exists a time t* € [ty,5+1) such that u(t*) = w(t*), u(t) < w(t) for all
t € [tg,t*) and for any € > 0 there exists a time ¢, € (t*,t* + €) such that u(t.) > w(t.).

Let
th Z AT th an th (t()at)T]

1EPy 1€Ps
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and suppose that i1 € Py, then

U(t*) S/Bik+1 sup u(t* + 8) - aik+1u(t*)7

—7<5<0

k—1
Sﬁiml iug((sk, 1)Huto HT (H 51) elp(to’tk)efmkﬂ(t*iTitk)
€ i=1

k—1

- az’k+16k||uto”7 <H 51) e\p(to’tk)e_mk“(t*_tk)a

i=1
and so

k
0%) < [y sup(1 /6, D™ = | (H 61-) ¥
S

=1
< - nik+1w<t*)7
—i(t).

No such ¢, can exist and therefore this is a contradiction. On the other hand, if iy, € P,,
then

w(t*) <Bi,,, sup u(t"+s)— oy, v(t),

—7<5<0
k—1
S/Bik+1 sup(ék, 1)”“150 ||7' H 51 6\Il(to,tk)e)\ik+l(t —tg)
keN Pl
k—1
- Oéilc+16k“ut0”7 <H 51) elp(t()’tk)e)\ik*l(t 7tk)7
=1

and so,

k
u(t*) < |i57:k+1 ?{Eg(l/ék? 1) - aik+1‘| Huto HT <H 61) e\IJ(tO,t*)7

i=1
S/\ikﬂw(t*) )

a contradiction. To prove (4.7) holds for ¢, # Tk, construct a new sequence of times {zj }32,
by concatenating {t;}72, and {7} }32, so that zx_1 < z;. That is, each element z; in the
new sequence is equal to either ¢; or 7} for some j € N. If ¢; = T} for some value of j, then
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only one associated element appears in {z;}. For each j € N, if z; ¢ {t;}72, then z; is an
impulse time and o(z; ) = o(2;). If z; & {Ti}72, then 2; is a switching time (J; = 1). The
above arguments hold and hence for [ty, tg11), tr # Tk,

tot)
u(t) < Jlug|l- Ha exp{ZAT to, t) — > milTi(to, t) Z<to,t>ﬂ}'

1E€EPy 1€Ps
]

Remark 4.2.2. The sets P, C P and Ps C P represent the unstable and stable subsystems,
respectively. Equation (4.7) gives an estimate for u(t) based on the growth/decay rate
estimates (\; and n;, respectively), the time spent in the unstable versus stable modes, and
the impulsive effects (captured by o; and N (to,t)).

We illustrate how the switched Halanay-like inequality in Proposition 4.2.4 can be
applied to a nonlinear switched system of integro-differential equations with the following
example.

Example 4.2.2. Consider the nonlinear HISD with P = {1,2} and the following two
subsystems:

i1 = —4.5z1(t) + x2(t) + 23(t) + /t_ x1(s) sin(za(s))ds,

Txo(S)

Ty = —4.5m9(t) — z1(t)w3(t) + /t ds,

. T+ arctan(xz(s))

and

x1(t —r)zo(t — 1)
L+ [z ()]

/ Vri(s) + xi(s

i—r L a3(s)

The switching rule is assumed to take the following form for k =1,2

.i'lz

g e e ey

1, € [top_o,tor_1),
o — [ 2k—2, L2k 1) (49)
2, t€ [ta—1,tan),
where to = 0 and
ti_ 0.5+0.2k% % k=1375,...
tk: k1+ + e, 39y Yy ) (410)
tr—1 + 0.2, k=2,4,6,...,
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which satisfies ty — t_1 > 0.2. Suppose that at the impulsive moments t = T}, = k +
0.4sin(k), k=1,2,...,

t

Axy = —z1(t7) + /(1 +0.1/k) sin </ xg(s)ds> :
t—1

Axy = —x59(t _k/ V]x1(s)za(s)|ds.

(4.11)

Let V(z) = (23 + 22)/2 and take the time-derivative along solutions to subsystem i = 1,

% liz1 =21 (¢) {—4.5&(15) + w9 (t) 4+ 25(t) + /tT x1(s) sin(xg(s))ds} ,

+ () [—4.5;1;2@) — () + /t tT — alﬁzf()xz ) s] ,

< — 4523 + 22(t) + m(Daa(t) + 7 sup 2(s)+2r sup a3(s),

t—7<s<t t—7<s<t
2(t 2(t
< —9V(x(t)) + —xl( ) ;%( ) +37 sup [22(s) + 23(s)],

t—r<s<t

=—8V(z(t)) + 67 sup V(x(s)).

t—7<s<t

Similarly, along the subsystem i = 2, since x{ + x5 < (23 + 22)? for all 1,75 € R,

ﬂ| B xl(t—r):cgt—r e V(s +x2
de "= 1+ |z (2)| 2 1+ 23(s

s%@—rmxrwﬁ+/‘<<>+wx>m&

t—T
22(s) + 23(s
DB o up w(s) + w30
t—7<s<t t—7<s<t

=(1+27) sup V(z(s)),

t—1<s<t

< sup
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where it 1s assumed that T > r > 0. At the impulsive moments t = Ty,

V(x(Ty)) :% {msm (/Tk 562(3)d5)]2

Tk—T

+% {e’“/Tk desr’

Tk—T

Ty 2 re—2k
<(1+0.1/k) < / xz(s)d:s) 2T sup [m(s)mes),
Te—r 2 Tr<s<Ty
—2k 2
<=(1+0.1/k)7 sup a3(s) + -, sup M,
Typ—r<s<T}, Ty —7<s<T} 2
<(r(14+0.1/k)+7e7%*/2)  sup  V(x(s)).

T—7<s<T}

Let v(t) = V(x(t)) where x(t) is a solution of the switched and impulsive system. Then
v(t) satisfies

{ v < 50|’Ut‘|r_@ov(t)v t # Tk, (4.12)

v(t) < dpo(t™) + hel|vell-, t =Tk, k€N,

where oy = 8, ap = 0, By = 27, fo = 14+ 27, dp = 0, hy = 7(1 +0.1/k + e 2¢/2). By
Proposition 4.2.4, v(t) satisfies

N(0,t)
v(t) < flooll- | T 6 | exp AaT2(0,) = mi(T1(0,2) — @4(0, £)7)]

i=1

for t > 0 where Ay = 6.89 and n; = 5.56. That is, Ps = {1} (first subsystem is stable)
and P, = {2} (second subsystem is unstable). From the switching rule, T5(0,t) < 1 +
0.5[7T1(0,t) — ®4(0,¢)7]. Hence

v(t) <l[|vol|r exp [N(0,t) Ind + (A2/2 — 1) (T1(0,t) — $1(0,¢)7)]

where § = supyey Op = 0.174. Note that 0.2 < T, — Ty,—y < 1.8 implies that t < 1.8[1 +
N(0,t)]. Additionally, t > T1(0,t) > T1(0,t) — ®1(0,¢)7 and

t = T1(0,1) + T5(0, 1) < 2(Ty(0,) — &, (0, £)7).
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Thus,

voll+ WaR;
U(t) S “ g” exp (1_8) Ind + ()\2/2 — nl)(Tl(O,t) — @1(0,t)7):| s

wll:  [(Ins A

< | g” exp (E + 52 — 771) (T1(0,1) — ‘1)1(0,15)7)} ;
lwoll, [/ A /

< 22 z

=75 P2 1) \2)]

< “Ug”T exp [—1.541]

for allt > 0. Therefore fort >0
2
lz(®)|* < @exp [—0.351¢]

and hence the origin is globally exponentially stable. See Figure 4.2 for an illustration with
r=0.05 and 7 =0.1.

) ‘ ‘ ‘ ‘ ‘-xﬁt) | o+ ‘ ‘ ‘ ‘ ‘
=] _ZK —0] |
0 _xz(t)
4 i
720 0‘.5 i 1.‘5 ‘2 2‘.5 3 0 0‘.5 i 1.‘5 ‘2 215 3
Time Time
3 T T T T T 3 T T T T T
2r q 2+ 4
T T T T I T T T
0 : : : : : 0 : : : : :
0 0.5 1 15 2 25 3 0 0.5 1 1.5 2 25 3
Time Time
(a) ¢o(s) = (—1,2) for —0.1 < s <0. (b) ¢o(s) = (—4,-3) for —0.1 < s <0.

Figure 4.2: Simulation of Example 4.2.2.
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4.2.3 Application to a Class of Nonlinear HISD

We return to the HISD (4.3) in hopes of applying the switching Halanay-like inequalities
to determine its stability. The system can be written more compactly as

/

t
&= A,x(t) + Byx(t —r) + C’U/ x(s)ds + F,(t,x;), t# tg,
t—1

t
Az = Eyx(t™) + GU/ x(s)ds, t=t, (4.13)
t—7

\$t0:¢07 keN?

where € R" is the state; o : [ty_1,tx) — P is the switching rule; ¢, € PC([—7,0],R")
where 7 = max{r, 7}. Each functional F; : R x PC(|—7,0],R") — R" is assumed to satisfy
F;(t,0) = 0 for all ¢ > ty and the following nonlinearity assumption.

Assumption 4.2.1. Assume that there exist non-negative constants ¥1;,vV9;, and ¥s; for
i € P such that fort >ty and ¢ € PC([-7,0],R"),
0
IE;(t, )1 < Oull(0)]* + Daillp (=) |1 + ﬂgi/ [4(s) | *ds. (4.14)

We also make use of the following lemmas in the theorems to follow.

Lemma 4.2.5. [72]
For a positive definite symmetric matriz W, a nonnegative scalar v and a vector function

w: [0,v] = R,
(/0 w(s)dS)T W < /va<5>d8) <v /0 " (5)Wa(s)ds.

Lemma 4.2.6. (Matrix Cauchy Inequality)
For any symmetric positive definite matric M € R™*" and x,y € R",

20Ty < 2T Mz +y" My
Denote T (to,t) and T~ (tg,t) to be the total activation time o(t) € P, and o(t) € Ps
on [tg,t], respectively. Denote ®(to,t) to be the number of switching times t; such that

o(ty) € Ps and ty € [to,t) (i.e. the total number of activations of a stable mode on the
interval). We are now ready to present the first main result.
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Theorem 4.2.7. Suppose that Assumption 4.2.1 holds and assume that ty, —tp_1 > T for
k € N. Assume that there exists a constant v > 0 such that T (to,t) < v(T™ (to,t) —
O (tg,t)T)). Assume that there exists a positive constant M such that

t —to
Ssu
o T (to, £) — B(to, )7 —

For a set of positive definite symmetric matrices P;, i € P, define the following constants

62' _)\mam(P_l)[)\mam(B;T-Psz) + T2)‘maz(OzTRCz> + 7922‘ + 7'1931’]7
)[ max(AzTP + -PzAz + I) + 7911‘ + 2)\mln(PZ)]7

- )\mam

(P
1 = mam( ) [ = max ji;
)\mm(Pz)7 i€P ’

di :/'L/\max(-Pi_l))\m(w[(] + EZ)TR(I + Ez)]7
hi :MT2)\maz(PZ‘_1>/\ma:c<G1T-PiGi)-

Using the definitions of \i, m;, Ps, and P, in Proposition 4.2.4, let 6; = d; + h;e*™ where
¢ = maxep, {&} with & > 0 chosen for i € P, such that & + Bie5T — a; < 0. Let
AT = maxjep, A and AT = mingep, 1);.

(1) If § = max;ep 0; < 1 and there exists a constant x > 0 such that T < t), —t)_1 < x
and

Iné
%Jr UAT — AT <0 (4.15)

then the trivial solution of (4.13) is globally exponentially stable.

(11) If 6 = max;ep §; > 1 and there exists a constant ¢ > 0 such that T < ( <ty — tp_q
and s
HT LAt AT <0 (4.16)

then the trivial solution of (4.13) is globally exponentially stable.
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Proof. Define V; = 27 P,z for i € P. Then the time-derivative along the i mode satisfies
Vi =27 (t)(AT P, + P, Ay)x(t) + 227 (t) P Bsa(t — )
+ 227 (t) P,C; /t x(s)ds + 227 (t) P Fi(t, x,),
o (t) (AT P, + Pi%;)x(t) + 227 (t) P;Bx(t — 1)

t
+ 2xT(t)PZCi/ x(s)ds + xT(t)Pizx(t) + ||E(t,xt)||2.
t—1

Using the nonlinearity assumption (4.14),
t
Ui <aT(1)(ATP, + PoA)(t) + 207 (8)P.Biar(t — 7) + 227 (£) P.C / o(s)ds
t—T

2T () PPo(t) + 9ya’ () z(t) + Doz (t — )z (t — r) + I /t o (s)x(s)ds.

Using Lemma 4.2.5 and Lemma 4.2.6,

2<m<t>>T( o(s)ds)
<(Pa(t) Py (/ o ) CTRC, (/ o(s)ds).
<Vi(2(1)) + A (CTP.CY) (/ 2 ) (/th(s)ds),

<Vi((1)) + Amax(CF BC3) {72 sup H-’E(S)Hﬂ,
t—7<s<t
2 T
T p.C,
T >\maX<CZ ZCZ) sup ‘/;(:L‘(S)),

<Vi(a(t)) +
<Vi(x(t)) Amin(P;) t—7<s<t
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Similarly,
2(Pa(t)" (Bias(t — 1))

<(Pz(t))" P (Px(t)) + (Biz(t — r))" Pi(Biz(t — ),
<Vi(2(t)) + Amax (B PBy)a™ (t — r)x(t —r),
<Vi(z(t)) + Amax(B] P;B;) s;ggql\ﬂ s)||,
<Vi(a(t)) + 2o BIBB) ),

Amin(F)  t—r<sxt
Let v(t) = V,(x(t)) where z(t) is the solution of (4.13), then for ¢ # ty,
Amax(Ag Py + Py Ay) Amax(Bg Py By)
o< (B o (B [vel|7,
T 2
et L il

v(t) +o(t) +

+o(t) +

’191:7 7920 7—1930'
() + s [vtlle + [l
* )\min<P0')U( ) * )\min(PO') Hvt” * )\min<P0') Hvt”
= — agu(t) + Bo el

At the switching and impulsive moment t = ty,

Vi (2(tr)) =27 (t4) By, (1),
<pz’(ty) P x" (),
=/ [(I + E;,)z(t,) + Gy, /t:: x(s)ds] I
X {(1 +E)a(t0) + Gy, /tt x(s)ds] ,

Hence,

View (2(tr)) <pa” ()T + Ey)" P (1 + By ) (t)

tr T tr T
+u (/ x(s)ds) G| P, G, (/ x(s)ds)
tk—T th—T

</~L>\maX[([ + Elk)TPZk ([ + Elk)]

g t_
Amax(G] Pi, Gi)
+ su Vi (t
M )\mln(sz) tk—’rgls)gtk k( )

7



Therefore, at the switching/impulsive times v(t) satisfies

"

By Proposition 4.2.4, v(t) satisfies

) < vl (Ha) exp {Z A T(to, t)

lepu
for all t > to since N(to,t) = k — 1 for t € [ty_1,tx). From ty — t5_1 < x it follows that
t —ty < kyx for t € [ty_1,tx). Then from equation (4.17) and using 6 < 1,

T Amax (GE P,G,)
)\min<P0')

Amax|(I + E,) TP, (I + E,)]
Anﬁn(fz)

v(tr) v(ty) +

||vtk||f]

= il

ZGPS

tO?

(to,t)f]} (4.17)

[k—1
v(t) <llvipllzexp | > Id; + AT Y Tilto, 1) = A Y (Tilto, t) — ®ilto, )7 )] :
Lj=1 i€Py i€Ps
[k—1
<||vg, || exp Zln 8; + ANTT " (to,t) — A\ (T (to, t) — (I)(to,t)%)] :
Lj=1
<vg |l exp [(k — 1) Iné + XTI (o, 1) — A (T (to, t) — D(to, 1)7)] ,

1 t—t
<l oo | (£
[ n

t—1
(-0 (2

and so,

1
o(t) <ol

exp

1
<ol exp

x exp [(vAT

1
<fui 15 exp

The result follows and case

(

) Ind + AT (tg, t) — X (T~ (to, t) — ®(to, t)T)} ;

Ino

) AT = AT (fon 1) — ‘I’(t07t)7)] ,

")

(T~ (to, t) — D(to, t)T )( "
— AT (to, ) — D(te, )7)]

Ind )\_) t—t0:| '

)\t —
+ M
() is proven. In order to prove case (ii), note that 7

X
<¢<
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tr — ty—1 implies that t — tg > k( for ¢ € [tx_1,tx). Then, beginning from equation (4.17),

v(t) <||vg, ||5 exp ilnaj + AT Tito t) = A7) (Ti(to,t) — CIDi(tO,t)T)] ,

Lj=1 1E€EPy 1€Ps

[k—1
<||vg, || exp Zln §i + AT (to, t) — N (T (to, t) — (ID(tO,t)T)] ,

Lj=1

<|vgllz exp [(k — 1) Ind + XTT (49, 1) — A (T~ (to, ) — ®(to, )7)] ,

g||vto||% exp [(t _Cto) 6 + M TH(to, £) — A (T (to, £) — Blto, t)T)] ,

and therefore,
) _
v(t) §||Ut0|\;g exp | (t — to) (—) + (AT = A)(T (Lo, t) — @(to,t)%)} ,

Sl e | (T (0,0) = 2(t0 17 (%”

X exp [(l/>\+ — A )T (to,t) — (I)(t(bt)?)} )

1 [ /Ind t—t
<[lveo [l 5 exp (va—x) MO].

This proves case (ii). O

Remark 4.2.3. The constant \* is an estimate for the worst case growth rate for the un-
stable subsystems and A\~ represents the most conservative decay rate estimate for the stable
subsystems. The condition T (tg,t) < v(T~(to,t) — ®(to,t)T)) gives a relationship between
the time spent in the unstable subsystems and the time spent in the stable subsystems.

Remark 4.2.4. In case (i), the impulsive effects are stabilizing so an upper bound on the
time between impulses is established via the constant x. Equation (4.15) gives an explicit
threshold for how strong the stabilizing impulses must be to achieve stability (the smaller §
is, the stronger the stabilizing impulsive effect must be):

§ < exp[—x(vAt = A7)
The equation can be re-arranged to reveal conditions on the switching and impulsive times:
—1Ind
vAT — A7
which means an impulse must be applied often enough to counter-act any growth during
the switching portion of the system.

by =t < x <
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Remark 4.2.5. In case (ii), the impulses act as disturbances and hence a lower bound, (,
is imposed to guarantee the impulses are not applied too frequently. Again, (4.16) gives an
explicit threshold for the maximum size of the impulses:

§ < exp[—C(vAt — A7)

which can be re-arranged to give that

Ind

ty — th1 > _—
k kl_C>_(V/\+_)\_)

that is, the impulses must not be applied too often given a certain impulsive strength & and
the decay rate of the switching portion.

Example 4.2.3. Consider a switching rule given by

1, t e |top_a,top_
I € [tar—2, tor—1), (4.18)
2, t€ [tar—1,ton),
for k € N, where to =0 and
0.5+ 0.2k%7 % k=1,3,5,...
b — tp—1 = ’ T 4.19
B {0.2, k=246, .. (4.19)

Suppose that Py = {1} (first subsystem is stable) and P, = {2} (second subsystem is
unstable). If 7 = 0.1 then TT(0,t) < v(T7(0,t) — ®(0,¢)T) is satisfied with v = 0.5 as
the time spent in the stable subsystem is more than double the time spent in the unstable
subsystem.

The following corollary can be given for when all the modes are either stable or unstable.

Corollary 4.2.8. Suppose that Assumption 4.2.1 holds. For a set of positive definite
symmetric matrices P;, i € P, define B;, oy, p, 6; as in Theorem 4.2.7.

(i) If P, = P, there exists a constant x > 0 such that 7 < tp —tx_1 < x fork=1,2,...,
and there ezists a constant v > 1 such that In(~vd;) + N\ix < 0 for all 1 € P, then the
trivial solution of (4.13) is globally asymptotically stable.

(ii) If Py = P, there exists a constant ( > T such that ty —tp_1 > ¢ for k =1,2,...,
and there exists a constant v > 1 such that In(vd;) — n;(¢ — 7) < 0, then the trivial
solution of (4.13) is globally asymptotically stable.
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Proof. First consider case (7). From equation (4.17)

v(t) <[Jvg | exp [Zlné +) ANTi(to, 1)

i€P
S||Uto||77' exp [ln 5i1 + )‘ilx +1n 5i2 + )\iQX +...+1In 5ik—1 + )‘ik—1X + /\ZkX} s

1
< -
= Hvto HT’}/k (miniep 5@)

(el \ 1
~ \miniep 0; ) v*

Hence the origin is globally asymptotically stable. In case (i),

Ai A
75i1€ WX ... fydlke %X’

ko1
v(t) <l|vg, ||z exp [Zlnd = mi(Tilto, t) — @ilto, )7) |

j=1 i€P

SH?}tOerXp [ln5i1 — Miy (C - T) +.o..+ lndikfl = Nigsa (C - T) - 77%(( - 7-)} )
1

e [ e S U R (Rl

¥ (mingep 0, )
v llz ) 1
< [ MZollT )
~ \minep §; ) AF
and the result holds. O

Suppose the switching rule is periodic: assume that the switching times satisfy p, =
ty — tr_1 and prym = pr. Assume the switching rule o satisfies iy, = k and igy,, = .
Denote the period of the switching rule by w = p; + p2 + ... + pm. Denote the set of all
such periodic switching rules by Speriodgic C S.-

Corollary 4.2.9. Suppose that Assumption 4.2.1 holds. For a set of positive definite
symmetric matrices Py, i € P, define 5;, oy, i1, 0; as in Theorem 4.2.7. If 0 € Speriodic and

Zln6+z)\1pl Zm

1€EPy 1€Ps

then the trivial solution of (4.13) is globally asymptotically stable.
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Proof. From equation (4.17),

o(t) <||vg || exp [Zlné + 3 NTilto, t) — > mi(Ti(to, 1) (to,t)T)] .

1€Pu 1€EPs

Since the switching rule and impulses are periodic, for j =1,2,...,

im
U(to -+ ja)) SHUtOH;— exp [Z In 51 -+ Z )\in(to, to -+ jw)
i=1 1€EPy

X exp [ Z ni(Ti(to, to + jw) — P4(to, to +jw)f)] )

1€Ps

<[lvo|7 exp [j D i+ ) MTi(to,to + w)

=1 1€Py

Y

X exp [ ) mi(Tilto, to + w) — ®ilto, to + w)7)

zEPs

§||vto||fexp[ ZIM +3 )Xo =3 Y milpi ]

1EPy 1€Ps

=l -2

where

= exp

Zlné%—Z)\zpz > milpi - ]

1EPy, 1€Ps

satisfies 0 < A < 1. Hence {v(to + jw)}32, converges to zero. Since v(t) is also bounded
on any compact interval, global attractivity follows.

Suppose that t € [tp_1,t;) with tg < ¢, < tg+ w and define

= exp [Z Ind; + Z NiT;(to, t) Zm i(to, 1) (t()?t)f)] .

1€Py, 1€Ps
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Then it follows that

y(t+w) =y(t)exp[Indy +Indpyr + ... +1nd,y,

X exp Z ATt to + w) Z ni(Ti(t, to +w) — Q;(t, to + w)7)

[ 1€EPy 1€Ps
X exp [N 0pi1 + ..o+ Indp_144m)

X exp Z AT (to +w, t + w)

Li€Py

X exp —Zm(T(to—l—wt—l—w) D, (tg + w, t +w)T)

Y

and so,

y(t +w) =y(t)exp[Indg + ...+ 1nd,,]

X exp Z NTi(t, to + w) Z ni(Ti(t, to +w) — Di(t, to + w)T)

_iEPu 16735
x exp[lndy + ...+ Indg_4]

X exp Z AiTi(to, ) Z ni(Ti(to, t) — ®i(to, t)ﬂ] :

_Z'E,Pu ZEPS

Therefore,

y(t + w) =y(t) exp [i Ino; + Z AT (to, to + w)

i=1 1€Py

Y

xexp[ Zm i(to, to +w) — Dy(to, to + w)T)

i€Ps
_y eXp [Z Ind; + Z /\zpz an Pi ] )
1€Py, 1€Ps
=y(t)A.

Hence, y(t + w) < y(t) for all t € [ty_1,tx) such that tg < tx < to + w. Similarly,
y(t+jw) < y(t) for j =1,2,..., and t € [ty_1, ;) with g < t; < to+w. This implies that
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y(t) achieves its maximum on [ty,to + w|. An upper bound is given by

1<i<m:d;>1 1€Py,

A =exp

For any € > 0 choose

X= 20214 ‘
where ¢; = Apin(P) and ¢y = Apax(P). Then ||¢ll- < x implies that |Jvg, ||z < eafldoll2 <

cx® <9 cle . It follows that
AN
le(t)] < (ﬁ) <e
C1

for all t > t,. O

Example 4.2.4. Consider the weakly nonlinear HISD (4.13) with P = {1,2,3,4}, to =0,
distributed delay T = 0.1,

-3 2 -22.1 —11.3 1.8 0.1 31 0
A= <—2 —3.8) A= ( 11.3 —22.3) A= (—0.1 1.6> A= ( 0 3.1) ’
0.12 0.13 0.1 0.1 0.4 0.4 1.05 1.1
G = (0.3 0.1)  G= (0.1 0.1)  G= (0.3 0.1) » CGa= (1.11 1.04) ’
—0.3 —0.1 —02 0 —04 0 0.1 0.1
B = (—0.1 —0.3)  B2= ( 0 —0.2)  Ha= <o.o1 —0.4) » Ba= (0.2 0.1) ’
Bl = BQ = Bg = B4 = 0, Fg(t,l‘t) = 0, F4(t,l’t) = O, and

Fi(t, ;) = <O~3Sinéx2(t))) . Fy(t,z,) = (0,11n(cogh($1(t)))) '

The matrices Ay and Ay are Hurwitz while As and Ay have eigenvalues with positive real
part. The switching rule is assumed to take the following form for k=1,2,...,

€ [tak—1,tan—3),

tak—3, tak—2),

€
LM@ 2, tak—1) (4.20)
€

[\Duw»—#>

tagp—1,tak),
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where
0.4, k=1,5,9,...,

1, k=2.610,...,
04, k=3711,...,
0.2, k=4,8,12,...

te —th1 = (4.21)

The switching rule is periodic with py = 0.4, po =1, p3 = 0.4, py = 0.2 and hence w = 2.
Let 1911 = (03)2, 1912 = O, 1913 = (01)2, 1914 = 0, 1921' = 0, and 1931‘ =0 fO?"i € P. Let

0.808  —0.0382 0.113  0.0002 10 10
A= (—0.0382 0.678 )  Be= (0.0002 0.1122) b= (0 1)  Fa= (o 1) '
Then By = 0.0008, B2 = 0.0005, 85 = 0.004, B; = 0.04, oy = 2.85, ap = 33.48, ay = —6.64,

a1 = —9.20, p = 1.23, & = 0.925, 6, = 0.791, &3 = 0.449, &, = 1.92. Hence P, = {1,2}
and P, = {3,4}. Choose m; = 2.9, ny = 33, A3 = 6.64, \y = 9.25 to get

4
> s+ > Nipi— Y milpi —7) = —0.0285
=1

1€Pu 1€Ps

and hence the origin is globally asymptotically stable by Corollary 4.2.9 (see Figure 4.3).

— %0

i 0 /I\
— 0 B l
4 — xz(l)
I I -100 I I I I I I I ]

I
25 3 35 4 0 0.5 1 15

2 2 25 3 35 4
Time Time
5 T T T T T T T 5 T T T T T T T
3r 1 3 1
1r b 1r b
0 ‘ ‘ ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4
Time Time
(a) ¢o(s) = (10, =70). (b) ¢o(s) = (~30,20).

Figure 4.3: Simulation of Example 4.2.4.
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4.3 Constrained Switching Stability for Systems with
Infinite Delay

In the previous section the stability theory of switched integro-differential equations with
distributed delays was investigated. The main approach was to use a Halanay-like switching
inequality in order to establish sufficient conditions for stability. Under that technique, it is
not possible to consider infinite delay since the method looks backwards on each switching
interval and assumes t;, — t;,_; > 7. Further, we focused on a class of linear HISD with
nonlinear perturbations.

The main contribution of this section is to extend the current literature by finding
verifiable sufficient conditions for the stability of impulsive nonlinear switched systems
with infinite time-delay. In doing so, we develop dwell-time constraints on the switching
times which guarantee overall stability. No restrictions are made on the total power of the
impulses (such as requiring the power of the impulses to go to zero for large time).

4.3.1 Problem Formulation and Background Literature

The authors Luo and Shen investigated the stability of functional differential equations
with infinite delays and impulsive effects in [126-128,130]. In the paper [126], the authors
analyzed Volterra-type equations and gave stability results using Lyapunov functional the-
orems and boundedness results using Lyapunov function theorems. Disturbance impulsive
effects of finite total power were considered. In the report [127], the authors Luo and Shen
proved some uniform asymptotic stability theorems using Razumikhin-type conditions.
Luo and Shen [128] extended these results to systems with infinite delays and stabilizing
impulsive effects where the continuous portion of the system is destabilizing. Luo and
Shen [130] furthered the investigations by developing uniform asymptotic stability results
applicable to systems with finite and infinite delay and perturbation impulses of finite total
power.

Li [93] analyzed a class of impulsive delay differential equations and proved global uni-
form asymptotic stability using Razumikhin-type conditions under stabilizing continuous
portion and stabilizing impulses. The authors’ results are applicable to eventually stabi-
lizing impulsive effects (which extends the results of [128]). Li also analyzed functional
differential equations with infinite delays in [95] using Razumikhin-like theorems to prove
uniform stability under impulsive perturbations of finite total power. In [96], Li et al.
investigated uniform stability under impulsive stabilization or impulsive disturbances. In
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their paper, they considered impulsive effects that depend on past history of the system
state.

Of particular importance to our work in this section are the papers by Li [94] and Li
and Fu [97], where the authors considered the following system:

i':f(t,l't), t?éTk,
Ax = gp(t,z(t7)), t="Ty, (4.22)
xto = (bO? k € N?

where x € R" is the state; z; € PCB([a, 0], R") is given by x:(s) = z(t + s) for s € [«, 0]
where —oo < a < 0 and [« 0] is understood to be (—o0, 0] when the delay is infinite. The
initial function is ¢y € PCB([a, 0], R™). In [94], the authors proved global exponential sta-
bility of the trivial solution of (4.22) under the case where eventually stabilizing impulsive
effects could counteract a destabilizing continuous portion of the system in the following
Razumikhin-like theorem.

Theorem 4.3.1. [94]
Assume that there exist functions V' € vy, and constants ¢; > 0, co > 0, A > 0, §, > 0,
qg>1,v>0, such that for k € N,

(1) ci|lz||P < V(t,x) < collz||” for allt € [ty + o, 00) and x € R";
(i1) along the solution of (4.22) fort # Ty,
DTV(t,4(0)) < AV (t,4(0)),
whenever eV (t + s,19(s)) < ¢V (t,4(0)) for s € [a,0];
(111) for each Ty and for all x € R™,

1+ 6
q

V(Ty, z+ gi(Tg, x)) < V(T ,x)

with Y~y | 0 < 00;

(v) pA <1Inq where p = suppen{Tk — Tr-1}-

Then the trivial solution of (4.22) is globally exponentially stable.
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In the report [97], Li and Fu found verifiable sufficient conditions for global exponential
stability of the trivial solution of (4.22) for destabilizing impulsive effects of finite total
power.

Theorem 4.3.2. [97]
Assume that there exist functions V € vy, constants p > 0, ¢ >0, co >0, A >0, ¢ > 1,
v >0, and o, > 0 such that

(i) c1]|z]|P <V (¢, 2) < eol|z||P for all t € [to + a,00) and x € R";
(11) along the solution of (4.22) fort # Ty,
DTV (t,4(0)) < =AV(t,(0)),
whenever €7V (t + s,1(s)) < ¢V (t,4(0)) for s € [a,0];
(111) for each Ty and for all x € R™,
VT, x + gi(Th, ) < (1 +6:)V (T}, )
with 72 | 0 < 00;

(iv) puX\ > Inq where p = infren{Tx — Tr_1}-

Then the trivial solution of (4.22) is globally exponentially stable.

Remark 4.3.1. The condition Y ;- 6, < oo in Theorem 4.3.2 necessarily requires the
power of the disturbance impulses to go to zero for large time (that is, 6y — 0 as k — 00).

Motivated by this work, we consider the following family of impulsive subsystems with
unbounded time-delay:

Ax = gi(t,x(t7)), t=T,, keN,

where the family {f; : i € P} is parameterized by the finite set P := {1,...,m}, where
m > 1 is an integer. Assume that each functional f; : R x PCB(]e,0],R™) — R™ satisfies
fi(t,0) = 0 for all ¢ > ty, ¢ € P, and the impulsive functions gy : Ry x R* — R”
satisfy gx(t,0) = 0 for t > t5, k € N. The impulsive moments are assumed to satisfy
to<Ti<Ty<...<Tp<...withT, — o0 as k — o0.
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Parameterized by an initial function ¢o € PCB([a, 0], R") and a switching rule o, system
(4.23) is a nonlinear HISD with unbounded delay:

jj:fo’(taxt>7 t#Tka
Az = gp(t,z(t7)), t =Tk, (4.24)
Ty = (b()? S N7

where ty € R is the initial time. For each ¢ € P, assume that f; is composite-PCB
and locally Lipschitz. Assume that gy is continuous in both variables for each k¥ € N.
Then the conditions imposed on {f;}, o, and {gx}, guarantee the existence of a unique
solution to system (4.24). The goal of the present section is to investigate the stability
properties of system (4.24) as follows: given a set of stable and unstable vector fields
{fi} and stabilizing and disturbance impulsive effects {g;}, determine conditions on the
switching rule, switching times and impulsive times such that the trivial solution of the
switched system (4.24) is globally asymptotically stable.

Definition 4.3.1. Let x(t) = x(t;to, x¢) be the solution of the switched system (4.24).
Then the trivial solution v = 0 is said to be

(1) stable if for all € > 0, ty € Ry, there exists a 6 = d(to,€) > 0 such that ||po||pcs < §
implies ||x(t)|| < € for all t > to;
(11) uniformly stable if 6 in (i) is independent of to, that is, 6(tg,€) = 0(€);

(111) asymptotically stable if (i) holds and there exists a 5 > 0 such that ||¢o||lpcs < B
implies
lim z(t) = 0;

t—o00

(iv) uniformly asymptotically stable if (ii) holds and there exists a 5 > 0, independent of
to, such that ||¢ollpcs < B implies that for all n > 0, there exists a T = T'(n) > 0
such that for all to € Ry, ||[z(t)|| <n if t > to + T(n);

(v) exponentially stable if there exist constants B,v,C > 0 such that if ||¢o||pcs < B then
|z(t)]| < C|lpollpepe™E %) for all t > to;

(vi) globally exponentially stable if B in (vii) is arbitrary;
(vii) unstable if (i) fails to hold.

The stability properties in (iii), (iv), (v) are said to be global if they hold for arbitary B.
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4.3.2 Razumikhin-type Theorems

Recall the dwell-time notions defined earlier: T;(y,t) denotes the Lebesgue measure of the
total activation time of the i*" subsystem on the interval [to, t] (hence |JI", T;(to, t) = [to,])
and it is understood that T;(to,t) = 0if t < ty. Further, N (¢, t) represents the total number
of impulses on the interval [to,?]. The first stability theorem can be given as follows, which
extends the work in [94,97].

Theorem 4.3.3. Assume that there exist functions V € vy, ¢1,¢o € Koo, pisw; € C(Ry, RL),
and constants 0, >0, ¢ > 1, v >0, n; > 0, such that fori € P and k € N,

(i) ci(|z|) < V(t,z) < co||x]|) for all t € [to + v, 00) and x € R™;
(ii) along the solution of the i subsystem of (4.23) for t # Ty,
DTV]i(t,(0)) < —pi(t)wi(V(t,4(0))),
whenever €7V (t + s,1(s)) < ¢V (t,1(0)) for s € [a,0];
(i1i) for each Ty and for all x € R™,

)
V(Ty, z + go(Tp, ) < EkV(Tk_,x);

(iv) there exists a constant ¢ > 0 such that for all t > tg

N (to,t

(to,t) m
H §; | exp [— ZmTi(to,t)] < exp[—c(t — to)],

j_
where n; < min{vy, p;} and p; = infeopi(s) infeowi(s)/s.
Then the trivial solution of (4.24) is globally exponentially stable.

Proof. Let v(t) = V (t,x(t)) where x(t) is a solution of (4.24). First we consider the case
where t;, = T}, and aim to show that for t > ¢,

N(to,t)

o(®) < gealloollren) | TT o) e [—meo,w]. (4.25)
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Consider the interval [to, 1), then we claim that

u(t) < qc?(”%HPCB)e_"il(t—tO)

for all t € [tg,t1). If the claim is not true, then there exists a time ¢ € (¢,?;) such that
v(t) > qea(]|doll pes)e ™1 %). Denote the first such time by

t* = inf{t € (to,t1) : v(t) > qC2(H¢0HPCB)€7m1(t*to)}.

Then v(t*) = qea(||dollpes)e™™1@ ) and v(t) < qea(||ol|po)e™™ ) for t € [ty t*).
Since v(ty + s) < ca(||pollpes) < qea(||dollpen) for s € [a, 0], there exists another time ¢,
on the interval [to, t*) defined as

t, = sup{t € [to, t*) : v(t) < ca([| ol pes)e 1 1)}

Note that ¢, < t* since ¢ > 1. Observe that for ¢ € [ty,t*) and s € [a, 0],

gea([gollpop)e ™ HsT10) b s > g,

(4.26)
qcz(l|dollpeB), t+ s <t

v(t—l—s)S{

Since T;(to,t) = 0 if t < ty, equation (4.26) can be written as
v(t+5) < qea(||goll pop)e T+,
Then for s € [a, 0] and t € [t t*],

vt + s) < eyt + s),
— ¢ M1 (t—to)v(t + 8)€m1 (t+s—t0)’

< e M Ty (toﬂf)v(t + S)emlTil(thS)

< e Ta oD ey (|1 dollpen),

=iy Tiq (o, iy 1iq (to,
< e Miq 1(t0 t)q'U(t>€nl 1(t0 t),

?

= qu(t).

Thus DT o(t) < —p;, (t)wy, (v(t)). For any t € [ty + a, 00), define

L(t) :=v(t)exp [Z Uiﬂ(to,t)] :
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Then for t € [t.,t*], L(t) = v(t)exp[n;, (t — to)] and L(t.) = co(||dollper) < L(t*) =
qea([l¢oll pop). Also,

D+£(t) _ mleml (t—to)v(t) + e"il(t_tO)DJ“v(t),
wy, (V(T
< £(t) | — po (12D

v(t) |’
< L(8) [ — pir]
<0.

This is a contradiction since L(t,) < L(t*) by the definitions of ¢, and ¢*. Thus v(t) <
qca(||doll pes)e™1 1) for all t € [tg, t1).

Assume the result holds for t € [tx_1, %), that is,

N(to,t)

v(t) < gea(||dollPen) H dj | exp [_ZniTi(tht)] :

To show the result holds for ¢ € [tx,tx11), suppose that the claim is not true. Then
there exists a time ¢ € [tg, tx+1) such that

v(t) > qea(l|oll pes)y(t)

where
N to,t) m
y():= | JI 6 | exp [_ZmTi(tO,t)]
j=1 i=1
Define
t% = inf {t € (t, tes1) = 0(t) > gea(l|ollpor)y(t)}-
Then
N (to,t2) m
o(t*) = ges(llgollpen) | [ 6] exp [—ZmTi(to,tA)]
j=1 i=1
and

N(to,t)

v(t) < qea([|dollpes) H 9; | exp [— ZmTi(toJ)]
j=1 i=1
for ¢ € [tg, t).
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Since Hi]i(lto’t) 0; = 1if N(to,t) =0 and T;(to,t) = 0 if t < g, it is also true that

N(to,t)

v(t) < qea(lldollpes) H d; | exp [—Zmﬂ(to,t)]

for t € [ty + a,t?). At the switching/impulsive time ,
)
v(ty) < Ekv(tk>

5k N(t07tk71)

< EQCQ(”%HPCB) 0j | exp [ Z i(to, i ] ;

j=1

= c2(||dollpc)drds - O exp [— ZniTi(tO;tk)] ;

N (to,tx) m
= ([l ¢ollpes) 0j | exp [—ZmTi(to,tk)] :
j=1 i=1
Thus,
N (to,tx)
v(ty) exp [Zm to,fk)] < gea([|dollpen) H 0j-
=1 7j=1
Therefore,

v(tr) < c2(l|¢ollpep)d1ds - - - Gk exp [— ZniTi(tmtk)]
i=1

and, since ¢ > 1, there exists a time on the interval [t;,t>) defined as follows:

ta =sup {t € [te,t*) : v(t) < col||dollpen)y(t)} -
Then

v(ta) = c2(lldollper)drds - - - Oy exp [— ZmTi(to,tA)]
=1

and for t € [ta,t?],

v(t) > ea(llgoll pop)drds - - - O exp [— ZmTi(to,t)] :

=1
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Since 1; < v for all i € P then it follows that for s € [, 0] and ¢ € [ta,t?],

v(t+s),

ePu(t+s) <exp |— ZmTi(t + s,1)

<exp |- Zm (to, t)

?

v(t + s) exp [Zm (to,t + s)

L i=1
hence,
e u(t + ) <exp _ZniTz‘(toat) qgea(ll@ollpe)o1dz - - - O,
L =1 i
<exp [— Y _niTi(to,t) | qu(t) exp [Z 771'Ti(t07t)] ,
L =1 | i=1

=qu(t).

Then DT o(t) < —Diyr (Dwi ., (v(t)) and

D L(t) [Z niTi(to, t ] (i, 0(t) + DYo(t)]

< ‘C(t) Nigr1 = Pigy (t)%(;})(t))} )
= L t) [nik+1 - pik+1] )
<0

e — Y

which contradicts the fact that £(ta) < L£(t2). Thus the claim holds on [ty, tx41).

To prove (4.25) holds for ¢, # T}, construct a new sequence of times {2}, by con-
catenating {t;}72, and {7} }2,. Each element z; is equal to either ¢; or T} for some j € N,
and the sequence is properly ordered so that z;_; < z,. If t; = Tj for some value of j,
then only one associated element appears in {z;}. For each j € N, if z; ¢ {4}, then
zj is an impulse time and o(2;) = o(z;). If z; ¢ {Ti}32, then z; is a switching time and
gi(zj,2(2;7)) =0 (ie. §; = 1). The above arguments hold and hence for ¢ > #,,

Izl < e1* (aea(lldoll o) expl—c(t — to)])

and the result follows. O
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Remark 4.3.2. In Theorem 4.3.3 the constants n; represent an estimate for the decay
rate of the system state while the i stable subsystem is active (all subsystems are stable).

Condition (iv) ensures that the combination of the switching portion and any destabilizing
impulses is such that the overall switched system is stable.

The following corollary can be given for when impulses occur at the switching times.

Corollary 4.3.4. Suppose that t;, = T}, for k € N. Suppose that there exists a function
V € vy, and constants ¢; >0, ¢ >0, p>0,p; >0,6, >0, >0,6>1,g>1,v>0,
n; > 0, such that fori € P and k € N,

(1) ci|lz||P < V(t,x) < collz||” for allt € [to+ o, 00) and x € R";
(ii) along the solution of the i subsystem of (4.23) for t # Ty,
DTVIi(t,4(0)) < —piV (t,1(0)),
whenever eV (t + s,1(s)) < qV (t,4(0)) for s € [, 0];
(i1i) for each ty and for all x € R",

)
V(ty,  + gi(te,z)) < E’“wt,;, )

() tp —tg—1 > (G and In(Box) — n;, G < 0 where n; < min{~y, p; }.
Then the trivial solution of (4.24) is globally asymptotically stable.

Proof. Note that t; = T} implies that N(tg,t) = k — 1 for t € [tx_1,1;). From equation
(425)7 for t € [tk—la tk),

k—1 m
v(t) <qczllollpop exp [Z Ing; — > nTilto,1)] ,
=1 =1

<qcs||dol|pe exp [ln 01 = MG+ Aoy —miy o1 — nika] )

1
< PCB TR 5
<qca|lpollpen B (infpey or)

< (elleollpes) 1
— U infren Ok Bk’

and the result follows.

Bo1e™Mr - e,
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We can also apply the Razumikhin technique to nonlinear integro-differential equations
with unbounded delay and periodic switching. Assume that the switching times satisfy
hy =ty —tr._1 and hp,,, = hi. Assume the switching rule o satisfies i, = k and igy,, = ix.
Denote the period of the switching rule by w = hy 4+ hy + ... + h,,,. Denote the set of all
such periodic switching rules by Speriogic C S
Corollary 4.3.5. Assume that 0 € Speriodic and suppose that there exists a function V' € vy,

and constants ¢; > 0, co >0, p>0,p; >0,6, >0,qg>1,~v>0,n >0, such that for
1€P and k € N,

(i) ci|lz||P < V(t,x) < collz||P for all t € [to+ o, 00) and x € R";
(ii) along the solution of the i subsystem of (4.23) for t # Ty,
DTVI]i(t, v(0)) < =piV (t,4(0)),
whenever €7V (t + s,1(s)) < ¢V (t,4(0)) for s € [a,0];
(11i) for each Ty and for all x € R™,

)
V(Th, x4 gu(Ty, 2)) < E’“V(Tk‘, z):

() ap = Ty — Ty (aq = T1 — to) satisfy axsny = ap where N(tg,to + o) = N, a =
ar+ ...+ ay, and 8 = Oy n. The constants n; < min{~v, p;} satisfy

1N1(5 Ly h; <0
a;ni_;;nii<-

Then the trivial solution of (4.24) is globally asymptotically stable.
Proof. From equation (4.25),

N (to,t) m

v(t) <goallollpopexp | Y W= nTilt, 1)
=1 =1
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Let 2 = lem(w, «)?, then for j = 1,2, ..

°

N (to,to+j2)

v(to +jz) <qesllgolpepexp | Y Wdi— Y niTilte,to + jz) | |
i=1

i=1

)

:. N . m

jz jz
< 4 — Ind;, — — i L (to, t
<qcz||olpep exp o ;:1 n " ;:177 (to, to +w)

M. N . m
Jz Jz
§q02|\q§0||’1’303 exp E Z-len i ; izlmhi] )
:qC2H¢0HIIJDCBAj'
where

N m
A =exp 221115,; — EZnihi]
i=1 i=1

satisfies 0 < A < 1. Hence {v(to + jz)}32, converges to zero. Since v(t) is also bounded
on any compact interval, global attractivity follows.

Suppose that ¢t € [tg_1,t;) with tg <t < tg+ 2z and define

N (to,t) m

y(t) = exp Z In (51 — Z 77211@0, t)
i=1 i=1
Then it follows that

h’ldk + 1H5k+1 + ...+ IH(SZN/Q — Zﬁlﬂ(t,to -+ Z)
=1

y(t+ 2) =y(t) exp

X exp lln O:Njar1 + - F N0k _14an/a — Z niTi(to + 2,1 + 2)
i—1

2Least common multiple of w and «.
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Since 61@ = 5I<:+N7

lnék + ...+ IH(SZN/Q — Z?’]Zﬂ@,to + Z)

i=1

Ind; +...+Indp_1 — Zniﬂ(t())t)] )

=1

y(t + 2) =y(t) exp

X exp

-zN/a m

=y(t) exp Z Ind; — ZmTz’(to, to+2)],
i=1 i=1

i N m
z 2
=y(t —5151‘——5 ihil
e L@ = ’ Wi ! ]
=y(t)A.

Hence, y(t + 2) < y(t) for all t € [t;_1,tx) with tg < t, < to+ 2. Similarly, y(t + jz) < y(t)
for all ¢t € [tx_1,t;) with ¢y <t <o+ 2. This implies that y(¢) achieves its maximum on
[to, to + z]. An upper bound is given by

A = max {1,exp

2 3 lnéi]}.

1<i<N:§;>1
C1
X=\|—
CQA

C E\P
o(to) < ealldoller < e < 2 (—A) (5)"

Since ¢1[|z(t)||” < eal|po|lpopA, it follows that for all ¢ > tg

For any € > 0 choose

hSA

€
2
then ||¢o||pcs < x implies that

) < [ = (&

]

Remark 4.3.3. There is no restrictive requirement on the long-term behaviour of the
disturbance impulses in the results here (that is, o), — 1 as k — 0o is not required).
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4.3.3 Results for a Class of Nonlinear HISD with Infinite Delay

In this section we apply the Razumikhin-type theorems found in Section 4.3.2 to a class of
nonlinear hybrid and impulsive systems with unbounded delay to develop easily verifiable
sufficient conditions for stability. Consider the following class of HISD with unbounded

delay:
0

T = Asx(t) + F,(t,xy) + / U, (t,s,x(t+ s))ds, t# ty,

4.27
AZE:EkI(t), t = tg, ( )
Tty = ¢07 k € N7

where o : [ty_1,t;) — P is the switching rule, F; : R x PC(]—7,0],R") is a finite-delay
term, A; € R™*™ are constant real matrices for ¢ € P, the vector-valued functionals ¥; are
continuous on R} X (—o0,0] x R”, and Ej € R™™™ are real constant matrices for k € N.

Corollary 4.3.6. Assume that there exist constants 7 > 0, r > 0, ¥y; > 0, 99 > 0,
V3, >0,17,>0,p,>0,>1,qg>1,v>0, L; >0, m; € C((—00,0],R™), and a positive
definite symmetric matriz P such that for i € P,

(1) [V;(t,s,0)|| < mi(s)||v|| for all (t,s,v) € Ry x (—o0,0] x R";

(i1) ffoo m;(s) exp|—~ys/2]ds < L;;
(i11) fort >ty and i) € PC([-7,0],R"),

0
IF(E )1 < Iullp )| + Daillo (=) |I* + 193@'/ [ (s)l*ds,

where T = max{r, 7},

(iv) ty — tr_1 > C and In(Bg) — n;, G < 0 where n; < min{~y, pi}, 0 = qApa P +
Ey)TP(I + Ey))], and

Ao P"HATP 4+ PA; + P? 4+ 9;1)]

T 1
+ )\mam(P71> 192Z,q677" + 1931'(]678 <€ > + 2 q)\mam(PTP)Li S —Di-
8

Then the trivial solution of (4.27) is globally asymptotically stable.
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Proof. Let V = 27 Pz and take the time-derivative along the solution of the i*" subsystem
of (4.27),

Vi =" (t)(AT P + PA)x(t) + 227 (1) PE;(t, z;) + 227 () P /0 (L, s, x(t + s))ds,

SxT(t)(A;fFP + PA, + PQ)x(t) + ﬁlia:T(t):U(t) + ﬁzixT(t —r)x(t—r)
0 0
s, / 2T (¢ + s)e(t + s)ds + 2|l2]|| P / 19, | ds,

max|[PHATP + PA; + P? +9,1)]2” (t) Pa(t) + Vo™ (t — r)a(t — 1)

0 0
Ly, / 2Tt 4+ )t + s)ds + 2||]|| P / ma(s)l(t + 5)|ds

-7

If eV (t+ s,2(t +5)) < qV(t,z(t)) for all s € [, 0] then

Amin(P)z" (t + 8)z(t + s) < ge™ 2" (t) Px(t)

and hence,
(=)t —r) < 17T Pae),
Amin(P)
o752
|z(t + s)|| < \/ETH(P) 2T (t)Px(t).
Therefore,
Vi <hmax[P Y (AT P + PA; 4+ P> +9,,1)]a” (t) Pa(t) + %IT@)PI(Q
0 qe'ys T e
+ I3 /T )\min(P)x (t)Px(t)ds
+2[elP) [ OO mi<s>\/fe—_fg\/ﬂ<t>m<t>ds,
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so that

V0i <Amax[P AT P + PA; + P? + 91,1)|2" (1) Px(t) + f Qf'qg) 2T (t) P (t)
U3,q€7 (e =1\ .
el e FACI0
o, VPl TP (e s
Amin (P )H “l [/ ! ]

It follows that

. Do.qe”
Vi e P YATP 4+ PA; + P? 4+ 0,1)|aT () Pa(t) + —29° 2T () Pa(t)

/\min(P)
U3iqe?® [T —1 o7 . Vall PlILi oy "
T~ < - > (t)Px(t) +2—Amm< P ()P (t).

+

Hence V|; < —p;V (z(t)). At the impulsive times ¢ = t;,

V(ty) =2 (tp) Px(ty),
=[(I + Eyp)x(t,)]" P[(I + Ep)z(ty)],
=" (6)[(I + E)"P(I + Ep)a(ty),
Lanax P+ ER)TP(I + E))V (2(t;)),

=‘5’“v< ().

All the conditions of Corollary 4.3.4 are satisfied, and hence the trivial solution of (4.27)
is globally asymptotically stable. O

The Razumikhin-type theorems are also easily applied to the following scalar system:

0

T = —a,x(t) + fo(t,x) + / U, (t,s,x(t+ s))ds, tF#tg

—0o0

Az = gp(t,z(t7)), t=t,
tg — ¢07 k S N7

(4.28)

where a; > 0 are constants; the functionals f; : Ry x PC([-7,0],R) — R for some positive
constant 7 > 0 (finite delay portion of the system); ¥; is continuous on R x (—o0, 0] x R;
gr : Ry X R — R are the impulsive effects.
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Corollary 4.3.7. Assume that 0 € Speriogic and assume that there exist constants T > 0,
T>O; 191@'2071921'20; 193i20; nz207p1207ﬁ>17q>177>07m260((_0070]7R>
such that fori € P,

(i) |fi(t, )] < Ol (0)|+0i| (=) |+ [°_|0(s)|ds fort >ty andyp € PC([~7,0],R),

where T = max{r, 7},

(11) |W;(t,s,v)| < my(s)|v| fort>ty, s <0, v €ER;

(iii) —a; + 01 +q [ﬁQiGW + J3; (evrv_1> + fi)oo mz‘(s)@ﬂsds] < —pi:

(w) |z + gp(Ty, z)| < %’“|x| for all x € R;

(v) ézlj\il Ino; — % Yo mihi < 0 where a = Ty —Tj—y (aq = T1 —to) satisfy cpn =
with N(to,to+a) =N, a =a; + ...+ ay, 0 = Opyn, and n; < min{~, p; }.

Then the trivial solution of (4.28) is globally asymptotically stable.

Proof. Let V(x) = |z| then along the i*" subsystem of (4.28) for t # t; and |z| # 0,

0

DV = ””“% [—aix(w Tt + /
)

|l’(t>‘ {—a,w(t) + 191l|$(t)| + 1921|.’L'(t — ’l“>| + 1932/

-7

U, (t, s, z(t + 5))ds} ,

0

|z (t + s)lds}

N éé’g‘ {/0 mi(s)|x(t+5)|ds] .

—00

If the Razumikhin condition in Corollary 4.3.5 holds, then |z(t+s)| < ge™"%|z(t)| for s < 0.
Hence,

0 0
DTV |; <la(t)] [_ai + Vi + g™ + qﬁgi/ e Pds + Q/ mz‘(S)e_”Sds} ;

-T —00

T 0
=|z(t)| {—az‘ + V1i + qU2e™" + g (e S ) + Q/ mi(S)e_VSds} :
< —piV(z(t)).

At the impulsive moments, V(z(T})) < %V(m(Tk_ )). The result follows from Corollary
4.3.5. [
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4.3.4 Examples

In this section we illustrate the main results found in Section 4.3.2 through some examples.

Example 4.3.1. Consider the switched system (4.24) with P = {1,2}. Suppose that

[ 453 (t) + wo(t) + 5(t) + ffoo et () sin(xy(s))ds
hit,m) = ( —4.525(t) — i (B)oa(t) + [, iy 49 ) B

rctan(za(s))

and

—1621(t) + 22t — 7)/(1 +1?) ) (4.30)

falt, 1) = (—17:1:2(25) + fjoo et /i (s) + 23 (s)ds/(cosh*(xy(t)))
where T > 0 is a finite delay and a > 0 is a constant. The switching rule is assumed to
take the following form for k =1,2,...,

1, t € |[tog_o,tor_
P € [tar—2,tak-1), (4.31)
2, t€ [top_1,ton),
where the switching times are
tho1 +0.5+02k% % k=24,6,...,
D R (4.32)
te—1 + 0.2, k=1,3,5,...,

with to = 0, and satisfy top, — tor_1 > 0.5 and top_1 — top_o > 0.2. Assume that at the
switching times an impulsive effect is applied:

Az (ty) = —1(t,) + \/ﬁsin(fcl(t;)%

(4.33)
Awa(ty) = —walty) + /a7 )aa(5).

Let V(z) = (22 +23)/2 and take the time-derivative along solutions to subsystem i = 1,

Cﬁg_‘t/ [—— {_4_51;1@) + 25(t) 4 x3(t) +/_OO

t

e, (s) sin(xg(s))ds] ,

+ xo(t) {—4.59[;2(25) — 21(t)22(t) +/t Txo(S)

d
_, ™+ arctan(zy(s)) S] ’
t

< — 4523 () + 23(t)) + 21 ()22 () + 21 (1) / e, (5) sin(zo(s))ds

+ 2o(t) /t t Teals) g N

_, T+ arctan(xz(s))
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Therefore,

dt 2
0
- / xa(t + s) ds.

_. T+ arctan(xs(t + s))

W < vy + AW RO | xl(t)/ %21 (t + ) sin(zs(t + ))ds

§—8V(m(t))+|x1(t)|/_ easyxl(t+s)|ds+|x2(t)|/_ ot + 5)|ds,

If the Razumikhin condition (1) in Corollary 4.53.4 holds, then x3(t + s) + z3(t + s) <
qe ¥z (t) + 23(t)] for s <0 and so

O ler < =SV O) + 0] [ Va5 + a0
o] [ Va0 o

= SV 0) + 05O+ 30 [ i
+laa®lyfot0) + 5300 [ Ve s,

Hence,

W sy 4 I:cl(t)\2+x2%(t) + 23(t) (a_\/z/z)

dt
|z2(8)* + 21(t) + 23(2) -1
5 N\ —p )

< =8V (x(t)) + (22(t) + 22(1)) {a _\/3/2 +Va (&7/%1)]

— {—8 + 24 (a _17/2 N 67742/2_ 1)} V(a(t)).

provided that a—~/2 > 0. Similarly, along the subsystem i = 2, if the Razumikhin condition

+
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< = 8V (a(t) + | ()] aer"2\ [a3 (1) + 3¢ / “a2(t+ 5) + a3t + 5)ds,

< = 8V(x(1) + v/ae (21 (1) + 2} (t) + 23(t)) +/ qel* [ () + @3(1)]ds,

where we have used the fact that x} + x5 < (23 + 23)? for all x1, 29 € R. Thus,

o hims < = BV(n(0) + 2V 3 (0) + a3(0) + a(ad®) + 23(0) [ s,

— 00

== 8Va(t) + (0) + 0 [2vae 7+ L]
/2 2q
=|-8+4/q"" + —’y Vi(z(t)),
provided a — v > 0. At the impulsive moments t = t;,
2

\/_sm(xl(tk))} +%{ |I1(tk)$2(tk)|] ;

_ 1 _ _
S?ﬁ(tk) + 5’951(% )xQ(tk B

Suppose that 7 = 0.05 and a = 8.5. Choose ¢y = co = 0.5, p =2, v =55, ¢ = 1.1,
B =101, 0 = 6, = 1.6q = 1.76, p; = 7.76, py = 2.45, (o = 0.5, Cop—1 = 0.2. Take
Nigp_y = 0-9, Mip, = 2.45 then

ln(ﬁé) - 771'2)@,1C2k71 = —0.525
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and
In(B6) — Ny, Cor = —0.651.

The trivial solution is globally asymptotically stable by Corollary 4.3.4. See Figure 4.4 for
an illustration.

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —‘ X,(t) 10 ‘ ‘
10 —_— 0 [
ol
5L , X
-10- — 0 B
G0 O‘.2 0.4 0.6 0.8 1 12 1.4 16 18 2 0 012 014 O‘.G 0‘.8 Z‘L 112 114 1‘.6 1‘.8 2
Time Time
3 T T T 3 T T T T T T T T T
2—\ ,—\ ,—‘ b 2—‘ ,—‘ [—\ b
ir 1r
00 0‘.2 O‘.4 016 018 S‘L 1‘.2 1‘.4 116 118 2 0O 012 014 O‘.B 0‘.8 i 112 114 1‘.6 1‘.8 2
Time Time
(a) ¢o(s) = (5,14) for s < 0. (b) ¢o(s) = (13,—18) for s < 0.

Figure 4.4: Simulation of Example 4.3.1.

Example 4.3.2. Consider the switched system (4.24) with P = {1,2}. Suppose that

(L) ad(0) + [ ML~ exp(—ad(s)2ds/ (1 + [ (2)])
At ”‘( Toa(t) — A (0ol > (4.54)

and
B —2x1(t) + z3(t)
fat,z) = (—1.53:2@) — 423(8)a(t) + 22(¢) exp|—| Cos(xl(t))]]) - (43)

The switching rule is assumed to take the following form for k =1,2,...,

1, t€ [top o, tor 1),
o [tok—2, tok—1) (4.36)
2, t€ [tog—1,tan),
where
ty = tg—1 + 0.2+ 0.1 arctan(k), (4.37)
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with to = 0. Suppose that the switch times coincide with the impulsive moments, t, = T,
with impulsive equations,

Axy = —x1(t7) + dyzy (t7), }

(t7)

Axy = —21(t7) + dama(t), (4.38)
(t7) |
(t7)

Al’l = —I t~
AIQ = —T2 t~

+ dzza(t™)e” }t:t%
+ dysign(zo(t ))M(t*), 7

where dy, dy, ds,dy > 0 and where

1, fory >0,
sign(y) == 40,  fory =0,
-1, fory<DO.

Note that 0.2 < ty —tr—1 < 0.2+ 7/20. The impulsive effects associated with the impulsive
times tor_1 are applied whenever the system switches from subsystem 1 to subsystem 2.
Similarly, top are associated with switching from subsystem 2 to subsystem 1.

Let V(z) = 4x1 + x5 and take the time-derivative along solutions to subsystem i = 1

fort #ty,

% i1 =162 (t) [—1.41)1(15) +x5(t) + / eb(s_t)[l —exp(—3(s)))ds/(1 + |z1(t)])

_?

+ 45 (1) [—2wa(t) — 4ai(t)zs (1)

< =5V (at) + oL [ 01— exp(—a3(e)) s,
< — 5.5V (x(t)) + 1623(t )/ 52 (s)ds,
= — 5.5V (z(t)) + 1623(t) /0 22(t + s)eds.

If the Razumikhin-type condition (ii) holds then 4z} (t+s)+x3(t+s) < ge *[4x(t) +xi(1)]
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for all s < 0 which gives

i < — 55V (a(t) + 1623 / Ve 2[4 () + 2d(t)evds,
= — 5.5V (x(t)) + [4a1 ()34 /42t (t) + xi(t \/"/ et/ s,
16%( )"’4%( )+x2( )

< — 5.5V (x(t)) + 5 Vi <b —17/2> ’
= — 5.5V (2(t)) + (1022(1) + 0.523(1))/g (ﬁ) ’

< — 5.5V (z(t)) + (1023 (¢) + 2.525(t))/q ( ! ) :

b—"/2
And so,
v iz < = 5.5V (z(t)) + 2.5(4a%(t) + 25(1))\/q (#)
at 1= e 2V =52 )
[ 5.5+ <b2—5’\y//62)} Vi(xz(t)),
provided that b — ~v/2 > 0. Along the subsystem i = 2 for t # ty,
O lima = — 32(6) — 623(1) + 4 (1) exp[] cos(ar ()],
< - 6V( (1)) + das(t),
< —2V/(x(t)).

At the impulsive moments t = toy,_1,

V(x(tog—1)) =4 (dlxl( 2% 1))4 + (deQ(tZ_kfl))Zl’
<max(dy, dy)V (x(t;,_,)).

Similarly, whenever t = to,

4

V(x(tar)) =4 [d3$2( to)cos (@3 (t))] " + [dasign(wa(ty,)) (t)] "
_4d4 ( 2k)0084(x%( or)) di(smn(@(tQ_k)))%%(tz_k)a
<ddgwsy(ty,) + diai(ty,),
< max(dy, dy)V ((t3;,))-
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Suppose that b = 5.5, d; = 1.05, dy = 1.2, d3 = 0.9, dy = 1.05. Choose ¢; = 1, ¢o = 4,
p=4,q=1.1,v=>55, §=1.01. Then p; =4.55, ps = 2, dop_1 = 2.28, dop = 1.34. Take
Nok—1 = 4.55, nop = 2, and ( = 0.2, then
111(5(5%,1) - ni%—1< = —0.0748
and
In(Bdar) — 1), ¢ = —0.0996.

Thus the trivial solution of (4.24) is globally asymptotically stable by Corollary 4.5.4. See
Figure 4.5.

2 u oL —X,(1) ||
! \ — ! \ —=
0 [ o

o ] -

. . . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time

1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 1.4 16 18 2

Time
2 1 2| |
1 | 1 |
% 0z 04 06 08 Tir;lwe 12 14 16 18 2 % 02 o0z 06 08 T"‘ie 12 14 16 18 2
(a) ¢o(s) = (—1,2) for s <0. (b) ¢o(s) =(2,-1) for s <0.

Figure 4.5: Simulation of Example 4.3.2.

Example 4.3.3. Consider the following scalar HISD

t
T = —a,x(t) +d, /OO e~ arctan(| sinh(z(s))|)ds, t # Ty (4.39)
Azx =vx(t™), t =Ty,

where P = {1,2}, a1, as, dy, ds, and c are positive constants. Assume that the switching
rule is periodic and takes the form

1 iftelk k+025) k=0.1.2. ...
{ if tek, k +0.25), 0,1,2, (4.40)

2 ifte[k+0.25k+1).
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Suppose that an impulse is applied at each time T}, = 2k for k € N. Then the impulses and
switching are peritodic with o« =2, N =1, w =1, hy = 0.25, hy = 0.75.

Suppose that a; = 1.2, as = 4, dy = 6, dy = 3, v = 0.15, and ¢ = 5.1 for the model
parameters. Note that arctan(|sinh(u)|) < |u| for u € R. Take m;(s) = €%, ¢ = 1.1,
vy=31,,9; =0, 095 =0, 93, =0. Let p = 0.1, po = 0.7 and choose n; = 0.1, n, = 0.7,

6 = 1.265. Then ms 1
n
_— — a(nlhl -+ ?72h2) = —0.08

Q@
and thus the trivial solution is globally asymptotically stable by Corollary 4.5.7. See Figure
4.0.
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0 0.5 1 1.5 2 25 3 35 4 4.5 5 2 25 3 35 4 4.5 5
Time Time

T T 3
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00 015 :‘L 115 ‘2 2‘.5 ‘3 3‘.5 l‘l 415 5 0O 015 :‘L 115 ‘2 2‘.5 é 315 1‘1 4‘.5 5
Time Time
(a) ¢o(s) = 10 for s < 0. (b) ¢o(s) = —10 for s < 0.

Figure 4.6: Simulation of Example 4.3.2.
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Chapter 5

Hybrid Control of Unstable Systems
with Distributed Delays

In the previous chapter we investigated the stability of HISD where at least a portion of
the subsystems were stable, and, overall stability could be guaranteed based on dwell-time
conditions. A natural progression from those investigations is to study whether stability
of an HISD composed entirely of unstable subsystems is possible, which is the goal of the
present chapter.

The motivation for this area of research comes from a control perspective. One of
the major categories in switched systems research is concerned with the construction of
a switching rule to stabilize an unstable system using switching control. There are a
number of reasons why switching control is desirable (or even required) over continuous
control [101]: continuous control cannot be implemented because of sensor or actuator
limitations; continuous control is not possible because of the nature of the problem; or
continuous control cannot be found because of model uncertainty.

To stabilize switched systems composed entirely of unstable subsystems, there are two
broad approaches:

(i) Time-dependent switching stabilization where the switching rule o(t) is found a priori
and is pre-programmed into the data. The general idea in this strategy is to use high
frequency switching so that the system does not dwell in any particular unstable
subsystem for too long. If the problem is approached from a control perspective, this
may be called stabilization via open-loop switching control.
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(ii) State-dependent switching stabilization where the state-space is partitioned into
switching regions which dictate the active mode. When the solution trajectory crosses
between regions the switching rule disengages the current mode and engages a new
one according to a special rule based on the time-derivative of a Lyapunov func-
tion/functional. In this construction, the switching rule, o(z), is state-dependent.
From a control perspective this scheme uses switching state feedback and may be
called stabilization via closed-loop switching control.

In Section 5.1, the problem is posed and a literature review is given on the current
results for nonlinear systems without time-delay. The focus of the rest of this chapter is
on the state-dependent switching approach: extensions are given to the state-dependent
switching stabilization of a class of nonlinear HISD in Section 5.2. In Section 5.3, new
results on the state-dependent switching stabilization of nonlinear HISD are presented,
including results for both bounded and unbounded delay.

5.1 Literature Review

In order to frame the problem, we give a brief review of the current research efforts by
detailing the literature on the stability of the following nonlinear switched system:

T = fg(l’),
{ z(0) = xo. (5.1)

Since the objective is to construct switching rules which stabilize (5.1), it is assumed
throughout this chapter that each subsystem i = 1,...,m is an unstable mode (other-
wise, if j were a stable mode, simply setting o(¢t) = j for all ¢ > ¢, would achieve stabi-
lization). In Section 5.1.1, the problem is introduced by investigating the existence of a
time-dependent switching rule to solve the aforementioned problem. Afterwards, the state-
dependent switching approach, which is the focus of this chapter, is given for nonlinear
switched systems in Section 5.1.2.

5.1.1 Time-dependent Switching Rule Approach
Switched systems can exhibit instability even when composed entirely of stable subsystems.

The main source of this problem is switching too frequently: intuitively, if the system is
allowed to dwell in each subsystem for a sufficient amount of time, the switched system
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should exhibit overall stability. This idea is the basis for dwell-time switching approaches
where a constraint is placed on the switching rule to ensure the switching is not too frequent.
On the other hand, the stabilization of a switched system composed entirely of unstable
subsystems is also possible using a time-dependent switching rule so that the switched
system experiences switches sufficiently often (see Example 2.3.7). If the switching between
subsystems is sufficiently fast then the state remaining in one subsystem long enough to
destabilize can be avoided. A high-frequency switching strategy for switched systems made
up of unstable subsystems is the opposite of dwell-time switching for switched systems made
up of stable subsystems.

Sun et al. [174] detailed the idea of fast-switching stabilization using the Campbell-
Baker-Hausdorff formula in relation to linear systems. Bacciotti and Mazzi [15] analyzed
the time-dependent switching stabilization of nonlinear switched systems with unstable
subsystems. The authors Bacciotti and Mazzi continued to work in this area of research in
[16] by analyzing eventually periodic switching rules for linear switched systems. Mancilla-
Aguilar and Garcia [133] extended the open-loop switched control approach for nonlinear
systems by investigating stabilization with respect to a compact set. In [172], we extended
the nonlinear results to systems with impulsive effects. To gain a greater intuition of the
time-dependent switching stabilization process, we highlight the results of [15] and [172].

Consider system (5.1) with the following goal in mind: given a set of vector fields
{fi}™, and an initial condition zy, find a time-dependent switching rule

o=o0(t): R - P

and associated switching sequence {t;} which stabilizes system (5.1). Bacciotti and Mazzi
[15] were successful in finding conditions for the existence of such a time-dependent sta-
bilizing switching rule. The authors’ technique was to relate the state trajectory along
the switched system (5.1) to the trajectory along a single smooth vector field via the
Campbell-Baker-Hausdorff formula (see [24, 180]). Sufficient conditions for the existence
of a stabilizing time-dependent switching rule (possibly dependent on the initial condition
xg) are given in the following theorem.

Theorem 5.1.1. [15]

Consider (5.1) and suppose that f; € H for each i € P where H is the space of bounded,
analytic vector fields on By(0) for some constant b > 0. Assume that there exist constants
o; > 0 with Zfil a; = 1 such that the trivial solution of

T = Zzlazfz(x)a (52)
z(0) = zo,
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15 asymptotically stable. Then there exists a time-dependent switching rule, possibly depen-
dent on the initial condition, such that the trivial solution of system (5.1) is asymptotically
stable.

Remark 5.1.1. Unfortunately, explicit knowledge of the time-dependent switching rule is
not possible (even if a Lyapunov function for system (5.2) is known). This is a product of
the method of proof: in the construction of the time-dependent switching rule, some of the
constants cannot be calculated explicitly and are only proven to exist.

In [172], we considered how to extend the time-dependent switching stabilization results
to include impulsive effects. The motivation is that with the addition of impulsive control,
it may be possible to stabilize a system where high frequency time-dependent switching
control is inadequate. Consider the following switched impulsive system

i‘:fg(x), t#Tk,
Ax = gp(z(t7)), t="Ty, (5.3)
z(0) = zo, k eN,

where {f;}, is a family of sufficiently smooth vector fields satisfying f; : D — R™ and
fi(0) = 0 for i = 1,...,m. The impulsive functions {gx}3>, are assumed to satisfy = +
gr(x) € D for all z € D and gx(0) = 0 for all k. The goal of the open-loop switched
control problem for system (5.3) is as follows: given a set of vector fields { f;}7, such that
each subsystem & = f;(x) is unstable, stabilizing or disturbance impulses {g;}72; with
associated impulsive moments {7}}%2,, and initial condition zy, find a time-dependent
switching rule o(t) a priori such that the trivial solution of (5.3) is asymptotically stable.

The first result considers impulsive disturbances and is based on the existence of a
stable convex combination of the subsystems.

Theorem 5.1.2. [172]

Consider system (5.3) and assume that there exist constants o; > 0 satisfying > - o = 1,
constants X > 0,0, > 0,xx >0, 0 < ( < 1, and functions ¢y,c3 € K, and V € CH(R™, R,)
such that for k € N,

(i) e(lfzll) < V() < eall]]) for all z € D;
(i) VV(z)- (O, aifi(x)) < =AV(x) for all x € D;
(117) V(x4 gx(z)) < (14 6;)V(x) for all x € Dy
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(iv) In(1+8x) — A1 = xu)(Th — Th—1) < InG.

Then there exists a time-dependent switching rule o(t), possibly dependent on the initial
condition, such that the trivial solution of (5.3) is asymptotically stable.

For stabilizing impulses, the following result was given.

Theorem 5.1.3. [172]
Consider system (5.3) and assume that there exist constants oy > 0 satisfying > .~ o = 1,

constants X > 0,0, > 0,x, > 0, 0 < { < 1, and functions c1,co € K, V € CYR™, Ry)
such that for k € N

(1) eilllz]l) < V(x) < col]]) for all x € D;

(ii) YV (z)- (X0, aifi(x)) < AV (x) for all x € D;
(iii) V(z + gi(2)) < 6,V (x) for all x € D;

(iv) 6y + A1+ i) (T — Toor) < InGy.

Then there exists a time-dependent switching rule o(t), possibly dependent on the initial
condition, such that the trivial solution of (5.3) is asymptotically stable.

Example 5.1.1. [172]
Consider system (5.3) with P = {1,2}, impulsive moments T, = 2k for k =1,2,...,

£ (1, 19) — 5y + 225 — w3es Foly, 12) — —6x1 — x5
(21, 22) = 2(x1,12) = ;
’ —3wy — 21175 ’ ’ 2Ty + 1175 + T 1257 )7

sin(ml)\/(l + =3) (23 + 23) — x4
cos(xl)\/(l + =) (23 + 23) — z,

0.224 x4
921:(9317332) =

) 92k—1(3317332) = <0‘224 2

Note that both D f1(0) and D f»(0) have eigenvalues with positive real part'. Take oy =

ay = 0.5 then
2 X
S aifian ) = o (0T e
Q; [i\T1,T2) = = ; .
- iJ1 ) 2 _x2_$1x121+$1x263'm11
1=

LD f(z) is the Jacobian matrix of the vector field f evaluated at z.
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Consider the Lyapunov function V. = z% + 23, then along © = ay fi(z) + asfa(z), V=
— (22 + 23) = —V. At the impulsive times,

1T + 22T < (14 ) (01 (T)? + (T )?)

and

21(Top—1)? + w2(Ton1)® < 15(21 (T y)* + 22(Typ)?)-
Let ¢i(||z]]) = e2(||z]]) = |=]|*, A = 1, xor = xor—1 = 0.01, o, = 1/€2, and do_1 = 0.5.
Then the conditions of Theorem 5.1.2 are satisfied with (,, = 0.5 and hence there exists
a stabilizing time-dependent switching rule. From the simulations with xo = (4,1) (see
Figure 5.1), the solution converges to the origin if the system is switched sufficiently fast.

X0
- = -0

(0
E—_——l

Time Time

(a) Switch every 0.05 time units (198 total (b) Switch every 0.5 time units (18 total
switches). switches).

Figure 5.1: Simulation of Example 5.1.1.

Remark 5.1.2. To the best of the author’s knowledge, there is currently no work done on
the time-delay case for the open-loop approach as outlined above. FExtensions of the cur-
rent proof technique to delay differential equations and other infinite dimensional systems
remains a direction for future work.

5.1.2 State-dependent Switching Rule Approach

In this approach, the state-space is subdivided into switching regions (which may overlap)
and the current active mode is determined based on which switching region the solution
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trajectory occupies. When the system trajectory crosses a switching region boundary, a
special minimum rule is evoked in order to select the next subsystem. The motivating
idea is that each switching region has at least one associated subsystem such that when
active the time-derivative of a Lyapunov function is negative definite in that region of the
state-space.

This avenue of research has been studied more extensively in the literature. Wicks et
al. [191] first constructed a stabilizing switching rule for a linear system (the details were
outlined in Problem 3 in Section 2.3.2). In [105], Liu et al. extended this line of research
to the nonlinear switched system (5.1) by considering a state-dependent switching rule

o=o(z):R" = P.

Continuing the common thread in this section, the authors Liu et al. showed that if there
exists a convex combination of the family of vector fields {f;}7, that is stable then stabi-
lization via a state-dependent switching rule is possible. More precisely, suppose that there
exists a function V' € C'(R; x R™,R") that is positive definite and radially unbounded
and constants «; > 0 satisfying > " «; = 1 such that for all z € R"

VV(zx) - (Z Oézfz(x)> < =A([lz]])

for some function A € K. Then the domain can be partitioned into switching regions such
that for any « # 0, there is at least one index j € P and associated vector field f; such
that the state solution trajectory of (5.1) is being stabilized if mode j is active. This leads
to the construction of the switching regions as

Qi ={z € R": VV(2) - fi(z) < —A(||lz]))} .

If the solution trajectory of the switched system (5.1) is in the region (); then activate
mode 7. If the solution crosses a boundary into another region, switch to the appropriate
mode.

Remark 5.1.3. Since the switching rule outlined above is state-dependent, it may be pos-
sible for the solution state to cross a boundary, forcing a switch, and immediately cross
back over the same boundary. This could lead to the possibility of chattering behaviour. As
another example, it could be possible for the solution state to be initiated on a switching
region boundary, or move down a switching region boundary (sliding motion behaviour).
For more details, see [101,105].
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With Remark 5.1.3 in mind, Liu et al. [105] extended the switching regions using a
constant & > 1 so that they overlap in order to avoid chattering. This is a common
approach in the state-dependent switching rule literature. Then the full strategy can be
given in the following minimum rule algorithm.

Algorithm 5.1.1. (Minimum rule for nonlinear switched systems) [105]
Given a constant € > 1 and an initial state xq, proceed as follows:

(MR1) Choose the active mode according to the minimum rule

(o) = argmin VV (o) - fi(zo).

iEP

(MR2) Remain in the active mode as long as the solution trajectory x(t) remains in the
switching region

Q, = {x eR":VV(z)- filz) < —)\(H;H) } .

(MR3) If z(t) crosses the boundary of Q; at t., set xo = x(t.) and go to step (MR1).

Sufficient conditions for the state-dependent switching rule stabilization are given in
the following theorem.

Theorem 5.1.4. [105]
Assume that there exist constants a; > 0 with ZZ’;I a; =1, A > 0, functions ¢, cs € Koo,

V e CY(R",R,) such that
(i) erlllzl]) < V(x) < eo(||z]]) for all z € R™;
(i) YV (@) - (S aifi@)) < ~A(lzl) for all z € B

Then the origin of system (5.1) is globally asymptotically stable under the state-dependent
switching rule o(x) constructed according to Algorithm 5.1.1 for any & > 1 chosen before-
hand.

Remark 5.1.4. There is an apparent trade-off in the choice of the constant &: the larger
the value of &, the less chattering behaviour there should be but the slower the rate of
stabilization.

Remark 5.1.5. The authors Liu et al. [105] also investigated considerable complications to
the above problem. Namely, the authors considered time-varying vector fields f;(t, x), two-
measure stability, and extending the minimum rule to a generalized rule which s discussed
in greater detail in Section 5.53. The underlying state-dependent switching approach using
a minimum rule and switching regions remains unchanged for these obstacles.
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5.1.3 Comparison of the Closed-loop and Open-loop Approaches

There are practical reasons why a time-dependent switching rule may be desired over a
state-dependent one [15]. For example, with a time-dependent approach, the switching
rule is designed so that chattering behaviour along a switching boundary is avoided. Since
this approach pre-programs the switching rule and switching times as data into the system,
sensors are not needed (no state feedback control is required). However, there may also
be disadvantages to implementing the open-loop approach. For example, the frequency of
switching that is needed to stabilize the system may be unrealistically high. Further, there
may be a cost associated with switching controllers, which could be a large drawback to
this strategy. Motivated by an interest in comparing the two approaches numerically, we
give the following example.

Example 5.1.2. Consider the switched nonlinear system (5.1) and assume that P = {1,2}

with subsystems
_ [Bay + 225 — piesn
iy, 22) = ( —3wy — 21175 ’

fo(x1,22) = ( —6uy — a3 ) .

2%y + 1125 + x5
2

Note that

pro=lo Y. pro =7 )

and hence each subsystem is unstable. Choose aqy = ag = 0.5 so that

1 —x1 + ZL‘S _ I,Qesinxl
a1 fi(x) + asfolz) = B} (_xz _ $1$§ + zfmesmzl :

Let V = 22 + 23 then for all x € R?,
VV(2) - (arfi(@) + azfo(w)) = — (o] + 23) = — ||z

In the state-dependent switching approach, the conditions of Theorem 5.1.4 are satisfied
with c1(s) = co(s) = s? and \(s) = s*. Hence the switching rule o(x) constructed according
to Algorithm 5.1.1 (choose & = 2) stabilizes the switched system with the overlapping
switching regions

O = {2 €R?: 1027 — 625 — 27 25" < — (a3 + 23)/2},
Oy = {z€R?: —1227 + 43 + 2z, 205e™™ < — (27 + 23)/2}.
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In the time-dependent switching approach, the conditions of Theorem 5.1.1 are also
satisfied which guarantees the existence of a purely time-dependent stabilizing switching rule
o(t). From trial and error, we choose to switch periodically between the two subsystems
every 0.05 time units. See Figure 5.2 for a simulation.

State—dependent switching
Time-dependent switching

Region 1

Figure 5.2: The yellow regions are €1y, the blue regions are ()5, and the green region is
the overlapping region. The trajectories of the switched system are given in black (state-
dependent switching approach) and red (time-dependent switching approach). The initial
condition is zg = (—2, 3).

For the switched system trajectory to satisfy ||z(¢)|| < 0.01 given an initial condition
of g = (—2,3), the state-dependent switching rule requires 510 switches and takes a to-
tal time of 10.1. In contrast to this, the time-dependent switching rule requires only 229
switches, but takes a total time of 113.1. It seems that the state-dependent approach
achieves stabilization faster, but requires more controller switching (which is disadvanta-
geous practically). To further investigate these characteristics, we numerically solve Ex-
ample 5.1.2 for one hundred different initial conditions and evaluate how long it takes the
solution to converge to zero. In Table 5.1, the mean, minimum, maximum, and standard
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deviation is given for how long it takes the solution of the switched system to cross cer-
tain thresholds in its convergence to the origin (illustrated in Figure 5.3). The number of
switches required (as well as minimum, maximum, and standard deviation) is also tallied.

The number of total switches required in the time-dependent approach depends entirely
on the rate of switching that is chosen (e.g. every 0.05 time units in Figure 5.2). In the
state-dependent approach, the number of switches is less, on average, but the variance is
significantly higher. This makes sense intuitively as an initial condition near the overlap-
ping region could require a vastly different number of switches from an initial condition far
from a boundary. In fact, the minimum number of switches needed to approach the origin
in the state-dependent approach can be zero. The variance in the time-dependent approach
for different initial conditions is negligible since the switching rule is not state-dependent.

State-dependent rule Time-dependent rule
avg. (min, max) | std. | avg. (min, max) | std.
mf{t :|[z[[<0.5][zo]]} | 0.051 (=0, 0.29) | 0.07 | 12.6 (12.1, 13.1) | .502
number of switches 0.147 (0, 5) 0.76 | 28.0 (27,29) | 1.00
mf{t :J[z[[<0.1[[zo]]] | 0311 (~ 0, 1.92) | 0.58 | 44.6 (44.1, 45.1) | .502
number of switches 15.951 (0, 139) | 43.9 | 92.0(91,93) | 1.00
mf{z 2 <10 ?[zo][} | 3.10 (=0, 11.1) | 4.46 | 136.7 (136, 137) | .499
number of switches 170.7 (0, 642) | 241 | 276.1 (275, 277) | 1.00

Table 5.1: Comparison of convergence times and number of switches for the state-
dependent switching approach versus the time-dependent switching approach.

5.2 State-dependent Switching Rules for a Class of
Nonlinear HISD

The state-dependent switching rule stabilization technique of partitioning the state-space
into switching regions has been extended to systems with time-delays. For example, Kim
et al. [78] were the first authors to extend the state-dependent switching rule stabilization
technique to linear switched systems with discrete delay. The problem has also been
analyzed for linear discrete-time systems with time-varying discrete delay by Phat and
Ratchagit [154]. Liu studied the state-dependent switching stabilization of a linear system
with mode-dependent time-varying delays [110]. This state-dependent approach has also
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-10 -5 0 5 10

Figure 5.3: To construct Table 5.1, the trajectories of the switched system in Example 5.1.2
are initialized on the red circle (22 4+ 23 = 100). The black circles represent the different
convergence thresholds.

been extended to systems with distributed delays: in [50], Gao et al. extended the literature
by considering linear switched systems with discrete and distributed delays. Li et al.
[92] also focused on this problem by studying linear switched systems with mixed delays,
including switching delays. The presence of uncertainties in the problem was considered by
Hien et al. [71]. The approach in these reports is to use Lyapunov functionals to deal with
the distributed delays and prove stability under a carefully constructed state-dependent
switching rule.

Using switching proportional, delay, and integral feedback control to stabilize a lin-
ear switched system with distributed delays, Hien and Phat [72] analyzed the following

122



switched system:

/

t
& =A,x(t) + Box(t — 1) + C’U/ x(s)ds
t—1

t

+ Agu(t) + Byu(t —7) + Cy / u(s)ds,

t—r

L z(s) =po(s), se€[-77,0], 7" =max{r,r},

where © € RP? is the control; 7 > 0, > 0 are the time delays; and A;, B;, C;, A;, B;, C; are
real constant matrices with appropriate dimensions for 2 = 1,...,m. Hien and Phat applied
the memoryless state feedback controller u(t) = K,x(t) and designed a state-dependent
switching rule o = o(z) : R™ — P such that the closed-loop system is exponentially stable.

The reports mentioned above do not consider how impulsive control can be used in
conjunction with state-dependent switching control to help achieve stabilization, which is
important as the combination of switching control and impulsive control can increase the
desired performance of a system [57]. In [112,171], we considered how the addition of
impulsive effects could help achieve stability but did not consider delay.

Here we investigate the state-dependent switching problem when applied to a class
of nonlinear HISD using a Lyapunov functional approach. The material in this section
formed the basis for [119] and some extensions are given here. The main contributions
of this section are to further the current literature by providing sufficient conditions for
the asymptotic or exponential stability of a class of HISD with distributed delays under
state-dependent switching. A major concern in this work is how impulsive control, applied
at pre-specified times or at the switching instances, affects the state-dependent switching
stabilization of linear systems with nonlinear perturbations and distributed delays. Both
stabilizing impulses as well as disturbance impulses are analyzed.

5.2.1 Problem Formulation from a Hybrid Control Perspective

Motivated by the work of Hien and Phat [72], consider the following general control system

& =Ax(t)+ Bx(t —r) + C’/t x(s)ds + F(t, x)
o (5.4)
+up(t) +ug(t —r) + /t_ ug(s)ds + v(t),

123



where the controllers uy, us, uz, v € R™ are the switched proportional control, switched delay
control, switched integral control, and impulsive control, respectively. The discrete delay
is given by r > 0 and the distributed delay is given by 7 > 0. The matrices A, B and C'
are constant n x n matrices and the functional F' : R, x PC([-7*,0],R") — R", where
7 = max{7,r} and z; € PC(|—7*,0],R") is defined by z;(s) = z(t + s) for —7* < s < 0.
It is assumed that F'(¢,0) = 0 for all ¢ > ¢,.

The switching controllers are constructed as follows (for example, see [46,56]): consider
a collection of m linear feedback controllers u = Ly;x(t), m nonlinear feedback controllers
u = Jy(t,x), m linear delay controllers u = Loz (t — r), m nonlinear delay controllers
u = Joi(t,z(t — r)), m linear integral controllers u = Ls; ftt_TrL'(s)ds, and m nonlinear
integral controllers u = ftt_T J3i(s,x(s))ds, wherei = 1,2,...,m. Assume that the constant
control gain matrices Lq;, Lo;, and Ls; are of corresponding dimension, and assume that the

nonlinear functions Jy;(t, x), Jo;(t, x), and Js;(¢, ) are piecewise continuous vector-valued
functions that satisfy Ji;(¢,0) = Jo;(t,0) = Js;(¢,0) = 0 for all £ > t.

The switching control is incorporated into system (5.4) by setting

NE

ur(t) = > [Luix(t) + Ju, (¢, )] (1),

>
Il
—_

1 if t € [tr_1,tr),

where the indicator function I (t) := { 0 otherwise

up(t) = [Losa(t — ) + Joi (8, x(t — 7)) Ii(t),

os(t) = 32 | [ (B + 6t 1)

The index i, € P = {1,2,...,m} follows a switching rule o : [t;_1,t;) — P. It is apparent
from the definition of I (¢) that the controller u; switches its value at every instance t = ¢,
so that uy(t) is a switching proportional controller. Similarly, uy and uz represent switching
delay control and switching integral control, respectively.

To add impulsive control, assume that an impulse is applied to the system at the times
t =Ty, k= 1,2,..., which necessarily satisfy to < T} < Ty < ... < T < ... so that
T, — o0 as k — o0o. Assume that the impulsive control can be broken down into two
types: a linear impulsive control which takes the form vy = Eyx(t)6(t — T}, ), where each
E} is a constant control gain matrix and d0(t) is the Dirac delta generalized function; and
a nonlinear impulsive control which takes the form vy = Q(¢,2)d(t — T}, ), where Qi (t, x)
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are piecewise continuous vector-valued functions such that Q(¢,0) = 0 for all ¢t > ;. Add
this control to the system by setting

v(t) =Y vt =Y [Bx(t) + Qult, )] 6(t — Ty).
Then
x(Ty) — (T — a) :/T i [Ax(s) + Bx(s —71) + C/i x(0)do + F(s,xs)l ds

+ /Tk {ul(s) +uz(s —1) + /s: us(0)do + U(S)] ds,

Tk—a

and in the limit as a — 0T,
r(Ty) — z(T}, ) = Epx(Ty,) + Qu(Th, z(T},)).

Thus there is a sudden jump in the state of the system at each time ¢t = T}, and v represents
an impulsive controller. System (5.4) can be re-written as

t
& =A,x(t) + Box(t —r) + C’O./ x(s)ds + F,(t,xy), t# Tk,
t—1

Az(t) =Ea(t™) + Qu(t, z(t7)), [=T, (5.5)

x(to+ 8) =po(s), se[—7%,0], ke N,

where A; = A+ Ly;, Bi = B+ Ly, C; = C + Lg;, and Fi(t,zy) = F(t,x;) + Jii(t,x) +
Joi(t,x(t — 1)) + ftt_T J3i(s,2(s))ds. The initial function is given by ¢o € PC([—7*, 0], R™).
Given a set of constant control matrices {Ly;}, {La;}, {Ls:}, {E:}, and a set of nonlinear
controllers {Jy;(t, )}, {Jau(t,x)}, {Js:(t, 2)}, {Qi(t, )}, the goal is to determine a switch-
ing rule o and associated switching time sequence {¢;}, and an impulse time sequence {T}}
such that the trivial solution of system (5.5) is asymptotically stable.

Remark 5.2.1. The combination of impulsive control and switching control gives rise to
the possibility of stabilization even if the switching control alone is inadequate (e.g. the
switching control is only able to help reduce destabilization during the continuous portions
of the system).

Remark 5.2.2. Although motivated by a hybrid control problem (where the hybrid control
is a combination of state-dependent switching control and impulsive control), analyzing
system (5.5) as it is posed can lead to results which are applicable to systems with impulsive
perturbations.
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5.2.2 Stabilization under a Strict Completeness Condition

The first step towards constructing a state-dependent switching rule for (5.5) is partitioning
the state-space into appropriate subregions. In order to do so, the following definition is
needed.

Definition 5.2.1. [177] The set of matrices {®;}", is said to be strictly complete if for
every © € R™\ {0}, there exists a j € P such that 27 ®;x < 0.

Remark 5.2.3. If there exist a; > 0 such that Zzl a; = 1 and Zzl a; P; is negative
definite® then the set {®;} is strictly complete. If m = 2 then the condition is also necessary
[177].

Then we construct the switching regions as in, for example, [71,72,153]:
T, = {reR": 2" ®;x < 0}.

The main idea behind such a partition is that if the solution x(t) of (5.5) is in Y, then
it is possible to show that the time-derivative of a Lyapunov functional along the solution
is negative definite if the i*" subsystem is active. If this is true then the state-dependent
switching rule associated with this partition should activate the 7" mode of (5.5) whenever
the solution state is in the region 1.

The strict completeness of the set {®;} is sufficient and necessary to ensure that R" =
U™, Y, [72]. That is, the union of the switching regions fully covers R". However, there
may be ambiguity here in how to switch the system if the regions T; overlap. To deal with
this, we follow the approach in the literature mentioned above by letting

leTla TZ:Tl\U;;lTJ, 2'22,3,...,?71.

In this construction, the regions Y; cannot overlap, and so we are in a position to construct
the first state-dependent switching rule algorithm as follows.

Algorithm 5.2.1. (Strict completeness rule)
Given an initial state xo = ¢o(0):

(SC1) Set o(xg) =i where i is the index such that xo € T;.

(SC2) Remain in the i'* mode as long as the state x(t) remains in ;.

2The symmetric matrix A € R"*" is said to be negative definite if 7 Az < 0 for all x € R™\ {0}.
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(SC3) If x(t) crosses the boundary of Y; at t., set o = x(t.) and go to step (SC1).

Remark 5.2.4. In Algorithm 5.2.1, the initial mode is chosen by determining which of
the switching regions Y; the initial state lies in (this is unambiguous by construction of
the regions). The state trajectory evolves according to the initial subsystem until a time
te where x(t;) € Yoy and x(t.) & Yowo). This means the state trajectory has crossed
the boundary (either by continuous dynamics or due to an impulse) and the next mode is
chosen depending on which region the trajectory has entered. The process is repeated.

Since the focus of this section is on linear systems with nonlinear perturbations, the
following nonlinearity assumption is made on the functionals F;(¢, z;).

Assumption 5.2.1. Assume that there exist nonnegative constants ny,ne, and ns such that

fort >ty and ¥ € PC(]—71*,0],R"),

0
IE (& 01 < mll )] + naflo (=) + 773/ [4(s)[[*ds. (5.6)
A lemma is required, which follows from the Matrix Cauchy Inequality (for example,

see [72]).

Lemma 5.2.1. For any w, z € R", the inequality w'z + zTw < wlw + 27z always holds.

We are now in position to state and prove the first result.

Theorem 5.2.2. Suppose that Assumption 5.2.1 holds and suppose that there exist con-
stants A > 0, pr, > 0, oy > 0 satisfying > .~ oy = 1, positive definite symmetric matrices
P, R, S, and symmetric constant matrices Dy such that for k € N,

(i) >, a;®; is negative definite where
Q; =ATP 4+ PA; + \P+ P>+l +R+ 1S
+ PBi(e ™ R —mpl) "' Bl P+ 7PCi(e™"S — nsI)~'C] P; (5.7)
(i1) (e R —mnol) and (e=*"S — n3l) are positive definite matrices;
(111) for each Ty and for all x €R™,

2Q7 (Ty, ) P(I + Ep)x + QL (T, ) PQy(Ty, z) < 2™ Dya; (5.8)
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(iv) Ty — Tr—1 > px, and
In (Sk — /\,Ok <0 (59)
where

6 =max{1, Amax [P~ (I + E,)"P(I + E}) + Dy)]}- (5.10)

Then it follows that the trivial solution of system (5.5) is globally asymptotically stable
under the state-dependent switching rule o(x) following Algorithm 5.2.1.

Proof. Define a Lyapunov functional V(z;) = V; + V5 + V3 where,
Vi =a" () Px(t),
¢
Vs :/ —)\(t s) T( )Rx( )d

Vi = / / (0)Sx(6)dbds,

and note that V' (z;) is positive for = # 0. Suppose that o = i) on [tx_1, ;) and take the
time-derivative along solutions of (5.5) for ¢t # Ty,

V= {Aikx(t) + By x(t —7r) + /ttT G, x(s)ds + F, (t, xt)} ' Pz(t)
+ 2T (t)P {Aikx(t) + B x(t —r) + /t; C x(s)ds + F,(t, xt)} .

Also,
Vo =27 (t)Rx(t) — e Ml (t — r)Ra(t — ) — AVa,
V= / [T (8)S2(t) — e (t — 5)Sar(t — s)] ds

—)\/ / (0)Sx(0)dbds,
=727 (t)Sx(t) ATt — ) Sa(t — s)] ds — AVs,

=27 (t)Sz(t) — e M=02T(9)Sx(0)] dO — AV

/0 e
[
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Hence,
V= a(t)(AL P+ PA;, )x(t) + 22" (t)PBya(t — r) + 2F, (t, x,) Px(t)

+ 227 (¢) PC;, /tj z(s)ds + 27 (t)Ra(t) — e MaT (t — r)Ra(t —r)

bt 5e0) ~ [ 0T O)80)00 - MVs + V),

t—1

and so,

V =a"(t)(AL P+ PA;, + R+ 78)a(t) — e 2T (t — r)Ra(t — 1)
+ 22" (t)PBya(t — r) + 2F] (t, x,) Px(t)

t
- / (e M=9)2T(5)Sx(s) — 22T () PCya(s)) ds — A(Va + V).
t—r
For a positive definite matrix S, constants 7 > 0 and A > 0, and ¢t > tg,
t—1

t
— [1 e M=05T(9)Sx(0)do < —/ e 2T (0)Sx(0)do,
t—1

t
= —e / 27 () Sz(0)do.
t—7
Using this fact along with Lemma 5.2.1,

V< ' (t)(A] P+ PA;, + R+ 78)z(t) — (e™ 2T (t — r)Ra(t —r)
— 257 (t)PB;, x(t — 7)) + FiL (t,2,) Fy, (¢, 2¢) + 2" (¢) P?x(t)

- /t (e 2T (5)Sx(s) — 227 (t)PCy, 2 (s))ds — N(Va + V3).
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Applying the nonlinearity assumption in equation (5.6),

V <aT(t) (AT P+ PA;, + R+ 78)x(t) — (e 2" (t — r)Ra(t — )
— 20T () PB;, x(t — 1)) + mat ()2 (t) + nox (t — r)x(t — 1)

+ 73 /t 27 (s)x(s)ds + T (t)P%x(t)

— /t (e 2T (5)Sx(s) — 22T () PC;, 2(s))ds — A(Va + Vi),

=2 (t)(A] P+ PAy, + AP + P* + 1] + R+ 75)x(t)
+ 2" (O)[PB;, [e R — no I H(PB;,)"
+7PC;, [e™7S — n3 )~ (PC;, ) (t)
— (™R —mpD)x(t —r) — (PB;,) a(t)]" [ R — npI] ™
x [(e R —mnol)x(t — 1) — (PB;, ) x(t)]
— | U™ S = mD)a(s) — (PC;,) a(t)]" (e S — D)~

x [(e77S — n3)x(s) — (PC;, ) x(t)]ds — \V.
Thus,

V <aT(t)(AL P+ PA;, + AP+ P>+ I+ R+ 718)x(t) — AV

+at ()[PBi (e R — D)~ (PB;,) (1) (5.11)
+at ()T PCi, (eS8 —nsI) " (PCy, ) Ta(t),
= AV + 2T (1) ®;, x(t).

According to the state-dependent switching rule, the solution z(t) € T;, for t € [t;_1,t1),
t # Ty,. Therefore x7®; x < 0 and so

V<AV (5.12)
Define m(t) = V(z;), then for ¢t € [T, T11),

m(t) < m(Ty) exp[—A(t — Tj)]. (5.13)

For any symmetric matrix Q, 27 Qx < A\pa (P71Q)2” P for any positive definite matrix
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P. Using this fact, observe that immediately after an impulse is applied at t = T},

Vi(Ti) =" (T, )[(I + Ep)" P(I + By))a(Ty)
+ Qi (Ty,, x(T;)) PQ(Ti, (T}, )
+ Qi (Ty,, (T ) P(I + Ey)x(Ty,)
+ 2 (T7) (I + By PO (Th, 2(Ty,)),
<z (T + Ex)" P(I + Ey) + Dyla(Ty)
<o VA(Ty, ),

Further, by the continuity of V, and Vi, Vo(T) = Vo(7), ) and V3(T})) = Va(1)). Since
dx > 1, it follows that m(7T}) < dym(T} ). Thus equation (5.13) implies

m(t) <m(Ty )i expl—A(t — T3) (5.14)
for t € [Tk, Tr41). Apply equation (5.14) successively on subintervals:
m(T") < m(to) exp[=A(T1 — to)]
so that m(Ty) < m(t)d, exp[—A(T1 — to)]. Similarly,
m(Tz) < m(to)0102 exp[—A(T2 — to)] = m(to)C'dz exp[—A(Tz — T1)],

where C' = §y exp[—A(T} — to)]. In general, for t € [Ty, Ti11),

:m(tO)C’ exp[ln (52 + ...+ In 5k — )\( Tl) — )\(t — Tk)],
<m(ty)C exp[ln dy — /\pg + ...+ 1ndp — Apy exp[—)\p*]

where p* = min{p,}. From equation (5.9), there exists a constant y > 0 such that
Indy — Apr < —x.
Then,

m(t) <m(to) M, (5.15)
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where M = Cexp|—Ap*| and ¢ = exp[—] satisfies 0 < ( < 1. Evaluated along the initial
function ¢,

V() =60(0)" P (0) + / " e MIGT (5) Roo(s)ds
i /0 /t_ e Mg (0)S o (0)dds

to
O PY1Go]Z + A (B) 012 / Pds
to—r

T to
2 / / eMdfds
0 to—s

+ Amax(5)]| @0

=(c2 + ¢3)||dol|2-

where ¢y = A\pax(P) and

1— —Ar A —AT __ 1
ey = (T€> Amax (R) + <T+‘;—2> Amax(S) > 0. (5.16)

Also, ¢1|[¥(0)|> < V(¢) for all v € PC([—7*,0],R") where ¢; = Apin(P). Hence equation
(5.15) implies that for ¢t € [T}, Ty11),

02+C3

HlIz <
x| < o

2 k—1
T*MC )

| b0

where 0 < ¢ < 1. Therefore, the trivial solution of system (5.5) is globally asymptotically
stable. =

Remark 5.2.5. Since 6 > 1, Theorem 5.2.2 can be interpreted as stabilizing state-
dependent switching control that is robust to impulsive disturbances. From equation (5.9),
a bound on the total disturbance of the impulses can be found:

1 < &), < exp[Apgl.

Another way to interpret this result is by observing that the time between successive impulses
must be sufficiently large:

In §k

Ty —Tp_q > T
Remark 5.2.6. The switching rule o : R™ — P constructed according to Algorithm 5.2.1
can be written as o : [ty_1,tx) — P where the switching times t, = ti(x) are state-

dependent.
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To establish a result for the stabilizing impulsive case (where the switching control may
not be adequate in stabilizing the system by itself), a lemma is required.

Lemma 5.2.3. [124]
Assume that there exist Vi € vy, Vo € vpeq, positive constants \,T,C, ¢y, ¢, c3, and o > 0,
such that for k € N,

(i) eillz)|® < Vi(t,z) < eofl]?, 0 < Va(t,9)) < esllvp
PC([—T*,O],R“);

2, forallt > ty, v € R", ¢ €

(ii) along solutions of (5.5) fort # Ty,
DYV (t, ) < AV (t,4))
where V (t, ;) = Vi(t, x) + Val(t, 2y);
(i) Vi(Ty, (I + Exp)x + Qr(Ty, x)) < 6 Vi(T), , x) for all x € R";
() 7" <Tp —Tr—1 < T and In(0 + c3/c1) + \T < —(T.
Then the trivial solution of system (5.5) is exponentially stable under the switching rule o.

Proof. Follows immediately from the proof of Theorem 3.1 in [124] with gx(t,z) = Eyx +
Qx(t, x) if the upper right-hand derivative satisfies DTV (t,1) < AV (¢, 1)) along the switch-
ing rule o. O]

We are now in a position to present the next result.

Theorem 5.2.4. Suppose that Assumption 5.2.1 holds and suppose that there exist con-
stants X\ > 0, ¢ > 0, T > 0, a; > 0 satisfying > ., o; = 1, positive definite symmetric
matrices P, R, S, and symmetric constant matrices Dy such that for k € N,

(i) >, a;®; is negative definite where

®; =ATP+ PA; — AP+ P*+ I +R+7S
+ PBi(eMR — nyd) "B P 4+ 7PCi(S — ns1)~'C] P; (5.17)

(ii) (e’ R —naI) and (S — n3l) are positive definite matrices;
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(111) for each Ty and for all x €R™,

() 7 <Tp —Tp—1 < T and

n <5k n 2—3) LT < (T, (5.19)
1
where
C1 :)\min(P)7
(e -1 Amax(R) + 1A Amax () (5.20)
C3 = \ max )\2 max y .
6k =Amax [P (I + E)TP(I + Ey) + Dy)] > 0. (5.21)

Then the trivial solution of system (5.5) is exponentially stable under the state-dependent
switching rule o(x) constructed from Algorithm 5.2.1.

Proof. Define a Lyapunov functional V' (z;) = Vi 4+ V4 + V3 where,
Vi = (t) Pa(),

t
Vo —/ AN=95T (5)Ra(s)ds,
t—r
T t
Vs = / A=02T(9)Sz(0)dbds,
0 t—s

and note that Vi € vy, Vo € vp, and V5 € vp~. Using Lemma 5.2.1, the nonlinearity
assumption in equation (5.6), and the fact that for A > 0, 7 > 0, and a positive definite
matrix S,

t t
—/ A02T(9)Sz(h)do < —/ 2T(0)Sxz(h)db,

t—T1 t—T1
then similar to the proof of Theorem 5.2.2 it is possible to show that along solutions of
(5.5),

V <z ( JA] P+ PA;, — AP+ P+ I+ R+ 75)z(t) + \V
o ()[PBi (e R — npI) " (PBy,) (1)
o (4)[TPCi, (S — D)~ (PCy, ) (L),
= AV + 27 (t)®;, x(t).
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From the state-dependent switching rule construction, x(t) € T;, for t € [ty_1,t;). Thus,
2T®; 2 < 0 which means '
V<AV (5.22)

Note that ci||z]|> < Vi < ¢f|z|]? for all x € R™ where ¢; = Apin(P) and c; = Apax(P).
Also, 0 < Vo + V3 < ¢3[vb||2. for all » € PC([—7*,0],R") where c3 is given in (5.20).
Further, m(t) = V(z;) satisfies m/(t) < Am(t) and Vi(T}") < 6,Vi(T}) for 6 > 0. Finally,
since 7 < T — Typ—q < T and In(dg + ¢c3/c1) + AT < —(T, all the conditions of Lemma
5.2.3 are satisfied and hence the trivial solution of (5.5) is exponentially stable. ]

5.2.3 A Minimum Rule for Overlapping Switching Regions

As discussed in Remark 5.1.3, the mathematical well-posedness and practical application of
a state-dependent switching rule are of concern. Motivated by a desire to avoid chattering
behaviour and sliding motions, we consider a different switching region partition for (5.5)
following the literature (for example, see [50,78,92]). Suppose that there exist constants
a; > 0 satisfying > 7" o = 1 such that Y ", oy A; is a Hurwitz matrix. Then there exists
a positive definite matrix P such that

for any positive definite matrix ). For x # 0,
m T m
i=1 =1
= a" (AT P+ PA))x,
i=1
= —27Qzr <0. (5.24)
This inequality can be taken advantage of by defining the switching regions as
Q; = {zeR": eT (AT P+ PA)x < —27Qu}.

The union of €; covers R” and it is straightforward to prove (for example, see [92]): since
a; > 0, equation (5.24) implies that for x # 0,

arl (AT P+ PAj)z <0 (5.25)
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for at least one i. If this were not the case then for any a; it must be true that c;z” (AT P+
PA;)x > 0 and hence >.7" | ca” (AT P 4+ PA;)x > 0. This leads to —z"Qz < 0 which is
clearly a contradiction as () is positive definite and therefore R" = Uﬁlﬁi. To avoid the
chattering behaviour detailed above, extend the switching regions so that they overlap by
re-defining the regions as

Q= {xeR” T (AT P+ PA)z < —%zTQx}

for some £ > 1 chosen beforehand.

Then similar to the algorithm in [92] for systems without impulses, a revised algorithm
for state-dependent switching can be formulated by using a minimum rule to choose the
current mode and by changing modes whenever a switching region boundary is crossed.

Algorithm 5.2.2. (Minimum rule)
Given an initial state xo = ¢o(0) and & > 1:
(MR1) Choose the active mode using the minimum rule

o(xo) = argmin 2’ (AT P + PA;)z.
i€P

(MR2) Remain in the active mode as long as the state x(t) is in

1
Qi ={zeR": 2T (AT P+ PA)z < —g;cTQx}.

(MR3) If z(t) crosses the boundary of Q; at t., set xo = x(t.) and go to step (MR1).

Theorem 5.2.5. Suppose that Assumption 5.2.1 holds and suppose that there exist con-
stants A > 0, & > 1, p, > 0, a; > 0 satisfying Y .-, a; = 1, positive definite symmetric
matrices QQ, R, S, and symmetric constant matrices Dy, such that for k € N,

(i) D oAy is Hurwitz;

(i1) for alli € P,
§

+ Amaz(A) <0 (5.26)
where

Ay =AP+ P>+l +R+7S+ PBi(e ™R —noI) ' Bl P
+7PCi(e™™S — nsl)"'CT P (5.27)
and P satisfies equation (5.23);
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(iii) (e™*" R —mnol) and (e~ S — n3l) are positive definite matrices;
(iv) for each Ty and for all z€R",

2Q7 (Ty, ) P(I + Ep)x + QF (Ty, ) PQy(Ty, ) < 2™ Dya; (5.28)

(v) Ty — Ti—1 > pi, and
where

S =max{1, \max [P ((I + Ep)' P(I + E) + D))} (5.30)

Then the trivial solution of system (5.5) is globally asymptotically stable under the state-
dependent switching rule o(x) constructed according to Algorithm 5.2.2.

Proof. Use the same Lyapunov functional as in the proof of Theorem 5.2.2 and begin at
equation (5.11) to get that along solutions of (5.5),

V <aT(t)(AL P+ PA;, + AP+ P>+ I+ R+719)x(t) — AV
+a" ()[PBi (e R —n20) " (PB;,) (1)
+ 2T ([T PC;, (eS8 — 3 I)H(PC;, ) (1),
= AV + 2T (t)(AL P+ PA; )a(t) + 27 (1) Aga(t),

Under the state-dependent switching rule x(t) € €;, on [ty_1,t;), t # T}, so that

V< AV — LT (0Qu(t) + Aman(Aiy )" (D (1),

§
/\min
S —)\V + (_¥ + )\maX(Aik>> $T<t)x(t>7
Hence V < —AV according to (5.26). The rest of the proof follows. O

Remark 5.2.7. In Algorithm 5.2.2, the initial mode is chosen by evaluating o(xo) ac-
cording to the minimum rule, where xo = ¢o(0). The state trajectory evolves according to
the initial subsystem until a time t. where x(t.) € Qy(zy) and x(t.) ¢ Qp(ay)- This means
the state trajectory has crossed the boundary either by continuous dynamics or due to an
impulse. The minimum rule is then applied to xz(t.) to select the next appropriate mode
and the process is repeated. See Figure 5.4 for an illustration.
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Region 1

Regio egion 3
Figure 5.4: When a state trajectory crosses a switching region boundary, the system is
switched according to the minimum rule. The dotted lines represent impulsive effects.

Remark 5.2.8. Note that the time between impulses has a lower bound (T, — Tx_1 > pr >
0) and the switching regions €); are constructed so that they overlap near boundaries. Once
the state switches to a new subsystem at the switching instant ty, there is a possibility there
15 an tmpulse time arbitrarily close to ty, sending the trajectory to another switching region
and requiring another switch (a pathological case that is unlikely to occur in implementa-
tion). The constants py, ensure that a period of time is then spent in the switching portion
of the minimum rule algorithm with overlapping regions.

5.2.4 Coinciding Switching and Impulsive Times

Next we consider the scenario when an impulse is applied at each switching time (i.e.
tr = T}, for all k € N). Examples of switched systems that exhibit impulsive effects at
the switching times include optimal control in economics, biological neural networks, and
bursting rhythm models in pathology [56]. First we consider how the strict completeness
rule can be extended to this case.

Theorem 5.2.6. Suppose that T}, = t;, for all k € N and suppose that Assumption 5.2.1
holds. Assume that there exist constants X > 0, oy > 0 satisfying Y .-, o = 1, positive

definite symmetric matrices P, R, S, and symmetric constant matrices Dy such that for
keN,
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(i) >0 a;®; is negative definite where
®; =A]P+ PA;+ AP+ P> +mI+ R+ 7S
+ PBi(e ™ R — ny]) ' BI' P + 7PCi(e™" S — n3I)~*CT P; (5.31)
(ii) (e™* R —mnol) and (e™*"S — n3I) are positive definite matrices;
(111) for each Ty and for all x €R™,

(iv) there exists a constant M > 0 such that [}, max{1,0;} < M where

Sk =Amax| P (I + Ex)"P(I + Ei) + Dy)] > 0. (5.33)

Then the trivial solution of system (5.5) is globally exponentially stable under the state-
dependent switching rule o(x) outlined in Algorithm 5.2.1.

Proof. Begin at equation (5.12) from the proof of Theorem 5.2.2. For t € [ty_1, %),
m(t) < m(ty) exp[—A(t — tx)].
Further, m(t;) < max{1, é;}m(t, ). Therefore,
m(t) <m(t, ) max{1,dy} exp[—A(t — t;)], (5.34)
for ¢t € [tx,tr+1). Apply equation (5.34) successively on subintervals to get that
m(t) <m(to) max{1l,d; } max{1l,ds}---max{1,d} exp[—A(t — to)],
for t € [ty, tg+1), which implies

e ()] < @H% 2 M expl-A(t — )],

where ¢; = Apin(P), c2 = Amax(P), and ¢3 is given in equation (5.16). The result follows.
O]

Remark 5.2.9. The condition [[;-, max{1,;} < M in Theorem 5.2.6 implies that dis-
turbance impulsive effects must have finite total power (that is, limg oo O = 1). This is
stricter than what is required in Theorem 5.2.2 and Theorem 5.2.4.
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The result can be extended to the case of overlapping switching regions.

Theorem 5.2.7. Suppose that ty, = Ty for all k € N and suppose that Assumption 5.2.1
holds. Assume that there exist constants X > 0, & > 1, a; > 0 satisfying Y - a; = 1,
positive definite symmetric matrices Q, R, S, and symmetric constant matrices Dy, such

that for k € N,

(i) > oAy is Hurwitz;

(ii) forie P,
§

+ Anaz(A) <0 (5.35)
where

Ai =AP+ P>+l +R+7S+ PBi(e ™R —noI) 'Bl'P
+7PCi(e™™S — nsl)"'CT P (5.36)

and P is solved from equation (5.23);
(iii) (e " R —mol) and (e S — n3l) are positive definite matrices;
(iv) for each Ty, and for all z€R",

2Q7 (Ty, ) P(I + Ep)x + QL (Ty, ) PQy(Ty, z) < 2™ Dya; (5.37)

(v) there exists a constant M > 0 such that [];—, max{1, 0y} < M where

Ok =Amax| P~ (I + Ep)TP(I + Ey) 4+ Dy)] > 0. (5.38)

Then the trivial solution of system (5.5) is globally exponentially stable under the state-
dependent switching rule following Algorithm 5.2.2.

Proof. The proof is similar to the proofs of Theorem 5.2.6 and Theorem 5.2.5. m

Remark 5.2.10. According to the minimum rule Algorithm 5.2.2, if t, = T}, the initial
mode 1s chosen by evaluating the minimum rule. Whenever the trajectory crosses the
boundary of Qy(zy) at te, an impulse is applied and the minimum rule is used on w(t.)
(the state after the impulse) to select the next appropriate mode. See Figure 5.5 for an
tllustration of this case.

140



Region 1

Region 2 Region 3

Figure 5.5: State trajectories under the revised state-dependent switching algorithm out-
lined in Algorithm 5.2.2. If ¢, = T} then an impulse is applied whenever a boundary is
crossed.

Remark 5.2.11. Under Algorithm 5.2.2, if ti, = T}, then the impulsive effects could con-
tinually send the state trajectory to a region boundary (leading to impulsive chattering/fast
switching behaviour). It seems that this would be a pathological case and could be avoided
by adjusting the switching in Algorithm 5.2.2 as follows: suppose that z(t) is inside the
region €;, where 1 € P is the current active subsystem, and hits the boundary at t = t
(which forces an impulse and switch at the current state T := x(t,)). The minimum rule
is then applied to x(t) and suppose that j€P is the next appropriate mode chosen by the
minimum rule. If after the impulse x(ty) lies on the boundary of Q; and the switching algo-
rithm immediately sends x(ty) back to the point T on the boundary of Q;, then the switching
regions must be adjusted by, for example, selecting a new & value to shift the boundaries.

5.2.5 Numerical Simulations

Example 5.2.1. Consider the HISD (5.5) with P = {1,2}, ty = 0, Ty, — T—; = 0.05,
discrete delay r = 0.01, distributed delay T = 0.01,

10 1.3 04 —0.3
A= (—0.3 0.3) A= (0.35 8.5 ) ’
0.1 05 0 1
Bi= (0.4 0.3)  Be= (0.3 0.1) ’
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12 1
Cl_(—o.sa —0.1)’ G2 = (08 12)

Byt z,) = <8>7 Fy(t, ) = (giﬁ \\?Z t—: jrr zgt ;)

—-04 —-0.2

Qo (1) = <—0.253i90n(x1)|x2|) . Qu(t,z) =0,

where
1, fory >0,
sign(y) =30, fory=0,
-1, fory<DO.

The matrices Ay and Ay both have eigenvalues with positive real part. The monlinear
function Qox_1 is taken from [112]. Choose X = 14, n; = 0, o = 0.02, n3 = 0, do_1 =

0.461, §g = 0.160,
10
poneso (10,

0 0.150
Dot =0, Dae-1 = <0.150 0.1625)

B, — <8.26 1.18) B, — (—10.3 0.136)

1.18 —11.2)° 0.136 5.12 )°
If ay = ag = 0.5 then a1 P+ Py is negative definite. Here ¢y = 1, c3 = 0.0108, pr = 0.05,
and equation (5.19) is satisfied with ( = —0.0504. All the conditions of Theorem 5.2.4 are
satisfied and hence the system is exponentially stable under the switching rule constructed
according to Algorithm 5.2.1. See Figure 5.6 for an illustration. Note that there are a total
of 561 switches made in the simulation (the abundance of which occur towards the end of
the simulation when the solution trajectory is very close to the origin). For a state-space
Wllustration, see Figure 5.10. It is clear that the impulses act as a stabilizing feature for the
system.

Then

Example 5.2.2. Consider the HISD (5.5) with P = {1,2}, to = 0, discrete delay r = 0.1,
and distributed delay 7 = 0.1,

1 -13 ~12 13
Al_(—o.?) —8.3)’ AQ_(1.5 0.5>’
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(a) Simulations with different initial conditions. The (b) Initial function ¢o(s) = (—2,4). The magenta
green ticks on the t-axis mark impulsive moments. ticks on the t-axis mark the switching times.

Figure 5.6: Simulation of Example 5.2.1.

Region 1

Region 1
Region 1
5 o . %5 5 4 3 2 -1 0o 1 2
%
(a) The yellow region represents Y; and the blue (b) Initial function ¢o(s) = (—2,4). The red lines
region represents Ts. represent impulsive effects.

Figure 5.7: Simulation of Example 5.2.1.
1.4 0.1 —0.4 0.1
b= (0.4 0.3> » B2= < 0.3 0.7) ’
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12 3 02 0
Cl_(o.?) 1)’ 02_<o.1 —0.4)’

(0 (0.2 cos?(t —r)/mi(t — 1)+ 3ot — 1)?
Fi(t, o) = (0) , Baltm) = (0.1 sin®(t — r)\/x1(t — )% + x(t — T)Q) ’

04 0 0.1 0
Eapr = ( 0 o.2> B = ( 0 o.4> ’

Quer(t7) = <—O.255igOn(x1)|x2|)  Qulta) =0,

Note that Ay and As both have an eigenvalue with positive real part. Choose N = 4,
52]6—1 = 215; 62k’ = 1967 = 07 N2 = 002; N3 = O?

10
pons()9)

0 0.350 )

0.350 0.0625

O — 12.7 —0.192 Do — —17.6 2.73
7 \-0192 —995 ) 27\ 273 8.02)°
If oy = ag = 0.5 then ay P + as Py 1s negative definite. Suppose that Ty, —Tr_1 = 0.2, then
take pop_1 = por = 0.2 to get

Do, =0, Doy = (

Then

Ind, — Apr, < —0.0348

for all k € N. All the conditions of Theorem 5.2.2 are satisfied and so the trivial solu-
tion 1s globally asymptotically stable under the state-dependent switching rule constructed
according to the strict completeness Algorithm 5.2.1. See Figure 5.8 for a simulation.

From a practical perspective, the number of switches required in stabilizing the system is
of interest. Motivated by this, we illustrate the number of switches in Figure 5.9. Once the
solution trajectory reaches the first switching region boundary, the trajectory bounces back
and forth resulting in a high number of switches (8443 for the duration of the simulation,).
The impulsive effects send the trajectory away from the boundary which gives a brief pause
in the switchings. For a state-space illustration, see Figure 5.10.

Motivated by the desire to avoid requiring an impractical number of switches, we con-
sider applying the minimum rule Algorithm 5.2.2 to this example. The minimum rule
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Xt 0 ———
0
-1
—
-3
1.5 2 0 0.5 1 1.5 2

Figure 5.8: Simulation of Example 5.2.2 with T, —T}_; = 0.2 and different initial conditions.
The green ticks on the t-axis mark impulsive moments

algorithm, where the switching regions overlap, is applicable here since 0.545 4+ 0.5A5 is a
Hurwitz matrix. Choose @) = 10I then P can be solved from (5.23):

p_ 0.909 0.058
~\0.058 1.29 J°

Choose R=S =1, do,_1 = 2.15, dop, = 1.96, n; = 0, o = 0.02, n3 = 0,

0 0.3181
Doy, =0, D1 = ( ) :

0.3181 0.0916

If we consider A = 4 then condition (5.26) fails to hold. Instead, we take A = 2, Ty, —Ty,_1 =
0.4, por._1 = por. = 0.4, then all the conditions of Theorem 5.2.5 are satisfied. The switching
regions are given by ; = {x €R? : 2" (A] P+ PA;)x < —2a"a} fori = 1,2 since @ = 101.
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x, O
X,(0)

0 0.5 1 15 2
Time

Figure 5.9: Simulation of Example 5.2.2 under the strict completeness algorithm with
Ty — Tx—1 = 0.2 and initial function ¢o(s) = (—2,4) for —0.1 < s < 0. The magenta ticks
on the t-axis mark the switching times.

See Figure 5.11. In this case the total number of switches are 599 (an order of magnitude
less than the strict completeness algorithm).

Increasing the constant ¢ decreases the total number of switches required significantly
(see Figure 5.12), however, the theorem conditions in Theorem 5.2.5 are no longer satisfied
for these values of ¢ with the above chosen constants and model parameters.

Example 5.2.3. Consider the HISD (5.5) with P = {1,2}, to = 0, Ty = ty, r = 0.1,
7 =0.1,
-3 —0.3 —2 0.3
Al_(G —5)’ A2_<—1 —4.5)’
~14 1 ~14 0
Bl—<0.4 —8)’ BZ_(3.3 —6)’
30 12 —1
G = (2.8 0)  G= (—2.8 —1.2) ’
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Region 1

Region 1

Region 1

(a) The yellow region represents T; and the blue (b) The red lines represent impulsive effects.
region represents Ts.

Figure 5.10: Simulation of Example 5.2.2 under the strict completeness algorithm with
Tk — Tk—l =0.2.

— xl(t) H
— xz(t)

t= 0

Region 1

0 05 1 15 2
Time
1

(a) Simulation with £ = 1.1. The magenta ticks on (b) The yellow region represents ; and the blue
the t-axis mark the switching times. region represents (2o

Figure 5.11: Simulation of Example 5.2.2 under the minimum rule algorithm with 7} —
Ti_1=04.

147



t= 0 i 4 t= 0

Region 1 Region 1

-35 -3 -25 -2 -15 -1 -0.5 0 0.5 -3 -3 -25 -2 -15 -1 -05 0 0.5 1
X X
1 1

(a) & = 2 results in 137 switches. (b) € = 4 results in 81 switches.

Figure 5.12: Simulation of Example 5.2.2 under the minimum rule algorithm with 7} —
Tk—l - 04

Fy(t2) (0) Byt = <0082(t — 1)t — )2+ 2ot — r)2> 7

0 sin®(t — r)y/z1(t — )% + 2ot — )2
. 1—\/1+10 (1) 0
2k-1 = \/ 9\2k—1 |’
0 —1+4/1+10(55)
2k
—1+4/1+10(3) 0
Eop = (E)Qk )
0 —14+4/1+ 105

and Qr(t,z) = 0. Again Ay and Ay have eigenvalues with positive real part. Choose \ =
—1, D1 =0,Dy=0,1m,=0,1m=2, 13 =0, dpp_1 = 1 +10(0.9)%*71 5y, = 1+ 10(2/3)?*,

10
P—R—S-(O 1).

If oy = g = 0.5 then a; @y + P, is negative definite. Since 1+a* < exp[ak] foralla >0
and k € N,

ﬁmax{mk ﬁ 14 10(0.9)%) < exp [i 10(0.9)%
k=1 k=1

k=1

= exp(90) = M.
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Hence the trivial solution is globally exponentially stable by Theorem 5.2.6 under the switch-
ing rule following Algorithm 5.2.1. See Figure 5.13 for a simulation. The impulses are
disturbances, however, they dissipate in time in total energy.

10

Xt

i .
0

o N b~ O

0 0.5 1 15 2 0 0.5 1 1.5 2
Time Time
5 2 H 10
—
_5 O
-10 5
0 0.5 1 15 2 0 0.5 1 1.5 2
Time Time

Figure 5.13: Simulation of Example 5.2.3 with T}, = ¢, and different initial functions. The
magenta ticks on the t-axis mark the switching times (which coincide with the impulsive
times).

For a state-space illustration, see Figure 5.14 (Figure 5.14a is the state-space repre-
sentation of the top left image in Figure 5.13, while Figure 5.14b corresponds to the top
right image in Figure 5.13). The total number of switches is significantly influenced by the
initial state of the system ¢g(0).

Remark 5.2.12. In the above examples, calculating n; and the bounds py (or T) are
stratghtforward, based on the system model. The next step is to choose candidates for the
matrices S, R and P (in the case of overlapping regions, P is calculated via a Lyapunov
equation after choosing Q). Once this is done, Dy and &y are straightforward to calculate.
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Region 1 Region 1

-15 —1‘0 —EL) 6 L'") 16 15
(a) 461 total switches required. (b) 194 total switches required.

Figure 5.14: Simulation of Example 5.2.3 with T = t;,. Whenever a boundary is reached
an impulse (red line) is applied

Then a candidate value for A must be chosen, followed by a calculation of the matrices
O, (or A; for the overlapping region case). In the case of the overlapping regions, the
matrix P can be found from the Lyapunov equation, otherwise there does not seem to
be a systematic method for choosing P, S, R, and A\. We began with S = R = I and
found candidate values of X computationally by testing if the conditions on ®; (or A;) were
satisfied. The constants o; can then be found by testing to see if Y .~ a;®; is negative
definite (or Y_1" o A; is Hurwitz for the overlapping region theorems). The computational
cost will depend on the number of subsystems and the dimension n of each subsystem.
In the case of overlapping switching regions, a constant & must be chosen: a larger value
means a larger region of overlap between the boundaries and hence potentially fewer switches
(which may be advantageous from a practical perspective). The trade-off is that the rate of
stabilization could be slower for large values of &.

5.3 State-dependent Switching Rules for Nonlinear
HISD

Detailed in Section 5.1.2, the report by Liu et al. [105] investigated the state-dependent
switching rule problem for nonlinear systems but did not consider distributed delays or
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impulses. The main objective of this section is to extend the state-dependent switching
stabilization results to nonlinear systems with distributed delays and impulses.

5.3.1 Towards a Generalized Switching Rule Algorithm

Consider the following family of impulsive nonlinear systems with finite time-delay:

r = [ t? hz t; ) t T7
P2t + (), ¢ £ T .
Az =gi(t, x4-), t =1,

where k € N, ¢ € P, and the functional z;- € PC([—7,0],R") is defined by

(s) z(t+s), for —7<s<0,
- (8) ==
! x(t7), for s = 0.

Assume the functions f;(t,z) : R, x R™ — R” satisfy f;(¢,0) = 0 and the functionals
hi : Ry x PC([—1,0],R") — R™ satisfy h;(t,0) = 0 for all ¢ > t5. Assume that f; and h;
are sufficiently smooth so that a unique solution exists to each subsystem. Impulses are
applied at the times ¢t = T} which satisty to < Ty < Ty, < ... < T} < ... with T, — o0
as k — o0o. The impulsive functionals g map R x PC([—7,0],R™) to R™. That is, the
impulsive effects can depend on the history of the solution trajectory.

Parameterized by a switching rule ¢ and an initial function, system (5.39) can be re-
written as
T =f,(t,x) + ho(t,xs), t# Tk,
Az =gi(t, z,-), t =Ty, (5.40)
Tty =o, keN,

where to € Ry is the initial time and ¢y € PC([—7,0],R") is the initial function. As
in Section 5.2, system (5.40) can be derived from a control system perspective where
impulsive and switching control are used on a nonlinear system with distributed delays.
Again, since the objective is to determine switching rules which stabilize (5.40), assume
that each subsystem ¢ = 1,...,m is unstable.

Wang and Liu [183] considered impulsive effects at the switching times with a focus
on a linear system with nonlinear perturbations and time-varying discrete delays. The au-
thors used a Razumikhin-type approach to prove stability under state-dependent switching.
Using a Lyapunov Razumikhin-type approach we extend the current literature to nonlin-
ear HISD with distributed delays. In the first part, we turn our attention to stabilizing
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impulses. The switching portions of the system are destabilizing, even under the special
switching rule, however, the impulses are strong enough to achieve stabilization. The key
assumption which forms the basis for this stabilization approach is based on the behaviour
of a convex combination of the unstable modes.

Assumption 5.3.1. Suppose there exist V € C*(R, x R",R"), constants p > 0, A > 0,
c1 >0, cog >0, and constants d > 0, 0, > 0, such that for k € N,

(1) ci||lz||P < V(t,x) < collz||” for all (t,z) € Ry x R™;

(ii) for (t,x) € Ry x R",

aav(t z)+ VV(t, ) <Z a; fi(t, x ) <AV (t, z); (5.41)

(i11) for each Ty and for all ¢ € PC(|—7,0],R") and s € [—T,0],

V(Ty, ¥(0) + gk (Tk, ¥(s))) < V(T ,9(0)) + di V(T + s,9(s)).

Equation (5.41) implies that A is an estimate of the growth rate of the solution state
of a convex combination system. Based on Assumption 5.3.1, we construct the switching
regions as

ﬁl:{<t,$>€R+XRna—V

5 (t,x) + VV(t,x) - fi(t,x) < f)\V(t,:c)} ,

for some constant & > 1. Then we can show these regions cover the state-space by contra-
diction (similar method as in [105,183]).

Proposition 5.3.1. The switching regions Ql fully cover the state-space, that is, U?llﬁi =
R, x R".

Proof. Suppose that Uﬁlﬁi =R, x R™ is not true, then there exists a (t*,2*) € R, x R”

such that 5V
E(t*,x*) + VV(t*,x") - fit", x") > EAV(t", 2")
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for all i € P. Since > " oy =1,
—~ [V
Zai (E(t*,x*) + VV(t*,z") - fl(t*,x*)>
i=1

> @A\ (' x
=1
=NV (t", z").

From equation (5.41), it is also true that

Zai <%—‘t/(t*,x*) + VV(t*, z*) - fi(t*,x*))
=1
Z o + VV Z azfz y L 7
%

:E(t ")+ VV (", x* Zalflt z*
<AV (t, x7).

This is a contradiction since & > 1. O]

Then a state-dependent switching algorithm can be formulated according to the special
minimum rule.

Algorithm 5.3.1. (Minimum rule)
Given £ > 1 and the initial data ty, xo = ¢o(0):

(MR1) Choose the active mode according to

. oV
o(to, o) = argr;un E(to’ zo) + VV (to, xo) - fi(to, zo)-
1€

(MR2) Remain in the active mode as long as the solution time-state trajectory (t,x(t)) is
in the switching region

ﬁi:{(t,x)ERerR":a—v

5 (t,z) + VV(t,x) - fi(t,x) < EAV (X, IL‘)} )
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(MR3) If the (t,z(t))-trajectory crosses the boundary of Q;, denoted by 8@, at the time
te, set tog =te, o = x(t.) and go to step (MR1).

A lemma is needed before the main theorem is presented.

Lemma 5.3.2. [184]
Assume that there exist a function V € vy, constants p > 7, p > 0, ¢ > 0, co > 0,
N> X>0, g >N and constants dj, > 0, 6, > 0, such that for k € N,

(i) crllzl|P < V(L x) < eollz||P for all (t,2) € Ry x R;
(ii) along solutions of (5.40) fort # Ty,
DTV (t,4(0)) < AV (t,4(0))
whenever V(t +s,9(s)) < ¢V (¢,9(0)) for s € [-7,0];
(iii) for each Ty, and for all ¢ € PC([-7,0],R") and s € [—7,0],
V(T 19(0) + gr(Th, ¥(s))) < (L4 6:) V(T3 9(0)) + diV (T} + 5,9(s));
(iv) 0 < Ty —Tpy < p and

1H(5k + dke’\*T) + A\ (Tk — Tk—l) < —p)\*

Then for a solution x(t) of (5.40) under the switching rule o, v(t) = V(t,z(t)) satisfies
v(t) < Mol )
for any t € [Ty_1,Ty) where M > 1 satisfies

ey < Me N Timt)gmmh — ppe=A"T1=t) < g,
Proof. Follows immediately from the proof of Theorem 3.3 in [184] since the upper right-
hand derivative of the Lyapunov function V along the solution to the switched system

satisfies DTV (,1(0)) < AV (¢,4(0)) for the specific switching rule o. O

We extend the closed-loop switching stabilization results for nonlinear HISD with sta-
bilizing impulses.
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Theorem 5.3.3. Suppose that Assumption 5.5.1 holds and suppose that there exist con-
stants ¢ > 0, p > 7, q > eEFICHT) sych that for o € PC([—71,0],R"), t > to, i € P,

VV(t,4(0)) - hi(t, ) < eV (t,4(0)) (5.42)
whenever V (t + s,1(s)) < qV (t,4(0)) for s € [—7,0]. Assume that for k € N,
(85, + dpe 9T + (EX 4 ¢) (Th — Th1) < —p(EX + ). (5.43)

If 0 is constructed according to Algorithm 5.3.1 then the trivial solution of (5.40) is globally
exponentially stable.

Proof. Since |J;", ; = R, xR", the minimum rule algorithm (M R1)— (M R3) implies that
o =i for t € [ty_1,tx) such that the solution trajectory (¢, z(t)) € ;,. By construction of
2; and using equation (5.42), the time-derivative of V' along solutions of (5.40) is given by

1% :%_Z(t, 2(t) + VV(t,2t) - fi(t,2(t) + VV(t,2(t)) - hi(t, ),

<@EA+V(E, x(1)),
whenever V (t+s,z(t+s)) < ¢V (t,z(t)) for all s € [—7,0]. Lemma 5.3.2 then implies that
o(1) < Mijgnlle= @491

for ¢ # Tj. The result follows from condition (i) in Assumption 5.3.1. O

Next we consider the case where the impulses are perturbations and we consider how
to extend the minimum rule algorithm to a generalized algorithm to avoid unwanted state-
dependent switching behaviour.

Assumption 5.3.2. Suppose that there exist V. € CY(R, x R" R"), constants p > 0,
A>0,¢ >0, c >0, a; >0 satisfying .-, o = 1, and constants dy, > 0, §x > 0, such
that for k € N,

(1) ci||lz||P < V(t,x) < collz||?” for all (t,z) € Ry x R™;

(i1) for (t,z) € Ry x R",

av(t z)+VV(t,x)- Zaf (t,x) | < =AV(t, 2);
a 1J1 — Y )
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(i11) for each Ty and for all ¢ € PC(|—7,0],R") and s € [—T,0],
V(Te, (0) + gi(Th, (s))) < (14 66)V(T,,40(0)) + di V(T + 5,4(s)).

Since stabilization is achieved during the switching portions, the minimum rule strategy
and switching regions are slightly adjusted.

Definition 5.3.1. (Minimum rule)
Given £ > 1 and the initial data ty, xo = ¢o(0):

(MR1) Choose the active mode according to

%
o(to, x9) = argmin N (to, z0) + VV(to, zo) - fi(to, zo).
icP t

(MR2) Remain in the active mode as long as the solution time-state trajectory (t,x(t)) is
in the switching region
AV (t, z)

Q;, = {(t,:v) eR, xR": aa—‘t/(t,x) +VV(t,z)- filt,z) < —T}

(MR3) If the (t,z(t))-trajectory crosses the boundary of ;, denoted by 0, at the time
te, set ty =te, kg = x(t.) and go to step (MR1).

As described in the minimum rule, the switching regions (2; are well-defined.

Proposition 5.3.4. [105] Suppose that Assumption 5.5.2 holds. Then the switching re-
gions Q; fully cover the time-state space, that is, |J;-, & = Ry x R™.

As noted earlier, the overlapping of the switching regions arises from the constant
¢ > 1. However, it does not exclude the possibility of Zeno behaviour where there is a
finite accumulation point t* for the switching times. In this scenario the switched system
undergoes an infinite number of switchings in a finite interval of time. See [101, 105] for
more details. In order to eliminate this possibility, the authors Liu et al. [105] considered
a wandering rule (in conjunction with the minimum rule) where the system “wanders” in
one particular mode for some positive amount of time (called the wandering time).

Definition 5.3.2. (Wandering rule)

Given the data (to,t,,w, D) where ty is the generalized rule initialization time; t,, is the
wandering rule initialization time satisfying t,, > tg > 0; w > 0; and D C R™: maintain
o(tm) until t —tg > w or (t,x(t;to, ¢o)) € D, whichever occurs first, and set t,, =t (the
terminal wandering time).
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A general algorithm for the stabilization of (5.40) can then be formulated, by combining
the minimum rule and the wandering rule as follows (motivated by the algorithm in [105]).

Algorithm 5.3.2. (Generalized rule)
Given a > 1, w > 0, £ > 1, initial data (ty, Po), proceed as follows:

(GR1) Choose ko € Z without loss of generality so that (to, $o(0)) € Dy, (a) where
DkO(a) = {(tam) S R+ X RTL . ako < V(t,l‘) S ak0+1}_

Initiate and maintain (M R1) — (M R3) with initial data (tg,po) and & > 1 until

(t,z(t)) € cl(Dyy—2). Lett,, =t be the terminal minimum rule time and proceed to
(GR2).

(GR2) Calculate t,, — ty:

(i) If ty, —to > w, let tg = t,,, ¢o = x4y, and go to (GR1).

(i1) If t,, — ty < w, initiate the wandering rule with (to,t.,,w,cl(Dy,)) until the
terminal wandering time, denoted t,,. Proceed to (GR3).

(GR3) Calculate t,, — to:

(i) If ty, —to > w, set ty = ty, ¢o = x4, and go to (GR1).

(i1) If (tw,z(tw)) € cl(Dy,), initiate the minimum rule with data (t,,x¢,) and & > 1
until (t,x(t)) € cl(Dyy—2). Set t,, =t and proceed to (GR2).

Remark 5.3.1. Following the notions in [105], each time the algorithm outlined above
returns to (GR1) we say a cycle of the generalized switching rule algorithm is completed.
Denote these times by the sequence {z}32,. Each full cycle lasts at least w units of time,
that is, z — 21 > w. If w = 0 then the generalized algorithm reduces to the familiar
manimum rule algorithm.

To guarantee the well-posedness of the generalized switching rule, a technical proposi-
tion is needed which details the workings of the minimum rule.

Proposition 5.3.5. [105]
Under Assumption 5.3.2, the sets

09 (T3 ()09 (\Ular, az, [, 7))
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are empty for alli,j € P, 0 < a; < ay < 00, 0 <t < 2 < 0o, where
Ulay,ag, [t 1)) = {(t,z) € [, ] x R" 1 ay < V(t,2) < as},

I = {(t,x) € R, x R" : argmin a—‘t/(t, x)+VV(t,x)- fi(t,x) = j} ,

iep O
t
Q= {(t,x) eR, xR": aa—‘t/(t,x) +VV(t,x)- fi(t,z) < —@}
Remark 5.3.2. Note that since V. € C*(Ry x R"R,) and ci||z||P < V(t,z) < co|z||P for
all (t,z) € Ry x R™, the set U is bounded, which is needed in the proof of the proposition.

The following lemma follows directly from the proof of Proposition 3.3 in [105] (which
studies the non-delay non-impulsive case) and is given here to show its workings.

Lemma 5.3.6. [105]

If Assumption 5.3.2 holds, the switching rule o is constructed according to Algorithm 5.3.2
with w > 0, and t* — t' < inf(T}, — T}._1), then there exists a positive constant n = n(U)
such that any two switching times of o on [t*,t?] are separated by at least n units of time.

Proof. Assume that t* is a switching time, that is, (t*, z(t*)) € 9€2; and choose ay, as, t*, t*
such that (¢*,z(t*)) € U(as, az, [t*, ?]). Note that (t*,2*) € T'; where

ov

J =argmin — (t*,2%) + VV (t*,2%) - fi(t", 2").
iep Ot

This implies the next mode of the subsystem should be j according to the minimum rule.

From Proposition 5.3.5, the sets

o (T, ()0 (Ular, az, [t*,£%),

are empty so it follows that (¢t*,2*) € 0€Q; which implies the existence of a constant
n = n(t*) > 0 such that the time-state trajectory (¢,x(t)) does not leave ; until an
amount of time ¢t* 4+ 7 has passed, that is, (t* +n,z(t* +n)) € 0€);. Further, 0Q; T
and 0f2; are disjoint within U and are both closed sets. Also, f; is bounded on the
compact set. Finally, each 0€; = (J,.p(0€% (I';) which implies that if (t,2(¢)) € U and
t2 — t! < inf(T}, — Ty_1) then there exists > 0 such that any two successive switching
times satisfy tp — tx_1 > 7. ]
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The following proposition can be given which establishes the well-posedness of the
switching rule under the generalized switching rule in Algorithm 5.3.2. Here we adjust the
notion of chattering behaviour slightly to deal with impulsive effects that are arbitrarily
close to a switching time which could send the trajectory to a switching region bound-
ary. Namely, since the impulses are separated by a positive amount of time, any three
consecutive switching times must be separated by a positive amount of time.

Proposition 5.3.7. Suppose that Assumption 5.3.2 holds. Then a switching rule o con-
structed according to Algorithm 5.5.2 with w > 0 satisfies the following: there exists a
positive constant n = n(U) such that any two switching times of o on [t*,t*] are separated
by at least n units of time if t* — t' < inf(Ty — Ty_1). Any three switching times of o on
[t1, %] are separated by at least n units of time if t2 —t* > inf(Ty —Ty_1). That is, o exhibits
no chattering or Zeno behaviour and is well-defined.

Proof. The case t* — t! < inf(Ty — Ty_1) follows from Lemma 5.3.6. On the other hand,
if t> — ¢! > inf(Ty — T)_,) then there is a possibility of a fast switch immediately after
an impulse is applied. However, the next impulsive effect does not occur for Ty, — Tk
time units, which means 5,1 — tx > 1 by the above arguments. Hence, three successive
switching times must satisfy 511 — tx—1 > 7. O

Remark 5.3.3. The addition of the wandering time w s the essential piece to avoid Zeno
behaviour while the addition of the constant & in the switching regions €); avoids chatter-
ing by introducing some overlapping area in the switching regions ); while preserving the
stabilizing properties of the minimum rule.

Before giving the first main result, a lemma is needed which details the stability of an
impulsive system with delays.

Lemma 5.3.8. [184]
Assume that there exist a function V € vy and constants p > 0, A > 0, ¢; > 0, ¢35 > 0,
q> e and di > 0, 0, > 0 such that for k € N,

(1) ci||z]|P < V(t,x) < collz||” for all (t,z) € Ry x R™;
(i1) along solutions of (5.40) for t # Ty,

whenever V(t + s,1(s)) < qV (t,4(0)) for s € [—7,0];
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(111) for all ¢ € PC([—1,0],R") and s € [—7,0],
V (T, (0) + gi(Thi, U(s))) < (L+ 0) V(T ,40(0)) + de V(T + 5,%(s)).

Then for a solution x(t) of (5.40) under the switching rule o, v(t) =V (t,z(t)) satisfies

k—1
v(t) < calldoll? H(l +d; + (5i6>‘7)€_>‘(t_t0)

i=1
for any t € [Typ_1,Tk).
Proof. Follows immediately from the proof of Theorem 3.1 in [184] by taking the upper
right-hand derivative of the Lyapunov function along the solution of the switched system

under the switching rule o. In the paper [184], the impulses are given by gx(x;-) instead
of gx(t, z;-), however, the proof still holds. ]

We are now in a position to extend state-dependent switching stabilization to nonlinear
HISD under a generalized algorithm.

Theorem 5.3.9. Suppose that Assumption 5.5.2 holds and suppose that there exist con-
A
stants ¢ >0, € > 1, ¢ > €' €797 such that for ¢ € PC([—1,0],R™), t > ty, 1 € P,

VV(,4(0)) - hi(t, ) < eV (¢,4(0)) (5.44)
whenever V (t + s,1(s)) < qV (t,4(0)) for s € [-7,0]. Assume that for k € N

In(1 + 0y + dpelE)7) — (g - c> (Ty = Ti1) < 0. (5.45)

If o is constructed according to Algorithm 5.3.2 with wandering time w > 0,

A
a =supl+ 0 + di exp [(——c) 7':| ,
keN §

and & > 1 then the trivial solution of (5.40) is globally asymptotically stable. Additionally,
if w > 0 the switching rule is well-defined, while if w = 0 there is a possibility of a finite
accumulation point t* of the switching times with x(t) = 0 for all t > t*.
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Proof. Let v(t) = V(t,z(t)) be the Lyapunov function from Assumption 5.3.2 evaluated
along the solution of system (5.40). Note that ¢i||z||? < V(t,z) for all (¢,2) € Ry x R™
and v(t) is bounded on each set Dy, and hence ||z(t)|| is bounded in between cycle times.
To prove global attractivity it suffices to show the existence of a constant 0 < n < 1 such
that v(zx) < nu(zk—1) where {2;}32, are the cycle times of Algorithm 5.3.2 (where we set
2o = to) and the cycle times are all reached.

In step (GR1) of Algorithm 5.3.2, kg is chosen so that (to, ¢o(0)) € Dg,(a) where

a = sup (1+5k+dkexp {(é—c> T:|>
keN 3

That is, v(z9) € Dg,(a). The next step of the algorithm is to initiate the minimum rule
(MR1)-(MR3) with (¢, ¢o) for some £ > 1 chosen beforehand. Since |J;-, ; = Ry x R",
the minimum rule implies that while active o = i), for ¢t € [ty_1,t;) such that the solution
trajectory (¢, x(t)) € €, . By construction of €; and (5.44), the time-derivative of V' along
solutions of (5.40) is given by

1% :%—‘Z(t, z(t) + VV(t,z(t) - fi(t,z(t) + VV(t,2(2)) - h, (8, 20),

< §V(t, x(t)) + cV (t,z(t)),

whenever V (t + s, z(t + s)) < ¢V (t,z(t)) for all s € [—7,0]. Therefore,

VS(—?—FC)V.

At any impulsive time reached during the minimum rule (it may be possible that none are
reached), according to Assumption 5.3.2,

V (T, 9(0) + gk (Th, ¥(s))) < (1 +0)V(T},4(0)) + di V(T + 5,4())
for all v € PC([—7,0],R"), s € [-7,0], k¥ € N. Following Lemma 5.3.8, it follows that

while the minimum rule is active,
Aoy A
w0 <aloly T[ (1+dc+de)on |- (2-c) -]
to<Tp<t €

Noting that zy = to (where no impulse is applied), equation (5.45) implies that for any
impulsive time reached during the minimum rule,

v(T},) < CzH%HﬁXk
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where 0 < x < 1 is given by
Aoy A
X = (1 + d, +6ke(2 ) ) exp {— (E — c) (1), — Tk—l):| .

It is clear that v(t) is decreasing at the impulsive moments, that is, the sequence {v(T})}
is strictly decreasing. Also, v(t) < wv(zp) for ¢ > 2o while the minimum rule is active.
Therefore, there exists a terminal time, denoted ¢,,, of the minimum rule which satisfies

tm = 1nf{t >ty : (t,2(t)) € cl(Dyy—2)}

where t,, € [1}_1,T;) for some positive integer [. It is possible for the terminal time to
satisfy t,, < T} if the state has been stabilized sufficiently so that v(t) € cl(Dy,—2) before
a disturbance impulse has been applied. This marks the end of the minimum rule step in
(GR1) during the first cycle of the algorithm.

According to (GR2) of the algorithm, if ¢,, — 2o > w then the minimum rule was
initiated for a sufficient amount of time and the algorithm returns to (GR1). This marks
a complete cycle of the generalized switching algorithm with z; = ¢, and v(z1) < nv(zp)
where 0 < = 1/a < 1 by the definition of Dy, 5. The minimum rule is then re-activated
with the new starting data tq = t,, and ¢g = x, .

However, if ¢,,, — 29 < w then the wandering rule is initiated with generalized rule initial-
ization time t,, wandering rule initialization time ¢,,, domain cl(Dy,), and the constant w.
Under this rule, o(¢,,) is maintained until either ¢t —ty > w or (¢, z(t)) € ¢l(Dy, ), whichever
occurs first. The terminal wandering time, which is always reached, is denoted by t,,.

In the next step, the algorithm continues according to (GR3) and t,, — tq is calculated.
If t,, — to > w then (¢,x(t)) € Dy,—; for some j > 1. That is, the time-state trajectory
did not reach ¢l(Dy,) but instead the wandering rule ran out of time. This means z; = t,,
(marking end of cycle) with v(z1) < xv(zp) for some 0 < x < 1 since v(2p) € Dg,. It
may be possible the time-state solution trajectory reaches Dy, _; for j > 2 if the wandering
mode, o(t,,), happens to be a stabilizing mode for the system along the trajectory.

If, on the other hand, (¢,z(t)) € ¢l(Dy,) occurs first in step (GR2), then according to
(GR3) the minimum rule is re-initiated at (¢,, z(ty)) € cl(Dy,). If (t,2(t)) € Dg,—1 during
the minimum rule and an impulse is applied at Tk, then (Ty, x(T%)) € Dy, is not possible
for any j > 1 by the choice of a. Hence the minimum rule continues until (¢, z(t)) €
cl(Dy,—2), which is achieved by the above arguments. Then, without loss of generality, the
above process is repeated and eventually v(z1) < nu(zg) where n = min{1/a, x} satisfies
0<n<l.
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Under any possible scenario in Algorithm 5.3.2, it is true that v(z;) < nu(zo) at the end
of the first cycle. Repeating the above procedure proves similarly that v(ze) < nv(z;) for
some constant 0 < 7 < 1 and, in general, v(2;) < n*v(z). This proves global attractivity
of the trivial solution for any w > 0 with the possibility of a finite accumulation point ¢*
in the switching rule algorithm if w = 0.

For any € > 0, choose kg so that ¢l(D,) is entirely contained in B.(0). Choose

1
1 ko+1\ »
Co

then [|¢o(0)|] < ¢ implies that cs||¢o(0)]|P < a*F! so that v(ty) < cal|go(0)]|P < a*ott.

That is, Vg € cl(Dy,) C B(0). Since we showed v(t) < a**! for all t > ¢, it follows that
|z(t)|| < € for all t > to. Hence the trivial solution is also stable.

The well-posedness of o follows immediately from Proposition 5.3.4 and Proposition
5.3.7. If w = 0 then Proposition 5.3.4 still applies and the proof of Proposition 5.3.7
implies no chattering behaviour, however, there is the possibility of a finite accumulation
point. O

Remark 5.3.4. Contrasting Theorem 5.3.9 with Theorem 5.3.3, it is apparent that when
the impulses are perturbations, successive impulsive moments must not occur too quickly.
This can be observed from the threshold condition (5.45):

In(1 + 0y + di exp[(% — o)1)
A
(:-¢)
The decay rate from the switching portions of the system is estimated by A/ — ¢, and so
if T, — Tr—1 is too small (pulsing too often), the threshold condition is not achieved. On

the other hand, in Theorem 5.3.3, when impulses are stabilizing, the time between impulses
must not be too great. This is captured in the threshold condition (5.43):

—In (6 + di exp[(§X + ¢)7))
EX+c _M}.

Ty —Th_q >

0< Ty —T,_1 <min {,u,

The time between impulses must be sufficiently small because the impulses are stabilizing
and must be applied often.
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5.3.2 Extending the Generalized Rule to Systems with Infinite
Delay

In the final part of this chapter’s analysis we consider how to extend the state-dependent

switching stabilization strategy to systems with unbounded delay. Consider the following
HISD with infinite delay:

i':f0<t,x)+ha(t,$t), t#Tlm
Az =g (t,x(t7)), t =T, (5.46)
Tty :¢07 k c N,

where the functional z; € PCB([a,0],R") is defined by x:(s) = z(t + s) for s € [«,0]
where —oo < a < 0 and [a, 0] is understood to be (—oo, 0] when the delay is infinite. That
is, h; : Ry x PCB([a,0],R™) — R™ for i € P and satisty h;(¢,0) = 0 for all ¢ > t,. We
consider how stabilizing impulsive effects can be used in conjunction with state-dependent
switching in order to stabilize (5.46) using a lemma from [94].

Lemma 5.3.10. [94]
Assume that there exist functions V € 1y, and constants ¢; > 0, co > 0, A > 0, 6 > 0,
q>1,v>0, such that for k € N,

(1) c1l|z]|P <V (t,z) < eollz||? for all t € [ty + a,00) and x € R";
(i1) along solutions of (5.46) fort # Ty,
DTV (t,4(0)) < AV (t,4(0)),
whenever eV (t + s,1(s)) < qV (t,4(0)) for s € o, 0];
(111) for each Ty and for all x € R™,

14+6
Z LV (T )

V (T, x + gp(Th, z)) <
with > 72 | 0 < 00;
(iv) pA <1Inq where p = suppen{Tk — Tr-1}-

Then for a solution x(t) of (5.46) under the switching rule o, v(t) = V(t,2z(t)) satisfies

v(t) < geaM | ol[pepe "

fort > to where M =377 | 6, < oo and n = min{y, 3 <1an - /\>}
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Proof. Follows from Theorem 3.1 in [94] by taking the derivative of the Lyapunov function
along the switched system parameterized by the particular switching rule o. O]

Then a state-dependent switching stabilization result for system (5.46) can be given as
follows.

Theorem 5.3.11. Assume that there exist V € C1(R, x R", R"™), constants p > 0, A > 0,
v>0,p>0,¢>0,¢>0,¢>0,&>1,qg>1, a; >0 satisfying > ;" o =1, and
constants 0, > 0 such that for k € N,

(i) ci||z|P < V(t,2) < col|z||P for all (t,z) € [ty + o, 00) x R";
(ii) for (t,z) € Ry x R",
aa—‘;(t, z) + VV(t,x)- (zm; aifi(t, @) < AV (t,z);
(iii) for 1 € PCB([a,0],R") and i € P,
VV(t,4(0)) - hi(t, 1) < eV (t,(0))
whenever €7V (t +s,4(s)) < gV (t,4(0)) for s € [o, 0];
(iv) for eacht = T}, and for all x € R",

V(Tk, x 4+ gk(Tk,x)) < (1 -+ 5k)V(Tk,_, l’)

|

where Yy po | 0p < 00;
(v) Ty, — Tr—1 < p and p(EX+ ¢) < Ing.

If 0 is constructed according to Algorithm 5.3.1 then the trivial solution of (5.46) is globally
exponentially stable.

Proof. Since |J;", Q; = R, xR", the minimum rule (M R1)—(M R3) in Algorithm 5.3.1 with
the switching regions given as (2; implies that along solutions of (5.46), for t € [t;_1, 1),
t # Ty,

:aa—‘t/(t, z(t)) + VV(t,2(t)) - fi, (£, 2(t)) + VV (t,2(2)) - hi, (t, 2),

<(EA+ )V (t,2),

v
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whenever V(t+s,x(t+s)) < ¢V (t,z(t)) for all s € [a,0]. Lemma 5.3.10 then implies that
v(t) =V (t,z(t)) satisfies
v(t) < g2 M || gol[pepe ™

n_min{%%(m?q—(gﬂc))}.

The result follows. O

for all ¢ > ty where

To study disturbance impulses for nonlinear HISD with unbounded delay, the following
lemma is given.

Lemma 5.3.12. [97]
Assume that there exist functions V € vy, constants p > 0, ¢; >0, co >0, A >0, ¢ > 1,
v >0, and o, > 0 such that

(1) c1]|z]|P <V (¢, 2) < eol|z||P for all t € [to + v, 00) and x € R";
(i1) along solutions of (5.46) for t # Ty,
DTV (t,4(0)) < =AV(t,(0)),
whenever €7V (t + s,1(s)) < ¢V (t,1(0)) for s € [a,0];
(111) for each Ty and for all x € R™,

VT, x + gi(Th, v)) < (1 +0:) V(T x);
(iv) pA > Inq where p = infren{Ty — T—1}.
Then for a solution x(t) of (5.46) with switching rule o, v(t) = V(t,z(t)) satisfies

v(t) < qualldollpes H (1+ (5,?)6*77(15*150)

to<Typ<t

for t >ty where n = min{y, 5 (A~ 22)}.

Proof. Follows immediately from Corollary 3.1 in [97] by taking the time-derivative of the
Lyapunov function along the HISD with switching rule o. n
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The final state-dependent switching stabilization theorem is given as follows, which
considers the generalized algorithm for systems with unbounded delay.

Theorem 5.3.13. Assume that there exist V € C1(R, x R",R"), constants p > 0, A > 0,
¥>0,0>0,¢>0,¢>0¢c>0&>1,¢>1, oy >0 satisfying > .-, ; = 1, and
constants o, > 0 such that for k € N,

(i) al|zl|? < V(t,z) < col|z||P for all (t,2) € [to + a, 00) x R™;
(ii) for (t,z) € R, x R™,
%(t, ¥)+ VV(t,z)- (i i filt, x)) < AV (t2);
s

(iii) for 1 € PCB([a,0],R") and i € P,

VV(£,9(0)) - hi(t, 1) < eV (E,9(0))

whenever €V (t + s,4(s)) < qV (t,4(0)) for s € [a,0];
(iv) for each Ty and for all x € R,
V(T + ge(Th, x)) < (L4 6:)V (T}, 2);
(v) Ty — Toy > puand p(\/€ —c) > Ing and
In(1 4 6) — np < 0 (5.47)

where 7 = min{, 3 (% —c— hlf)}

If o is constructed according to Algorithm 5.3.2 with wandering time w > 0, a = supyey 1+
Ok, and switching regions

Q= {(t,x) e Ry xR": éé—‘t/(t,x) +VV(t,z)- filt,z) < _/\V(gai)}

then the trivial solution of (5.46) is globally asymptotically stable. Additionally, if w > 0 the
switching rule is well-defined, while if w = 0 there is a possibility of a finite accumulation
point t* of the switching times with x(t) = 0 for all t > t*.
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Proof. By construction of the switching regions €2;, the minimum rule implies that, while
active, the time-derivative of V' along solutions of (5.46) satisfies

v
Ot

< (—g + c) V(t,z(t)),

14 t,x(t)) + VV(t,x(t)) - fi,(t,x(t)) + VV (¢, x(t)) - by, (£, 2),

whenever €7V (t + s, z(t + s)) < gV (t,z(t + s)) for all s € [«,0]. At any impulsive time
reached during the minimum rule (it may be possible that none are reached),

From Lemma 5.3.12, it follows that, while the minimum rule is active, v(t) = V (¢, x(t))
satisfies

o(t) < geslldollpen [T (1+0k) expl=n(t — 20)]

to<Tp<t

for t > ty. Thus, for any impulses applied during the minimum rule,

v(Ti) < callgol2x*

where 0 < x < 1 is given by

X = (L+ dk) exp [=n (T} — Th—1)] -
The rest of the proof follows as the proof of Theorem 5.3.9. n

Remark 5.3.5. If fi(t,z) and hi(t,z;) in (5.46) are composite-PCB and locally Lipschitz
and gx are continuous in both variables, then it follows from Theorem 3.4.3 (existence)
and Theorem 3.5.1 (uniqueness) in Chapter 3 that (5.46) has a unique solution when o is
constructed according to Algorithm 5.3.2 with w > 0.

5.3.3 Numerical Simulations

Example 5.3.1. Consider the nonlinear HISD with unbounded delay (5.46) with to = 0
and the following two subsystems, that is, P = {1,2}:
: 1 [t
1 iy = bay(t) 4 225(t) — 22 (t)esn@ ) 4 5/ e (s)sin(xy(s))ds,
i=1: e
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j,‘l = —6l‘1(t) — ,Ig(t),
1=2:

) t 5(s—t) 4 4
By = 225(t) + 1 (1) 25 (t) + xy () 2a(t) e D) 4 / ‘ xg@ T 3(8) 4,
oo 2 cosh”(z5(t))

Suppose that the impulsive times are Ty = 1.2k + 0.1sin(k), k € N, with impulsive effects
given by

1
0.03\ 2
Axy(Ty) = —2y(Ty) + (1.05 + T) (),

Aro(Ty) = —a1 (1) + VOde ™ (T ) (T
Note that 1 < T, —T,_1 <1.4. Let

51 4 2x5 — x2esn(@n)
fl(LU) — ( 1 2 2 ’

4
—3x9 — 27175

(5.48)

_ —6x1 — :Eg
f2<1’) - (21,2 ‘I‘l'lx% _l_l.leGSin(xl) )

ha (£, 1) = (% [t g, és) sin(x2(s))ds)

Y

and

0
ha(t, ) = (ffoo P 2t (s) + x%(s)ds/(QcoshQ(xg(t)))) ’
Choose oy = a = 0.5 and the Lyapunov function V(x) = x? + x3. Then
VV(2) - (o fi(2) + aafo(@)) = (21 + 23) = =V (2).
Hence we choose A = 1. Whenever e?*V (t + s,9(s)) < qV (t,1(0)) for s <0, z3(t + s) +
z3(t + s) < qe7 v [22(t) + 22(t)] for s < 0. Hence,

VV -y zml(t)/ G0z (s) sin(xo(s))ds,

—0o0

0
<) [ o +6)ldo,
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so that

0
YV -y <|an(8)] / Va2 [a2(0) 1 a3(0)do

Ler®/ 0 +a30) [ ae T as

e (O +23(t) +235(t) (V4
: 2 (5—v/2>

-5 v,

provided vy < 10. Similarly, along @ = ho(t, z;) for t # Ty, using z} + 25 < (23 + 23)* and
the Razumikhin condition

_ . =”U2(t) ! 5=t [ 24(5)ds
VV h2 _COSh2<I2(t))/ 1( )+ 2( )d )

—00

< / 6022 (s) + a2(s))ds,

—0o0

:/0 e [3(t + 0) + x3(t + 0)]do,

—0o0

then

0
VV - hy < / qe® 0122 (t) 4 22(t)]d6,
0

—q(a2(t) + 23(1)) / R

—00

-] v,

5—7
provided v < 5. At the impulsive times t = Ty,

V(z(Ty)) = [\/1.05 +0.03/k Sin(l'Q(Tk_)):|2 + {\/Q_lek\/]xl(T,:)a:Q(T,;)\] ,
<(1.05 + 0.03/k)x3(T; ) + 0.1e 2F| 2y (T} 2o (T},)),

0Ly (1)),

<(1.05 4 0.03/k)V (x(T})) +

. de2
— [1.05 + 0/33 ;0 ; } V((T))).
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Takec=0.183, u=1,q=1.1,7=2,£ =2, § = 0.05+0.03/k+0.1e"2* (sup 1+8; = 1.1).
That is, set a = 1.1. Then
A Inq

3 I

and
In(1 + 0x) — nu = —0.0154.

All the conditions of Theorem 5.3.13 are satisfied. The switches regions are given by
Q) = {r€R?: 1027 — 625 — 271255 < — (2% + 23)/2},

Qy = {z€R? . —1227 + 423 + 2z, 205e"™ < — (27 + 73)/2}.

as in Fxample 5.1.2. See Figure 5.15 for an illustration of the state trajectory under the
generalized switching algorithm 5.3.2 with w = 0 (no wandering time) and a = 1.1. Adding
a wandering time of w = 0.5 reduces the number of switches needed drastically (see Figure
5.16) from 208 to 12.

T T
Solution trajectory

Region 1

N
x X
et

[
3r * MR active |
2
1,|.. l . l I I I ]

0 2 4 6 8 10 12 -4 -3 -2 -1 0 1
Time X
1
(a) The solution trajectories along with the switching (b) Impulsive effects are marked in red.

rule . The minimum rule (MR) is active for the
entire duration.

Figure 5.15: Simulation of Example 5.3.1 with w = 0 (208 switches are required). The
initial function is ¢o(s) = (—2,3) for s < 0.

If the wandering time is increased to w = 1, stabilization is still achieved (see Figure
5.17), however, the number of switches according to the algorithm remains unchanged from
the case w = 0.5 (no reduction in switches).
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— xz(t)

’ k’\m‘ [R— xl(t) | Solution trajectory

Region 1

Time
4
3r . :llR active |
2
LUy
0 . s R . R N
0 2 4 6 8 10 12
Time
(a) The algorithm can be broken down into the (b) Impulsive effects are marked in red.

minimum rule portion (the magenta ticks) and
the wandering rule portion (no magenta ticks).

Figure 5.16: Simulation of Example 5.3.1 with w = 0.5 (only 12 switches are needed).

T T
Solution trajectory

of Region 1
S | |

N
x X
et
N

Time

4
o

3r * MR active
2
L U I ,
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0 2 4 6 8 10 12

Time

(a) The magenta ticks represent time spent in the (b) Impulsive effects are marked in red.

minimum rule portion.

Figure 5.17: Simulation of Example 5.3.1 with w = 1 (again 12 switches are needed).

The wandering time becomes more crucial practically when there are no disturbance
impulses present (see Figures 5.18 and 5.19). This is an interesting phenomenon: the
perturbative impulses seem to help avoid chattering behaviour.

172



Time

T T
g
¢ MR active 4

T-

0 2 4 6 8 10 12
Time

(a) The solution trajectories along with the switching

rule o.

Solution trajectory

Region 1

(b) Impulsive effects are marked in red.

Figure 5.18: Simulation of Example 5.3.1 with no impulsive effects and w = 0 (599 switches
are needed).

N

Time

(a) The solution trajectories along with the switching

rule o.

T T T T
Solution trajectory

Region 1

(b) Impulsive effects are marked in red.

Figure 5.19: Simulation of Example 5.3.1 with no impulsive effects and w = 0.5 (only 45
switches are needed).
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Chapter 6

Applications in Epidemiology

As mentioned in Chapter 1, the most famous example of a control scheme’s successful
application was the World Health Organization’s initiative against smallpox, which be-
gan in 1967 when there were approximately 15 million cases per year and ended with
worldwide eradication by 1977 [69]. The main objective of this chapter is to study mathe-
matical models of acute communicable infectious diseases analytically and numerically to
answer qualitative questions regarding their long-term behaviour. For example, determin-
ing whether or not there will be an outbreak, estimating its length and severity, analyzing
how control schemes can be applied to eradicate the disease, etc. To do this, we formulate
mathematical models and study their stability properties using the results found earlier in
the present thesis.

6.1 An Introduction to Compartmental Epidemic Mod-
els: the SIR Model with Population Dynamics

To formulate the epidemic models in this chapter, we consider the continuous deterministic
approach where the population is split into different groups where each group exhibits
distinctive behaviour. For example, in the classic SIR model the population is broken into
three compartments: those individuals who are susceptible to the disease, denoted by S.;
those individuals who have the disease and are infectious, denoted by I.; and those who
have recovered from the disease, denoted by R.. The interaction between these groups
determines how the disease spreads and is based on the population behaviour and the
particular infectious disease being modelled. For example, if the disease of interest has a
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latency period of non-negligible duration, a group of individuals who have been exposed
but are not yet infectious should be considered. For background on infectious disease
mathematical modelling, see [6,66,69,75,143] and the references therein.

To give an introduction to this area of research, we formulate the classic SIR model
with population dynamics by making the following assumptions on the epidemiological-
demographic interactions:

(A1)

(A2)

(A3)

The incubation period of the disease is negligible when compared to the other dy-
namics of the disease. When a susceptible individual is infected they immediately
move to the infected class.

Individuals in the population mix homogeneously (i.e. any two individuals have an
equal probability of coming into contact with one another). The average contact rate
between individuals sufficient for disease transmission is given by 5 > 0.

The incidence rate of the disease, defined as the average number of new infections
per unit time, is proportional to the number of infected and susceptible present,
normalized by the total population (denoted by N). That is, the incidence rate takes
on the standard (or proportionate mixing) form

Sel,
N

8

The rate of recovery from the infected class to the recovered class is proportional to
the number of infected present, with proportionality constant g > 0. That is, the
waiting time is exponentially distributed with an average infectious period of 1/g.

The birth rate, u > 0, is equal to the natural death rate. All children are born
healthy (no vertical transmission of the disease). The disease-induced mortality rate
is negligible.

Under these assumptions, the model can be written as the following system of ordinary
differential equations:

Scl.

Sc = N - SC7
pN = f— —u
r Sc[c
Ic = - Ic - [c>
B —9le—n
Rc = gIc - ,URm
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where S.+ 1.+ R. = N. Note that SC+fC+RC = 0 so that the total population is constant.
The variables can be normalized by letting S = S./N, [ = I./N, R = R./N to get the
classic SIR model with population dynamics

[ =BSI—gI —pul, (6.1)
R =gl — iR,

with initial conditions S(0) = Sy > 0, I(0) = I, > 0, R(0) = Ry > 0. Each variable
represents the fraction of the population that is a part of that group. The SIR model
with population dynamics is a reasonable model for nonfatal diseases such as hepatitis
B and measles [123] and has been studied extensively in the literature, for example see
(67,69, 75]. The initial conditions are assumed to satisfy Sop + Iy + Ro = 1. Note that
{S+I+R}S+I+R 1 =0,8]s20=p>0,I]1—0=0,and R|z— = gI > 0. The meaningful
physical domain for this system is the plane Qsir ={(S,I,R) € R3| S+I1+R = 1}, which
is positively invariant to the system and the model is mathematically and epidemiologically
well-posed [68]. The model is called an SIR model because individuals move between the
compartments from S to I to R.

Remark 6.1.1. The standard incidence rate 3S.1./N is consistent with the known result
that daily contact patterns are largely independent of community size but assumes homoge-
neous mizing and does not include a saturating effect which are poor assumptions [69, 80].
Since the incidence rate is critically dependent on the population behaviour and the disease
being modelled, there are examples of many other incidence rates in the literature. For

example, incidence rates with saturating effects, psychological effects, density dependency,
and more (see [38,51,66,80,81,89, 98,108,109, 158, 150]).

Remark 6.1.2. The usual simplifying assumption that the period of infection is a constant
leads to an exponentially distributed infectious period [75]. For example, if infected indi-
viduals are removed linearly at the rate of recovery g > 0, then the fraction of infected who
are still infected t time units after entering the class is given by P(t) = e 9 [69]. Then
the rate of individuals that leave the z'nfectious class is —P'(t) and the average infectious
period can be calculated as [;° t(—P = [T P(t)dt =1/g [69]. See [69,75] for more
details, including other possible dzstmbutzons

6.1.1 Threshold Criteria: The Basic Reproduction Number

The SIR model (6.1) has a disease-free equilibrium (where there are no infected present)
given by (S,I, R) = (1,0,0), and an endemic equilibrium (where the disease persists) given
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vt ()t (o w)
SIR=(— —(1-=—),——(1-=—])),
( ) (Ro p+g Ro) pn+g Ro

Ry— 2 (6.2)
Htg

The long-term behaviour of the model is completely determined by Ry, which is the basic
reproduction number of the disease, which is defined as the average number of secondary
infections produced from a single infected individual introduced into a wholly susceptible
population. Mathematically, it is the average contact rate, B, multiplied by the average
death-adjusted infectious period 1/(g + p). If Ry < 1, then the disease-free equilibrium is
globally asymptotically stable in the meaningful physical domain, while if Ry > 1 then the
endemic equilibrium is globally asymptotically stable. For details, see, for example, [67,75].
See Figure 6.1 for phase plane portraits of the SIR model.

where

1\
09rF

Ro=2/3

03t
02t
ot
= ‘

0 DI1 0z 03 DIA D‘E D‘B DI',' D‘B D‘B 1 1} 0.1 02 037 04 05706 077 0B 08 1

S S

Figure 6.1: Phase plane portraits of the SIR model (6.1).

Threshold criteria involving the basic reproduction number are common in the epidemic
modelling literature. It is typical for authors to prove that if a particular model’s basic
reproduction number is less than one, the disease will eventually be eradicated, while if
it remains greater than one, the disease persists. See Table 6.1 for a list of the basic
reproduction numbers of various infectious diseases from [5]. In [109], the authors give
analytic expressions for the basic reproduction number for some of the classic mathematical
epidemic models. For a general compartmental disease model, the basic reproduction

number is the spectral radius of the so-called next generation matrix (for details, see
[12,35,36,178,188]).
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Disease Infectious pe- | Average age at | Ro

riod (days) infection (years)
Measles 6 to 7 4.4 t0 5.6 13.7 to 18.0
Whooping cough 21 to 23 4.1 t0 5.9 14.3 to 17.1
Rubella 11 to 12 10.5 6.7
Chicken pox 10 to 11 6.7 9.0
Poliomyelitis 14 to 20 11.2 6.2

Table 6.1: Epidemiological data from [5].

6.1.2 Seasonal Changes in the Transmission of a Disease

Seasonal variations in the transmission of a disease play an important role how it spreads.
Factors affected by seasonality include changes in host immunity, differences in host be-
haviour (e.g. school breaks for children), changes in the abundance of vectors (e.g. due to
weather and temperature differences), changes in the survivability of pathogens, physio-
logical changes in host susceptibility, and seasonal timing of reproduction [2,35,39,55, 75].
Childhood infections peak at the start of the school year and decline in the summer
months [75]. Other examples of diseases which display periodicity in their transmission
include measles, chickenpox, mumps, rubella, poliomyelitis, diphtheria, pertussis, and in-
fluenza [70].

The contact rate, 3, is traditionally assumed to be a constant in epidemic models
[67,69,75,143], however, a more realistic formulation is to consider a time-varying contact
rate. There are two main approaches studied in the literature and we detail them here. The
first approach studied in the literature is to assume the contact rate is smoothly-varying:

B = B(t) = Bo(1 + ecos(2mt))

where By > 0 is the base average contact rate and ¢ > 0 captures seasonal variations
in the contact rate. There has been an extensive amount of work done in this area of
research. A pulse SIR model with sinusoidal forcing was considered by Shulgin et al.
in [169]. Yang and Xiao studied an HIV model with periodicity in [198]. In [12], Bacaér
and Souad analyzed a seasonal model of cutaneous leishmaniasis. A pulse control model
with seasonality was investigated in [74] by Jin et al. In [131] Ma and Ma studied a
seasonally forced SEIR model (susceptible, exposed, infected, recovered). Other examples
can be seen in [11-13,54,55,75,104,107, 144,160, 169, 198|.
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There have been cases where the transmission data is more accurately reflected in a
term-time forcing model approach, where the contact rate changes abruptly in time [44].
For example [44]:

B=B(t) = Bo(1 + &)™

where

+1 during school terms

Term(t) = ‘ &

—1 during school breaks.
This modelling approach was first considered by Schenzle in [163] and has since been
studied in, for example, [44,76,113,114,117,120]. Analytic methods for analyzing time-
dependent contact rates are currently lacking, and, since relatively small variations in
the contact rate can result in large amplitude fluctuations in a disease’s incidence, this
phenomenon warrants more attention [75]. This naturally leads to a switched systems
modelling approach where the contact rate is a switching parameter:

B = Bi,, t € [th1,tk)

where the index iy, follows a switching rule o : [tx_1,tx) — {1,2,...,m} for k € N to model
a piecewise-constant contact rate taking on values in the set {5, 2, ..., Bm} where each
B; > 0. The epidemic model becomes a switched system with switching times t; which
satisfy to = 0 < t; <ty < ... < tp_1 < tp < ... with t; — oo as k — oco. Under this
construction, § = f3;, on the interval [t;_1,t;) and at the switch time t; the contact rate
changes to 3;, . This direction of research was analyzed in [113] where we studied the
application of control schemes to the switched SIR model given by

[=3,ST—gl —ul, (6.3)
R =gl — uR,

for t € [tx_1,tx). We applied both time-constant and pulse control strategies and gave
threshold criteria for the long-term behaviour of the solution. In the report [120], we ana-
lyzed a switched SIS model whereby individuals who recover from the disease immediately
become susceptible again (which is reasonable for many diseases that are not lethal and
have low death rates such as the common cold and water pox [201]). For background on
SIS modelling efforts, see [37,98,201]. The switched SIS model was given by

i (6.4)
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where i, € {1,...,m} follows a switching rule so that 3, , ¢;,, and p;, are all switching
parameters. We extended the model by considering media coverage and the pattern of
daily encounters in a local community. Vaccination strategies with waning immunity were
considered as well as vertical transmission of the disease. For other examples of epidemic
models with term-time forcing modelled by switching, see [115] where we analyzed an
SIR epidemic model with general nonlinear incidence rate and seasonality, [114] where we
considered the application of control schemes to an SIR with a term-time forced contact rate
and stochasticity, and [117] where we investigated a multi-city SIR model with transported-
related infections and abruptly-changing model parameters.

6.2 A Case Study: Application of Control Strategies
to a Seasonal Model of Chikungunya Disease

In this section we analyze a new model of the vector-borne disease Chikungunya by con-
sidering time-varying switching parameters. In particular, the birth rate of the mosquito
population varies between rainy season and dry season, and the contact rate between
mosquito and human changes in time. Mechanical control of breeding sites and reduced
contact rate strategies are studied. The material in this section formed the basis for [118].

The Chikungunya virus is a vector-borne viral disease which is transmitted primarily
by mosquitoes of the Aedes genus: Aedes aegypti and Aedes albopictus [141,155]. A
Chikungunya infection is an acute illness generally described by the sudden onset of fever
and incapacitating arthralgia (non-inflammatory joint pain), often accompanied by muscle
pain, rash, and a headache (less frequent symptoms include nausea and vomiting) [155,158].
The first isolated cases of Chikungunya virus occurred in 1953 in Tanzania [158]. In the
past decade, a series of outbreaks have occurred over a geographic area including African
islands in the Indian Ocean and the Indian subcontinent: the first outbreak occurred
in 2004 in Kenya, followed by outbreaks on the Comoros Islands in early 2005 and in
India in 2005-06 where the World Health Organization reported an estimated 1.3 million
cases [29,155,158,159].

A confirmed case of Chikungunya virus was reported in Reunion Island (a French island
located east of Madagascar) on April 29, 2005, imported from Grande-Comore. This led
to an outbreak of Chikungunya virus on Reunion Island in 2005 and 2006, which consisted
of two epidemic waves: the first wave occurred in May 2005 with 450 reported cases.
The second wave began in December 2005 and was much larger, peaking in January and
February 2006 with more than 47,000 estimated cases [158]. In total, there were about
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244,000 estimated cases during the outbreak [140, 158], which is approximately one third
of the island’s population [41]. The main focus of this section is studying the outbreak on
Reunion Island.

The spread of Chikungunya is influenced by a number of factors such as the behaviour of
the human and mosquito populations, as well as the environment in which it spreads [140].
Seasonal fluctuations in the environment play a crucial role in the spread of vector-borne
diseases. For example, the transmission of Dengue (transmitted by Aedes aegypti) is high
when the temperature is high, during wet and humid periods, while the transmission is low
when the temperature is low [158,195]. On Reunion Island, the 2005 outbreak appeared
between March and June, which corresponds to the beginning of the winter season and end
of the hot season (when the mosquito population is at a maximum) [42]. Another factor
that played an important role in the outbreaks on Reunion Island is that two strains of
the virus appeared [41]: the first strain was isolated in May 2005 during the first outbreak
while the second strain, isolated in November 2005, had a higher rate of transmission from
human to mosquito. It was shown that the probability of a mosquito contracting the
infection by biting an infected human increased from 37% for the first strain to 95% for
the second strain [41].

Currently the main strategies for preventing Chikungunya outbreaks involve the in-
terruption of contact between humans and vectors (such as individual protection against
mosquito bites) or the control of the mosquito population [141]. Measures to control the
Aedes albopictus vector population were used on Reunion Island when the DRASS (an
agency of the French government for disease prevention and vector control) conducted sev-
eral interventions [41]: massive spraying of Deltamethrin (a chemical adulticide); localized
treatment of a chemical larvicide BTT (Bacillus thuringensis israelensis); and the mechan-
ical destruction of breeding sites by eliminating standing water in rain gutters, buckets,
plastic covers, tires, tree holes, or any other potential breeding site for mosquitoes. In [41],
Dumont and Chiroleu noted that larvicide treatments do not have a relatively large impact
on a Chikungunya epidemic, compared to adulticide. The authors gave a potential explana-
tion that this may be because only breeding sites are treated with the larvicide, which can
be very localized. The use of adulticides can cause harm to the environment [41, 141, 158]
and in some areas Aedes have rapidly developed resistances to adulticides (for example up
to 60% resistances for Deltamethrin) [141]. Mechanical control requires the cooperation
of the local population but is sustainable, relatively cheap, and can be effective depend-
ing on the duration and time of initiation [41]. Recently, a new technique called sterile
insect technique has been proposed and studied where sterile male insects are periodically
released into the wild to control the vector population [40,43].

Motivated by the outbreaks in the last decade and since it is possible for Chikungunya
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virus to re-emerge after years or even decades of absence, there has been an increased inter-
est in studying Chikungunya [158]. Dumont et al. [42] were the first authors to analyze a
mathematical model based on the Chikungunya outbreak on Reunion Island. The authors
computed the basic reproduction number of the disease, proved a necessary condition for
eradication of the disease, and presented several simulations of the outbreak in different
cities on the island. Dumont and Chiroleu [41] were the first authors to consider vector
control for the outbreak on Reunion Island by analyzing and comparing the use of adul-
ticide, larvicide, and mechanical control. In [43], Dumont and Tchuenche analyzed the
use of sterile insects to help prevent the spread of Chikungunya disease by controlling the
vector population. More recently, Dufourd and Dumont [40] studied the effects of periodic
parameters on the temporal and spatio-temporal evolution of a vector population under the
sterile insect technique. In [140], Moulay et al. investigated a Chikungunya model for the
outbreak on Reunion Island with an embryonic, larvae, and adult stage for the vector popu-
lation. The authors proved stability using the theory of competitive systems and Lyapunov
function methods. Moulay et al. [141] studied optimal control of the Chikungunya disease
by considering vector control (using larvicide, larvivore fish, and water traps), reducing the
number of vector-host contacts, and treatment of individuals (such as by isolating infected
patients in hospitals). The authors Bowong et al. [25] investigated a multi-city model for
Chikungunya-like diseases where humans can travel between the cities.

In [9], Bacaér studied the Reunion Island outbreak by considering a periodic model
of Chikungunya disease and approximating the basic reproduction number numerically.
Bacaér noted that many Chikungunya models in the literature make the inappropriate as-
sumption that the vector population is constant in time, but seasonality plays an important
role in the spread of the disease [9]. From weather data on Reunion Island (e.g. see Figure
1 in [9]), rainfall and temperature both seem to achieve a maximum around February and
a minimum around July. Therefore, it is reasonable to suppose that there is a peak in the
vector population each year when rainfall is high [9]. Indeed, Dumont et al. [42] stated
that one improvement to their work would be to add weather parameters, such as humidity
and temperature. Dumont and Chiroleu [41] concluded that one possible improvement to
their model would be to consider periodicity in some of the parameters in the mosquito
population, due to changes in temperature and humidity. In [34], Delatte showed that the
survival rate of adult Aedes albopictus is inversely correlated to the temperature. Hence,
the vector is able to survive the dry season, which could be an explanation for why the
Chikungunya virus survived from June to October 2005 on Reunion Island [41].

The aim of the present section is to improve the analysis of the spread of Chikungunya
disease on Reunion Island by analyzing control schemes for a model of Chikungunya with
time-varying parameters. More specifically, the birth rate of the vector population is
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assumed to be a switching parameter (to model a time-varying birth rate from wet season
to dry season) and the transmission rate of the disease is assumed to change in time (due
to shifts in the contact rate between humans and mosquitoes throughout the year). The
possibility of a genetic mutation is also taken into account in the model as a switching
parameter. To the best of the author’s knowledge, there have been no studies in the
literature on the mathematical analysis of a Chikungunya model with switching parameters.
Mechanical control of breeding sites and a reduction of contact rates between humans and
mosquitoes are considered. Hence, the contributions of this section are to further extend
current knowledge on vector population control methods and human-mosquito interaction
interruption methods.

6.2.1 Compartmental Model for Human-Mosquito Interaction

First we construct a stage structured compartmental model to simulate the dynamics of
the vector population. In the case of Aedes albopictus, the vector stays in the area in
which it was born, given that it has suitable conditions to develop and survive (such as
blood and sugar meals), and has an expected adult life of about 10-11 days [41]. The life
cycle of a vector consists of four stages: the embryonic stage, larvae stage, pupae stage,
and adult stage. The first three stages require water while the final stage only requires
air [140]. Motivated by the model in [140], assume that the vector population is broken
into three distinct compartments: the embryonic stage, denoted by E, which consists of
eggs; the aquatic stage, denoted by (), which includes the larvae and pupae stages; and
the adult stage, denoted by A.

Remark 6.2.1. The main motivation for separating the embryonic stage from the aquatic
stage is because mechanical control of breeding sites is not successful in destroying eggs,
since they can cling to surfaces and are desiccation-resistant [140)].

Assume that the embryonic and aquatic life cycles of the vector population have a
limited carrying capacity (due to the constraints on water levels and nutrients). This was
first considered in [42] and also in [41,140]. Assume that the carrying capacity of the
habitat for the eggs is given by I'y > 0 and the carrying for the aquatic stages is given by
' > 0. Assume that the rate of transfer from embryonic stage to aquatic stage is 75 > 0
and the rate of transfer from aquatic stage to adult stage is 7 > 0. Assume that the
death rate of mosquitoes in the embryonic stage is dg > 0 and the death rate of aquatic
mosquitoes is dg > 0.

The authors Moulay et al. [140] noted that when considering a large mosquito pop-
ulation, it is reasonable to assume that the number of exposed vectors that are not yet
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infectious is a negligible part of the total population. Thus, consider two compartments
for the adult mosquito population: the susceptible vector population, denoted by Sy, for
adult mosquitoes that do not carry the virus but are able to contract the disease from
biting an infected human; and the infected vector population, denoted by I,;, for adult
mosquitoes that are infected with the virus and able to transmit it to healthy humans.
The total adult population is given by A = Sy, + I;. Assume that the death rate of
susceptible mosquitoes is given by dg > 0 and the death rate of infected mosquitoes is
given by d; > 0. The average lifespan of infected mosquitoes is approximately five days,
and, after contracting the disease, the vectors of Chikungunya remain infected until they
die [9,41]. Since the average lifespan of susceptible adult mosquitoes is approximately ten
days (detailed above), assume that 1/dg > 1/d; so that d; > dg.

The rainy season lasts from November until March on Reunion Island, during which the
climatic conditions lead to an increase in the number of breeding sites for Aedes albopic-
tus (and hence a larger population of susceptible mosquitoes). This leads to an increase
in the carrying capacity of the vector population [42]. In a study on the re-emergence
of Chikungunya virus in 2001-2003 in Indonesia, Laras et al. [86] noted a negligible vari-
ability in average monthly 24-hour maximum-minimum ambient temperatures but signif-
icant seasonal fluctuations in rainfall. In August 2001, there was an increase in rainfall
which corresponded to the beginning of an outbreak lasting from September to December
2001 [86]. The asian tiger mosquito’s life-span is also strongly related to the temperature
and humidity, which can vary greatly depending on the region [42].

Motivated by seasonal fluctuations in the vector population, consider a term-time
forced vector birth rate b;, on the interval [t;_;,t;), where £ = 1,2,..., and the in-
dex i, € {1,2,...,m} follows a switching rule o : [tx_1,t;) — P. That is, the birth
rate is a switching parameter that is piecewise constant and takes on values in the set
{b1,bs,...,by}. The parameter changes values at the switching times ¢, which depend on
changes from the rainy season to dry season and satisfy tp = 0 < t; < ... <t — o0 as
k — oo. Throughout this chapter it is assumed that the switching rule is well-posed, that
is, 0 € §. Then, for t € [ty_1, 1), the dynamics of the vector population can be modelled
as

(. E
I'g

O = e (1 - %) E — (g + dg)Q, (65)

| A =ngQ — drIy — dsSy.

In [41,42,140,141], the authors made the following assumptions: the average number
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of contacts per day resulting in infection in a mosquito is constant in time, given by ~v > 0.
The per capita incidence rate among mosquitoes is modelled by

Iy
" Nu
where Iy represents the infected human population (individuals who have been infected
with the disease and are able to transmit it to a mosquito if they are bitten), and Ny is the
total human population. This choice of incidence rate takes into account frequency of bites
and encounters between susceptible mosquitoes and infectious humans. Here we extend
this approach by considering an effective contact rate that may vary in time. Assume that
the contact rate sufficient for transmission of the disease from human to mosquito is equal
to y;, > 0 on the interval [tx_q,t), where k& = 1,2,..., and the index i, € {1,2,...,m}
follows the switching rule ¢. Under this assumption, the contact rate is modelled as a
term-time forced parameter.

As discussed above, a genetic mutation in the Chikungunya virus on Reunion Island
resulted in a reduction in the extrinsic incubation period in Aedes albopictus to two days
(from seven to twelve days) [41]. Further, the genetic mutation also affected the death rate
of infected mosquitoes, as well as the transmission probability from human to mosquito [41].
This genetic mutation was first studied in the papers [41,42]. Motivated by this, consider
a mutation parameter that switches in time, ¢;,, to reflect a possible genetic mutation in
the virus causing a shift in the transmission rate. Then the adult vector population can
be modelled as follows, for t € [tx_1, %),

Sulp

S = 1gQ — 5¢k%'kN— — dsSwm,
S 7 H (6.6)
Iy = 5%%,@% —drly.
"

Next we consider the life cycle of the human population. Since vertical transmission
of Chikungunya did not play a key role in the spread of the virus in Reunion Island [41],
assume that all humans are born into the susceptible class, denoted by Sg. After a period
of four to seven days, a human infected with the disease is able to transmit it to vectors
[140]. By April 2006, 203 death certificates mentioned the Chikungunya infection as the
direct or indirect cause of death, which means the overall mortality rate associated with
Chikungunya virus in humans was approximately 0.3/1,000 persons [158]. Hence, assume
that the disease-induced mortality rate in humans is negligible.

Since most patients infected with Chikungunya recover quickly without any long-lasting
chronic effects and acquire immunity against the virus [158], assume that once a human
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recovers from the disease, they move to the recovered class, denoted by Rpy. Assume
that humans who contract the disease recover naturally at a rate g > 0. Assume that
the contact rate sufficient for transmission to a human is equal to /3;, > 0 on the interval
[tr_1,t) where the index i), € {1,2,...,m} also follows the switching rule o. The mosquito
and human populations are governed by the switched equations, for t € [t;_1,t1):

Suly

SH = uNg — @kN— — puSm,
H
. Syl
Iy = 5@% — (9 + )1, (6.7)
H

Ry = gly — pRy,
where Ny = Sy + Iy + Ry is constant in time.

Remark 6.2.2. In the above formulation, the incidence rate is given by B;, Syl /Ny which
is the switching form of the incidence rate BSyly /Ny used in [41,42]. In [140, 141], the
authors strayed from this incidence rate, instead opting for an incidence rate of the form
BSuln /A which takes into account the vector dynamics with non-constant population size
and a contact rate dependent on the size of the vector population [140].

Before combining the equations to form the full Chikungunya model, first normalize
equations (6.6) and (6.7) using Sy = Sy /A Iyy = Iy /A, Sy = Sy /Ny, Iy = Iy/Ny,
Ry = Ry /Npy. Observe that

="
1 1

— —dily| = — —dily —d M
I M:| A [UQQ 12y SSM] 12

= (Szk’VZkS'MjH - d]jM — UQ%IM + d[j]2\/[ + dngjM,

= 03 Yin I — 0i, Vi Ina Lo — UQ%[_M —drly + di Ly + dsIy — dsIyy,

e (77@% + 5ik%kf_H) Ing + i, vi I + (ds — dp) Iy + (dr — ds) I3y,
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where the fact that Sy, + I); = 1 has been used. Similarly,

Smln 1 Sm

Sar = [WQQ i Yir v N, dSSM:| 1~ Q@ — drlv — dsSul—5 vk

= 7762% - 5zk71k5MjH - ngM - UQ%SM + dsS’% + d]S’MI_M,

ZHQ%IM 51/9'7%( _TM)TH_ngM+dS»§§4+d]SM(1 —SM),

= (77@% + 5ik’Yz'k[H> Iy — 5ik’Yik1:H + (d; — dS)gM + (ds — d1>'§%4-

Since Ny = 0, the equations for Sy, Iy, Ry are straightforward to calculate. After
dropping the bars, the dynamics of the full Chikungunya model is given by, for t € [t;_1, t1):

- E
E=b, (1__)A_(77E+dE)Ea

'
) 6.8
0= (1- L) B o +do)e (65
L A = T]QQ — d[.[MA — dSSMAa

Su = <77Q% + 5z'k%'ka) Ine = 0 i I + (dr = ds)(1 = Su)Sw,

. S T A 6.8b

SHIM—M;V—M—MSH, o
H

S ] A
5% H_M <g+N)IH7
\ RH :g[H _MRH

where the initial conditions are nonnegative and are given by E(0) = Ey, Q(0) = Qo,
A(0) = Ao, Su(0) = Suo, Iu(0) = Ino, Ru(0) = Ruo, Sm(0) = Sno, and I1(0) = Inspo,
such that Sy + Ino = 1 and Sy + Igo + Rro = 1. See Figure 6.2 for the flow of the
model. The physical domain is given by

Qchlku:{(E7Q7A7SM7[M7SH7IH7RH)€R§-’ OS EgrE’; OSQSFQ7

OSASn Q7 Su+Iy=1, Sy+1Ig+ Ry = Ny}

S
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Figure 6.2: Flow diagram of model (6.8b) which shows the interaction between humans
and mosquitoes. The red lines represent new infections.

Remark 6.2.3. The domain Qcpiry 1S the region of biological interest. It is possible to
show that if

(Eo, Qo, Ao, Snos Inios Suo, Lo, Ruo) € Qchiku

then the solution remains in Qcpigu. For example, see [140] where the non-switched model
is studied. In fact, if the initial conditions are nonnegative and

(E07 QO? A07 SM07 IMO; SH07 IHO? RHO) ¢ QChiku

then solutions eventually enter and remain in 2 cpigy-

Remark 6.2.4. In equation (6.8), the spread of the Chikungunya virus is modelled by
considering the interaction between the human and mosquito population. The main focus
of the rest of the present section is studying the efficacy of different control strategies when
applied to model (6.8). In Section 6.3, we will investigate the spread of a vector-borne
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disease (such as Chikungunya) by analyzing a switched epidemic model with distributed
delays that only considers the dynamics of the human population. This will be possible
because the human and mosquito populations evolve on two different time scales. The
motivation for studying both approaches (non-delay in the present section and delay in
the next section) is to properly frame the problem by building an intuition of both models’
underlying dynamics and to be able to see the differences between the two modelling methods.

6.2.2 Mechanical Destruction of Breeding Sites

The first control scheme considered is mechanical control of the mosquito breeding sites,
which, as discussed at the beginning of Section 6.2, is a powerful tool to prevent the
spread of Chikungunya. The main vector of Chikungunya, Aedes albopictus, is a container-
inhabiting species that lays its eggs in any water-containing receptacle in urban, suburban,
forest or rural area [140]. The development of immature Aedes albopictus depends vitally
on the availability of water, as the mosquitoes rely on rainfall to raise water levels in con-
tainers so that the eggs may hatch [140]. Further, an increase in larval density or decrease
in food or water can lead to a reduced number of adult mosquitoes [140]. Mechanical con-
trol consists of destruction of the breeding sites, and therefore, a reduction in the carrying
capacity of the aquatic population. For example, it is recommended for people to check
around their houses after a rainfall to clean or empty water containers where mosquitoes
could lay eggs [141]. Assume in the model that the carrying capacity of the aquatic stage
(larvae plus pupae) of the mosquito population is reduced to al'g, where 0 < a < 1. Apply
this mechanical control to model (6.8) to get, for t € [tr_1, k),

( . E

'
. Q 6.9
anE(l—— E — (1o + dg)Q. (6.92)
OéFQ
| A =10Q — diIy A — dsSy A,
(. Syl A
Su = | — ﬁik% — 1S,
. Syl A
Iy =5 — (g + )1y,
H /Bk Ny (9 M) H (6.9b)

Ry = gly — pRy,

Iy = — (77@% + 6 Vi I + (ds — dp)(1 — ]M)) Ing + 63 Vi L
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The equation for Sy, is omitted since Sy, + Ipy = 1. The initial conditions are given by
E(0) = Ey, Q0) = Qo, A(0) = Ay, Su(0) = Sno, Iu(0) = Ino, Ru(0) = Rpo, and
I (0) = Ipo. The physical domain is given by

Qmechanical = {(E7 Q7A7[M73H7[H7RH)€R1| 0< E < FEa 0< Q < CYFQ,

r
0<A< =L 0< Iy <1, Sy+ Ly + R = Nu}.
S
In order to analyze the long-term behaviour of model (6.9), we first focus on the dy-
namics of the vector population given by equation (6.9a). System (6.9a) has a common
equilibrium (F, @, A) = (0,0,0), which is the mosquito-free equilibrium. Each subsystem
i =1,1=1,2,...,m, also has an endemic equilibrium

(E,Q,A) = (E;,Q: A%):(l_l) (F_E@ ”ﬁ@)

r; vi ki dr Ky
where .
i ne  7Q
- e 6.10
e +degng +dg dr (6.10)
and dp)d;T dp)T
Vi:1+(nE+ E)IE, ,%:1+M_
bingal'q binpal'g

Note that because of the switching it may be possible that the solution trajectory of the
system moves between the endemic equilibria and does not converge to a particular one.
In order to study the long-term dynamics of (6.9a), define the minimum and maximum
vector birth rates as

bmas = _max bi,  bmin = r{lin b;.

Define the minimum and maximum endemic equilibria

Epe = max E, E,;,= min E
i=1,..., m i=1,....m

and define Q,,0z, Qmin, Amaz, and A,,;, similarly.
Proposition 6.2.1. If 7 > 1, where

F bimin e 1Q (6.11)

77E+dE77Q+de_I’

then the solution of (6.9a) converges to the set

Amechcmical :{(E7 QJ A) ERi‘ Emm S E S Emax; Qmm S Q S Qmamp
Amm S A S Amax}- (612)
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Proof. Note that

. E
I'g
A Z T]QQ - d]IMA - d[SMA == T]QQ - d]A

Consider the comparison system

( x
T = byin, <1 — —> z—(ng +dg)z,
I'e

. y
y =g (1 - %) x = (nq + do)y, (6.13)

'é = nQy - dIZ7
L 2(0) = By, y(0) =Qo, =2(0)= Ay

Since 7 > 1 then (6.13) converges to (Emin, Qmin, Amin) by Proposition 4.7 in [140]. Note
that bmm(l—i>220for0§x§FE and z > 0, nE<1—%)x20for0§y§FQ

I'e
and x > 0, and 7oy > 0 for y > 0. Then by the comparison theorem (see [84]) there exists
t* > 0 such that £ > F,;, — €, Q > Quin — € and A > A, — € for t > t*. Similarly,

. E
E <b,u <1 — —) A—(ng+dp)E,
I'g

A <noQ — dsIyA — dsSyA = noQ — dsA.

Consider the comparison system

( z
T bmaw (1 - _) &= (nE + dE)xa
I'p
. Y
Y =1E (1 - r_) x — (ng + dq)y. (6.14)
Q
zZ= T]Qy - dSZ,

\ $(0> = Eo, y(O) = QQ, Z(O) = AO-
Note that 7 > 1 implies that r; > 1 for each ¢ € P, so that

bmax nNEg 77_Q > 1
ne +deng +dq dr
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and (6.14) converges to (Emaz, Qmazs Amaz) by Proposition 4.7 in [140]. Hence, there exists
t > 0such that £ < Eppn+ €, Q < Quas+ € and A < A,n + € for t > £. Thus, for
t > max{t*,t}, Epin—€ < E < Erge+ €, Quuin — € < Q < Quag + € and Ay, —e < A<
Apnaz + €. Tt is clear that the solution of system (6.9a) converges to the set A,echanicar- O

Remark 6.2.5. In the special case that b, = b, dg = df = d, system (6.9a) has two
equilibria: the mosquito-free equilibrium (E,Q, A) = (0,0,0), and the endemic equilibrium,

(B,Q.A) = (E*,Q", A%) = (1 _ 1) (F_E@ ’7_@) (6.15)

v Kk d

,
where 14T PR
V:1+(77EvL E)IEJ F&:1+(77Q+ olo

bngal'g bnpal' g

and the basic offspring number is defined as

po b me e

nNe + d 77Q + d d ’

which represents the average number of offspring per mosquito during an average lifetime.

In [140], the authors showed that if r < 1 then (0,0,0) is globally asymptotically stable in

the meaningful domain while if r > 1 then (E*,Q*, A*) is globally asymptotically stable.

Hence, the approximation 7 represents a lower bound for the average number of offspring
from each mosquito when the mosquito birth rate is time-varying.

(6.16)

Next we shift our focus to the long-term dynamics of the human population. Observe
that (Sg, Iy, Ry, Iy) = (1,0,0,0) is a solution to the differential equations for Sy, Iy,
Ry, and I/ in (6.9a). Motivated by this, define the set

\I/mechanical - {(E7 Qa A7 IM; SH7 IH7 RH) ER7+| <E7 Qa A) € Amechcmical)
Sy =1, Iy =0, Ry =0, Iy = 0}. (6.17)

For epidemic models of vector-borne diseases, the basic reproduction number R is
defined as the average number of secondary cases produced by one primary infectious
case by the vectors in a wholly susceptible population. For periodic models, the rate of
infection changes based on the time of year and Ry can be interpreted as an asymptotic per
generation growth rate of the epidemic model linearized about the disease-free equilibrium
[10]. Depending on the model, the basic reproduction number can be given explicitly in
terms of model parameters. However, since (6.9) has time-varying parameters and multiple
infected compartments, the basic reproduction number can only be implicitly defined as
the spectral radius of a next generation integral operator [11,12]. For background literature
on the basic reproduction number of epidemic models with periodicity, see [12,188].
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Remark 6.2.6. When the model parameters in (6.9) are constant in time (b;,, = b, v, =7,
Bi, = B), there is no mutation factor (6;, = 1) and the death rates of susceptible and infected
mosquitoes are equal (dg = d; = d) the basic reproduction number of the disease can be
given explicitly in terms of the model parameters [1/1]:

A*
Rgzil
g+ pdNy

(6.18)

where A* is given in equation (6.15). The physical interpretation is as follows [{1,42]: the
fraction

5
Ryg = ——
g+ p
represents the rate of spread from mosquito to humans, while
v A
Ruv = =
HM = Ny

represents the rate of spread from humans to mosquitoes. Hence the basic reproduction
number of the overall system is RE = Ryp X Rum. Since 0 = noQ* — dA*, we can
re-write R3 as

By A By (A

R = . = .
" g+ung% Nu  g+pngQ Ny

Motivated by Remark 6.2.6, consider system (6.9) and the following approximate basic
reproduction numbers for each subsystem

752 _ 5@5172 A%naz
" ong(g + 1) QminNE

for + = 1,...,m. There are several possibilities to control the disease: for example, it
is possible to focus on controlling the mosquito population (e.g. sterile insect technique,
larvicide, or adulticide to reduce 7, mechanical destruction to reduce ﬁf), or it is possible
to control the human-mosquito interaction (e.g. reduced contact rates, which is studied in
the next section).

(6.19)

In order to develop verifiable threshold conditions guaranteeing disease eradication
under mechanical destruction, we remind the reader of some dwell-time switching notions.
Let T;(0,t) denote the total activation time of the i subsystem during the interval [0, ¢].
Define the sets

ﬁs:{ieP:%ﬁHéi%a}
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and

Q min

Pu={icP: 77?4 R2 4 6 > 1)

max

Let T7(0,t) and T(0,t) be the total time such that o(t) € P, and o(t) € P, on the
interval [0, t], respectively. We are now in a position to prove the first eradication result.

Theorem 6.2.2. Assume that there exists a constant ¢ > 0 such that T+(0,t) < ¢T~(0,t)
for allt > 0. Assume that ¥ > 1 and

g\t — )\ <0, (6.20)
where _
N = RS {”QQ R+ 6y — 1], (6.21)
QRZ (]_ + nQQ"”” ) Amaw
¢ 'L'YzAmaz
AT =min, 5 |[\| and AT = max, 5 Ai. Then the solution of system (6.9) converges to the

set Vo echanical @Nd hence the disease is eradicated.

Proof. Consider the set of Lyapunov functions V; = a;Iy; + b; g for i € P where

a; =

) i — 1Q .
2 (5171 + nQ szn) A%nam 2/81/

mu.z

Take the time-derivative of the i* Lyapunov function along system (6.9) for i;, = i,

Vi =a {— <77Q% + 52%111) Ing + vl + (ds — dp) I + (dr — ds) I3,

Iy SyA
Ny

+b; {51' — (g+u)IH} .

Since 7 > 1, for any € > 0 there exists a t* > 0 such that £ > E,;, — €, QQ > Qin — € and
A< A, .+efort>t". Also, since d;f > dg and 0 < Iy <1,

(ds — dp) Iy + (df — ds) I3y < (ds — dp) Iy + (dy — ds) I = 0.
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Then

. Qmm_
: | — Oivile) g + 0;7vi 1
Vi <a;[—(ng <Amm+€) + 0vilmg) I Vil i)
Ama$+€
+b; [ﬁz‘IMSH (N—) — (g +/~L)IH] )
H

Qmm_
— a; 1 0 (1 — Ipp) I
aan(AmaI+E M+ aibvi(1 — D) In

AmaI —"_ E
+ 0:BilnSH (N—> —bi(p+ g) 1w,
H

QuinNir (1+R2\ g+ p
= |a;0;vi(1 — Ip) — Mo A2 2 Bi

maxr

Iy

+

min 1 + ﬁ? min — € S
@ ( > Su — a;ing (Q—) + biﬁiN_flel Iy

e Ama:r 2 Amaz + €
Note that
- = S fi(e)]
Ama:r —"_ € Amax 1 —"_ A"LtLL Amaz [ 1( )]
where .
file) = %
1 + A’IYI(LT
Hence,
min — € Qmm €
—1Q <—§ +€) =—ney [+ Al +ne—
Qmm Qmm € Ulels
+ )
/,7Q Amax —"_ nQ Amaz Amax Amax
len Qmm
where

f2(€) - ( Tlnaav Qi@m)
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Thus

vV <
N © A2ma:r /82 6171 2

Qi{?maﬂj ( 2 ) SH a/l/nQ gmam _'_ all??Q imazfé(E) + Ni 6] IM’

1 [(1+7R2

i

1 + ’ﬁ,g biBiAmaa:
( 5 > Su —a; + a;fa(e) + —UQQminNHE n

L +1
a;,— = | =
2 R?

1 75,2 bz z‘Am(w
( + Z>_ai+aif2<€)+ B €

ai(1 —Iy) — OrmindVi (11 19) < >] 0ivilm

+ (7

Q min
© Amaz

[Ma

+

< 0ivilu

Q min

I
e Amax M

+

2 nQQmmNH
:)\z<IM + IH) + G,(E)IM

where

Gile) = ama 7 | fle) + ]

max

Define
1

min{ay, as, ..., an,b1,ba, ..., 0n}

CcC =
Then,

1d d

< (/\i + Gi(€))(Im + IH)- (6.22)

Let N > 1 be the smallest integer such that ¢t_; > t*, then for t€[ty_1,tn),

I (t) + In(t) <c(lu(tv-1) + I (tn-1)) exp [(Aiy + Giy(€))(E — tn-1)]-
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For t e [tN, tN-l—l)a
In(t) + Tn(t) <c(Tu(tn) + In(tw)) exp [(Nigyy + Gy (€))(t = tw)]
<c(Iu(ty-1) + In(tn-1)) exp[(Aiy + Giy(€))(tn — tn-1)
+ (AiN-ﬁ-l + GiN+1 (6))(t - tN)]?

Since 0 S IM S land 0 S ]H S NH, 0 S IH(tN_l) —|—IM(tN_1) S M where M =1 —|—NH.
Then, considering a general time interval ¢t € [ty_14,tn+5), J = 1,2,...,

I(t) + (1) <eM exp [Z(A + G () (st — tN_m)] x

=1
eXp[(AiN-‘-j + GiN+j (6))(t - tN—l-i-j)]'
Thus,

Iy (t) + In(t) <cM exp i()‘i + Gi(e))Ti(tN,t)] :

L =1

=cM exp Z()\z + Gl<€>>ﬂ(t]\/, t) + Z()\l + Gl(G))TKtN,t)] s

and so,

In(t) + In(t) <cMexp | > (=A™ + Gi(e))Tiltn, 1) + > (AT + Gi(ﬁ))Ti(tN,t)] ;

| icPs i€Py

=cM exp AT (tN7 t) + )‘+T+ (tNa t) + Z Gz(e)irl(tNa t)] ’
=1

<eMexp [=A"T ™ (ty, 1) + gA T (tn, 1) + €Grmaa(t — Ty)]
=cMexp [(=A7 + AT (tw, 1) + €Gran(t — Tw)]

where

Gmam = max ain (A -+ + B ) .

i=1,2,...,m maz maz Qmm Nu
Then, since t —ty =T (tn,t) + TH(tn,t) < (1 + )T (tn, 1),

I (t) + Ing(t) <cM exp {(—)\‘ + g\t (tl_;;v) + €Grmas(t — TN)] ,

=cM exp [(—)\_ + g\ + €Gran(1 +q)) (t1_+t;\[>} .
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The condition —A~ + g\™ < 0 implies the existence of a positive constant y such that
—A7 + g\t < —x. Choose 0 <€ < %m, then =A™ + gA* 4 €Gaa(1 +¢) < 3 <0
and it follows that Iy and Ip; converge to zero. Then from the reduced system with
Iy = Iy =0, it is clear that Ry converges to zero and Sy = 1 — Iy — Ry implies that Sy

converges to one. Therefore the solution converges to the set ¥, ,cchanicai- O

Remark 6.2.7. From the definitions of X™ and \™, it is apparent that the set P, repre-
sents the set of contact rates such that the disease may be spreading (unstable subsystems)
while the set 753 represents subsystems where the disease is being eradicated (stable subsys-
tems). The condition TT(0,t) < ¢qT~(0,t) gives a relationship between the time spent in
the unstable subsystems versus the stable subsystems and ensures it is such that overall the
disease is dying out. Note that the threshold condition (6.20) depends on the mechanical
destruction rate o via Apez, Qmin, and ﬁf

Remark 6.2.8. The approximate basic reproduction numbers for each subsystem, ﬁf, are
analytic approzimations to R2 in equation (6.18) (rather than a numerical approzimation,
for example see [9]). Note that the approximations are overestimates since

Ry < max ﬁf

1=1,....m

Motivated by seasonal fluctuations in the vector population, consider a switching rule
that satisfies ¢y, — t5_1 = 7 such that 74, = 7. Assume that b;,, = by, 8;, = Bk, 0i, = Ok,

and Yi, = Yk O [tk—17tk)~ Suppose that bk = bk+m7 6k = ﬁ]ﬁ.m, (Sk = 5k+m7 and Y& = Vk+m-
Denote w = 7 + ...+ 7,, to be one period of the switching rule. Denote the set of periodic
switching rules by Speriodic-

Theorem 6.2.3. Assume that 0 € Speriodic, T > 1, and
Amecham’cal = Z )\iTi <0 (623>
i=1
where \; is given in equation (6.21). Then the solution of system (6.9) converges to the

set W echanical @Nd hence the disease is eradicated.

Proof. Begin from equation (6.22) and let N > 1 be the smallest integer such that ty_; > t*
and mod(N, m) = 0. Then, similarly to the proof of Theorem 6.2.2, it is true that

IH(tN,1 + w) + IM<tN,1 + w) §C<IH(tN—1) + IM(tN—l)) exp [Zm:()\z + Gz<€>>7—@] .

=1
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By equation (6.23) and since G;(¢) — 0 as € — 0, it is possible to choose € > 0 sufficiently
small so that

<X

exp [Z(AZ- +Gile)r

=1

for some constant 0 < y < 1. Since 0 < [y < 1 and 0 < Iy < Ny, it follows that
0<Ip(ty_1)+ Iy(ty—1) < M where M =1+ Ny. Hence

0<Iy(ty_1+w)+ Iy(ty_1+w) <cMy.

Similarly,
0 < IH(tN_l + Qw) + IM(tN_1 + 2w) < CMXQ.

In general,
T (ty—1 + hw) + Iy (tn—1 + hw) < eMy",

and so the sequence {Ig(ty_1 + hw) + Inf(tn—1 + hw)}72, converges to zero. Since the
solutions do not blow up on any interval of the form [t;_1,%;), it follows that Iy and Iy,
converge to zero. From the reduced system with Iy = Iy = 0, it is clear that the solution
converges to the set V,,cchanical- O

6.2.3 Public Campaign for Reduction in Contact Rate Patterns

As discussed at the beginning of Section 6.2, another possible control effort involves inter-
rupting the interaction between humans and mosquitoes. Suppose that there is a public
health campaign to reduce the contact rate between humans and mosquitoes at certain key
times in the spread of the disease. This can be achieved by, for example, staying indoors
during peak mosquito hours, reducing skin exposure, and using mosquito nets. Assume
that the contact rates 3;, and +;, are reduced by a control factor 0 < ¢;, < 1 on the
interval [t;_1,t;). Under this construction, there is a term-time forced reduction in the
contact rates. Applying this to model (6.8) gives, for ¢t € [t;_1, 1),

( FE
E=b, (1 - E) A—(ng+dg)FE,

Q= (1 - 3) B~ (ng + dg)Q, (6:242)
o)

L A = HQQ — d[]MA - dsSMA,
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( SulyA

SH = p— 0y Bi, Ny — WS,
Iy = 6,8, 222 (g + p) I,

Ry = gly — pRy,

Iy = — (UQ% + 6,05, vi In + (ds — dy)(1 — IM)) Ing + 05,057 In-

where i € {1,2,...,m} follows a switching rule and the initial conditions are E(0) = Ey,
Q(0) = Qo, A(0) = Ao, Su(0) = Suo, Iu(0) = Ino, Ru(0) = Ruo, and I(0) = Iup.
The physical domain is given by Qcquced = Qcniku. System (6.24a) has the mosquito-free
equilibrium (F,Q, A) = (0,0,0) and m endemic equilibria

1\ (Te Tq nolq
E.Q A =(E,Q A)=(|1——)|—,—, —— 6.25
(£,Q.A) = (5.0 = (1- 1) (BE 1, R0 (6.25)
where 7; is given in equation (6.10) and

dg)d;T’ do)l’
(e +dg)dils Ri:1+(77Q+ Ql'e

v = 1 + 9
bingl'q binel'E

Define the minimum and maximum endemic equilibria

* . *
Eyew = max B, FE,,= min L,
= = m

1=1,....m i=1,...,

with Qumazs Qmins Amaz, and A, defined similarly. Then if 7 > 1, with 7 defined in (6.11),
it follows similarly to the proof of Proposition 6.2.1 that the solution of (6.24a) converges
to the set

A7’educed - {(Ea Q? A) ERE}H Emm S E S Ema:m Qmin S Q S Qmaza
Amm S A S Amax}‘ (626)

Remark 6.2.9. The values of Eraey Emin, Qmazy Qminy Amaz, and A, defined above are
different from those in Section 6.2.2 due to the fact that o = 1 here (since there is no
mechanical control applied in this scheme).

Define the following approximate basic reproduction numbers for each subsystem of
(6.24)

7/?\/2 _ 9226@5171 A%’nam (6 27)
" no(g+ 1) QuinNe' '
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for 7 € P. Define the sets

7/53 = {2 ceP: Mﬁ?—}—@léz% < 1}

maxr

and

R2 1+ 0,67 > 1},
Amam l+ ’y B }

ﬁu:{iEP:

Then the following result can be given.

Theorem 6.2.4. Assume that there exists a constant ¢ > 0 such that T+(0,t) < ¢T~(0,1)
for allt > 0. Assume that 7 > 1 and

G — A" <0, (6.28)
where R
1 7-\),2 1 min 45
N = R {"QQ RE+ 00,7 — 1], (6.29)
2R2 <1+ nQQ'm’m ) Amaz
¢ azgz'YzAmaz
AT =min, 5 || and AT = max, .5 Ai. Then the solution of system (6.24) converges to
the set

\I/reduced = {(E)QvAlea SH,IH,RH)ERZ_| (E7Q7A) S Areduce(b
Sy=1, Iy=0, Ry =0, I; = 0}. (6.30)

and hence the disease is eradicated.
Proof. Similar to the proof of Theorem 6.2.2. n

In the case that the reduced contact rate is periodic, that is, 6;, = 0y on [tx_1,t), and
0r = Ok1m, the threshold condition for eradication is found as follows.

Theorem 6.2.5. Assume that 0 € Speriodic, T > 1, and
Areduced - Z >\i7—i <0 (631)
i=1

where \; is given in equation (6.29). Then the solution of system (6.24) converges to the
set W edqucea and hence the disease is eradicated.

Proof. Similar to the proof of Theorem 6.2.3. m
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6.2.4 Control Strategy Efficacy Ratings

Here we compare and contrast the control strategies outlined above using a control efficacy

measure introduced in [41]: let

Fy = 1002,
0 o,
where C§, and CY are the cumulative number of infected humans with control and without
control, respectively. F{ measures the efficacy of the control scheme on suppressing the
total number of humans infected as it represents how many fewer humans would be infected
in an outbreak by using the particular control strategy. A low value of Fy represents a very
successful control method (with Fy = 0 being perfect suppression), while a high value of
Fy means the scheme is less successful (with Fjy = 100 being total failure of the scheme).

For the simulations, the initial time, ¢y = 0, is assumed to coincide with the beginning
of the dry season in March 2004 (approximately one year before the outbreak on Reunion
Island). For the initial conditions we consider Ey = ¢; X Ny, Qo = ¢ X Ny, Ag = ¢3 X Ny,
Suo = Ny, Syo = ¢o X Ng where Ny = 136000 is the population of the capital, Saint-
Denis. The parameters are chosen to be ¢; = 2 and ¢ = 5 (as in [41], we focus on the
outbreak in the capital).

Assume that the per capita number of eggs at each deposit (per day) is a switching
parameter modelled by the switching rule iy, = o € {1,2} where
1 if t€[365k,365(k + 5)), k=0,1,2,...
o= ittEl (F+ 13) (6.32)
2 ifte€[365(k + §5),365(k +1)).
Note that the switching rule is periodic with 7 = 5 x 365 (dry season), 7 = 3 x 365
(rainy season) and w = 365 (one period). That is, b = by, whenever 0 = 1 (dry season)
and b = b,4iny When o = 2 (rainy season). The entomological model parameters are given
in Table 6.2. The time-average of the dry season and rainy season eggs per day is given by
bary X T1 + brainy X T2 = b, hence the choice of by, and byginy-

Next we consider the epidemiological parameters of the models (see Table 6.3). Assume
that the contact rates § and ~ follow the seasonal switching rule (6.32). Note that £4., %
T1 + Brainy X T2 = B and Yary X T1 4 Vrainy X T2 = 7. As discussed earlier, the vector Aedes
albopictus is sensitive to weather conditions (for example, temperature and humidity).
Changes in seasonal weather patterns (such as dry season versus rainy season) also have
an effect on the behaviour of the human population (for example, individuals are more
active outside during the dry season in the late afternoon when Aedes albopictus is active,
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Parameter | Description Average value | Source

Ny total human population in Saint-Denis | 136000 [42]

b per capita number of eggs at each de- | 6 [41]
posit (per day)

bary per capita number of eggs at each de- | 3.27
posit (per day) in the dry season

brainy per capita number of eggs at each de- | 9.82
posit (per day) in the rainy season

Lo carrying capacity of aquatic mosquito | 2 X Ny [41]
population

I'g carrying  capacity of  embryonic | 2 X Ny
mosquito population

N0 rate of maturation from embryonic to | 0.1 [42]
aquatic (per day)

e rate of maturation from aquatic to | 0.1
adult (per day)

dg aquatic stage natural mortality rate | 0.25 [42]
(per day)

dp embryonic stage natural mortality rate | 0.25 [42]
(per day)

1/u natural lifespan of human (days) 78 x 365 [41]

Table 6.2: Entomological and human demographic parameters.

skin exposure is higher during the dry season versus the rainy season due to clothing).
Motivated by this, assume that Bgy > Braing and Yary > Vrainy to model a higher pattern
of average contacts during the dry season. We introduce the virus into the simulations
around March 2005 (which occurs at t = 365 in our simulations). Further, as mentioned
at the beginning of Section 6.2.1, there was a genetic mutation in the virus approximately
30 weeks after March 2005 (¢ = 575) which shifted ~ from 0.375 to about 0.95 [41]. Hence,
for the switching mutation parameter we assume that

5 1 ift < 575,
1253 ift>575.

Then 0;, Yary X T1 + 0i, Yraing X T2 = 0.375 for t < 575 and 9;, Vary X T1 + 0i, Yraing X T2 = 0.95
for t > 575. We are now in a position to numerically analyze each control scheme in detail.

(6.33)
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Parameter | Description Average value | Source

dg natural death rate of susceptible adult | 0.1 [41]
mosquitoes (per day)

d; natural death rate of infected adult | 0.2 [41]
mosquitoes (per day)

B contact rate resulting in human infec- | 0.375 [41]
tion (per day)

51 contact rate resulting in human infec- | 0.4737
tion in dry season (per day)

o) contact rate resulting in human infec- | 0.2368
tion in rainy season (per day)

v contact rate resulting in mosquito in- | 0.375 [41]
fection (per day)

" contact rate resulting in mosquito in- | 0.4737
fection in dry season (per day)

Y2 contact rate resulting in mosquito in- | 0.2368
fection in rainy season (per day)

g human natural recovery rate (per day) | 3 [41]

Table 6.3: Epidemiological parameters.

Assessment of Mechanical Destruction of Breeding Sites

Consider model (6.9) where mechanical destruction of breeding sites occurs from a public
campaign to clean, remove, and destroy water receptacles. As in [41] we consider starting
the scheme at different times, with respect to the timing of the outbreak, denoted by t., and
for different durations, denoted by h. We also consider adjusting the rate of destruction of
breeding sites by varying o.

Recall that the spread of the virus occurs around ¢t = 365 days and begin by considering
initiating the control scheme at ¢, = 250 and continuing it for a duration of A = 150 (until
t = 400). Consider a = 0.49, so that about half of the breeding sites are destroyed.
Note that 7 = 1.34 in this case which implies persistence of the mosquito population by
Proposition 6.2.1. After the genetic mutation and while the control scheme is being applied
the thresholds are given by R? = 3.94 (which corresponds to the dry season) and R3 = 2.50
(which corresponds to the rainy season). Then Apechanical = —78.54 and hence the disease
is eradicated by Theorem 6.2.3. See Figure 6.3 for a simulation of the model.
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Figure 6.3: Mechanical destruction model (6.9).

The outbreak on Reunion began with the first wave in May 2005, followed by a much
larger epidemic wave in January and February 2006. In their paper [41], Dumont and
Chiroleu simulated a two-wave outbreak, separated by approximately 40 weeks, with the
first wave being much smaller than the second wave. From Figure 6.4 it is apparent that
after an initial small outbreak, there is a much stronger epidemic wave that forms later on
(approximately 66 weeks later). The mechanical destruction, which decreases the number
of aquatic mosquitoes, seems to cause a reduction in the strength of the second epidemic
wave (peak value of approximately 5800, compared to about 13000 in the simulations
in [41]). Further, it seems to also cause a delay between the two epidemic waves.

Remark 6.2.10. In the modelling efforts here, we assumed that mechanical destruction
only affects the aquatic stage, QQ, and not the embryonic stage, E (see Remark 6.2.1). This
is reflected in the fact that the carrying capacity I'g is reduced to al'g while I'y remains
unaffected by the mechanical control. However, since the females lay eggs in the containers,
if the mechanical control for a particular container includes the actual destruction/removal
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Figure 6.4: Total number of infected humans in model (6.9) for various control rates a.

of the container, this would also reduce capacity of any eggs deposited, and hence affect I'g.
For example, in the paper [{1], the authors Dumont et al. only consider one compartment
for the aquatic/embryonic stage, and hence assume that mechanical control affects both
stages of life for the vector. This is also a possible explanation for the delay between the
epidemic waves mentioned above.

The relationship between the approximate basic reproduction numbers R2 and « can
be seen in Figure 6.5a. As expected, R2 > R2 for all values of a due to increased human-
mosquito contact during the dry season. To further investigate the eradication condition in
Theorem 6.2.3, consider Figure 6.5b, which illustrates the final size of the epidemic, Ig,asize,
and the cumulative number of infected humans under mechanical control, C¥, for varying
levels of Apechanical- It is apparent that the disease is eradicated whenever A echanical < 0,
however it also seems that the disease can still be eradicated when this condition does not
hold (hence Theorem 6.2.3 is sufficient but not necessary). As Apechanical decreases, the total
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number of infected humans also decreases and there is a transition around A echanical =~ 29
where the cumulative infected humans decreases sharply.

f . . . . . . . . -0.5— . . . . . .
01 02 03 04 05 06 07 08 09 1 -150 -100 -50 0 50 100 150

a Amech
(a) Values of R? (dry season) and R2 (rainy (b) Final number of infected humans and cu-
season) for varying values of a. mulative infected humans.

Figure 6.5: Mechanical destruction model (6.9).

The timing (t¢.), duration (h), and strength («) of the destruction effort play an impor-
tant role in the dynamics of the mosquito population (see Figure 6.6).

To illustrate the affects of adjusting the control parameters, we consider how they affect
the total number of infected humans by calculating the control efficacy number Fj. From
Figure 6.7, the importance of «, t., and h is apparent: if the duration is short, the scheme
is not effective regardless of the start time. If the scheme is initiated too early, the only
way the scheme is successful is if the duration is very long (h = 365). If the campaign is
sufficiently long (h = 150 or h = 365) and is started immediately before the first outbreak
(t. = 350) or soon after (t. = 400), then the control strategy is quite effective with Fy < 20
for mechanical destruction rates of a < 0.4. Note that there are sharp decreases in the
efficacy rate Fy at particular values of a for the above mentioned successful cases. This is
important from a cost-benefit perspective since decreasing « slightly can cause a significant
improvement in the efficacy rate.

Assessment of Reduced Contact Rates

Consider model (6.24) where the interaction between humans and mosquitoes is interrupted
for a period of time. Consider the following possibilities:
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Figure 6.6: Dynamics of the mosquito population for the mechanical destruction model
(6.9).

(i) different reduction values (varying 6;);

(i) different timings for commencement of the strategy (denoted by t.); and

(iii) different durations for the period of reduction (denoted by h).

We consider altering t. and h by assuming that ¢;, follows the switching rule o outlined
as

0,=1 ift<t.ort>t,
0;, ={ ' l . (6.34)

O, ift.<t<t.+h.
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Figure 6.7: The efficacy measure F{ for different values of the destruction rate a under the
mechanical destruction control strategy (6.9).

If 6 = 0.64 and if the genetic mutation has occurred then for the duration of the
control scheme, the thresholds can be calculated as R? = 3.47 and R3 = 2.20. Further,
Atedueea = —116.75 and hence the disease is eradicated by Theorem 6.2.5. See Figure 6.8
for simulations of the cumulative infected humans for different values of 0,.

To see how 05 affects the approximate basic reproduction numbers 7@27 see Figure 6.9a.
The final size of the epidemic, Ilgnaize, and the cumulative number of infected humans,
¢, for varying levels of Ajequcea under the reduced contact rates strategy with 6, = 0.64
can be seen in Figure 6.9b. It is apparent that the disease dies out when A cchanicar < 0,
but the condition is sufficient and not necessary. Further, as A echanical inCreases, the total
number of infected humans increases which is undesirable.
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Figure 6.8: Total infected humans under the reduced contact rate strategy (6.24).
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Figure 6.9: Reduced contact rate model (6.24).
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Unsurprisingly, the timing (¢.), duration (h), and strength (6;) play an important role
in the dynamics of the disease spreading (see Figure 6.10). If the reduced contact strategy
is initiated too early then the scheme is useless from an efficacy perspective unless the
duration is sufficiently long. In fact, if £. = 250 then only A = 90 is successful in controlling
the disease, which may be unrealistically long for such an intrusive strategy. If the start
time is after the outbreak, t. = 400, then no strategy can achieve an efficacy rate below 40,
but, importantly, the duration is not as vital. By far the most effective approach (Fy =~ 10)
is to initiate it immediately before the outbreak at t. = 350 and for a duration of 30 days
(60 and 90 achieve similar results). Unlike the mechanical destruction efficacy analysis,
there are no sharp decreases in Fy for small increases in the control rate, and so the best
approach from a cost-benefit point of view is not as obvious.

t =250 t =300
Cc Cc
1008 100
h=10 h=10
gol | = # =h=30 | 80| |= + =h=30
= © = h=60 - © = h=60 )
h=90 h=90 22
601 ] 60f
T e edf
sl ] sl o
20} 1 20 .MM
[
o ‘ ‘ ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1
6 6
2 2
t =350 t =400
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100F T T T T T T 100F T
{J s
80f £ 9 | 80f ¥
So ,#efp
« g -H"'#
60 * o 60} 2
* o
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g T2 df 1 40t
or | - © - h=60 #0# ) 0 h=10
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Figure 6.10: The efficacy measure Fj for the reduced contact rate scheme.
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6.2.5 Discussion

We are now in a position to make some observations and draw some conclusions regarding
the control strategies outlined above.

1.

Neither of the strategies result in a control efficacy greater than 100, which is expected
(neither of the schemes result in more total infections than no strategy being applied
at all).

. If either the mechanical destruction scheme or the reduced contact scheme are initi-

ated too early, then the other control parameters must be at the upper end of their
ranges to compensate. For example, the mechanical scheme requires h = 365 and
a < 0.2 to achieve Fy < 50 if t. = 250, which might not be realistic (a public cam-
paign of 80% breeding site destruction lasting a year). Similarly, the reduced contact
strategy would require h = 90 for this starting time, which might also be unrealistic
(three months of reducing human-mosquito interactions). If the durations are low,
the schemes seem to be totally ineffective when initiated early.

. If the mechanical destruction scheme is applied for a short duration (h = 10 or

h = 50), the scheme is not successful at all (Fy ~ 100) regardless of the destruction
rate «. However, if the reduced contact rate strategy has a short duration, the

scheme can still be effective if it is initiated near the epidemic outbreak (¢. = 350 or
t. = 400).

If contact rates are reduced before an outbreak (¢. = 350), excellent efficacy rates
can be achieved (such as Fy < 20) for reasonable control rates (such as 6y ~ 0.8).
Unfortunately, since this scheme’s initiation would most likely be in response to
an impending epidemic (and hence lag any outbreak in the mosquito population),
t. = 400 is more realistic. In this scenario some reasonable contact rate reduction
levels (e.g. 0 ~ 0.8) can lead to decent efficacy rates (Fy ~ 55) while only requiring
a duration of 30 days for the strategy.

. In general, the mechanical destruction strategy requires the control rate a to be

exceptionally low and the duration h to be large to achieve a desirable control efficacy
(e.g. Fy < 50). Although this seems quite undesirable, the comparatively low socio-
economic cost of this strategy when compared to reduced contact rates might make
up for this.

. The observation that the mechanical strategy seems to do well when initiated after

the outbreak (¢. = 400) if the duration is sufficiently long (h = 365) may be related to
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the delay in the epidemic peak mentioned earlier. This warrants further investigation
(possibly from an optimal control point of view).

7. None of the above analyses factor in the socio-economic cost of the control strategies.
For example, as briefly mentioned above, mechanical destruction of breeding sites can
be relatively cheap since it can be made up of a public-driven campaign. However,
the reduced contact rate strategy may be quite restrictive and intrusive to the daily
lives of the human population.

From these notes, it seems that the best course of action to combat future Chikungunya
outbreaks on Reunion Island or other similar regions is to commence public campaigns of
mechanical destruction of breeding sites in conjunction with a reduction in contact rate
strategy in response to an outbreak. Since mechanical destruction may be comparatively
cheap, the length and destruction rate should be made as high as realistically possible.
In addition, a reduced contact rate strategy should be commenced immediately after an
outbreak with a high reduction rate (low value of ) for a short duration (e.g. h = 10
days), followed by a period of longer duration with a lower reduction rate (higher value of

0,).

6.3 Vaccination Schemes for a Vector-borne Disease
Model with Incubation

The Chikungunya virus is usually transmitted by Aedes aegypti, however, in more recent
outbreaks it has been observed that the virus can also be transmitted by Aedes albopic-
tus, as was the case in the Reunion Island epidemic [141]. This is notable since Aedes
aegypti, which is also responsible for transmitting diseases such as Dengue, is a tropical
and subtropical species, but the Aedes albopictus has developed capabilities to adapt to
non-tropical regions in the last two decades and is now found in Southeast Asia, the Pa-
cific and Indian Ocean islands, Japan, China, and more recently in Europe, USA, and
Australia [41,140,141]. There was an outbreak recently in a region in Italy in 2007 [159],
an example of the possible globalization of Chikungunya virus in temperate regions. There
has been much focus in the literature on studying mathematical models for the spread of
vector-borne diseases such as Dengue (for example, [195,196]) and Chikungunya (see the
reports discussed in the previous section).

The focus of this section is on a general epidemic model for a disease which spreads
by vectors and displays a finite incubation time before becoming infectious (e.g. see
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[21-23, 30, 53, 132, 135, 176]). Two important complications to the aforementioned mod-
elling efforts are considered here: the first is the addition of seasonal effects to the model
by considering model parameters that experience abrupt changes in time. The second
complication we consider is the application of vaccination control strategies to suppress or
eradicate the disease. Specifically, we analyze three control schemes: cohort immunization,
time-dependent pulse vaccination, and state-dependent pulse vaccination. The first strat-
egy entails a vaccination effort of susceptible individuals that is switching in time, while
the second and third strategies involve vaccinating a significant fraction of the susceptible
population in a short period of time. The pulse vaccination schemes considered have im-
pulsive vaccination campaigns occurring at pre-specified times (time-dependent) or when
the susceptible population reaches a critical threshold (state-dependent).

There have been numerous studies on time-constant control schemes (such as cohort
immunization) in the epidemic literature, for example see [5, 75,108, 123, 125] and the
references therein. Time-dependent pulse vaccination, which has gained prominence in
recent years for achieving disease eradication at lower vaccination levels than conventional
time-constant control [1], was first proposed and studied mathematically by Shulgin et al.
in [1]. Since then this approach has been further developed for many different types of
models, for example, in [37,51,52,137,150,169,170,203]. In contrast, state-dependent pulse
vaccination strategies have been studied less extensively in the literature (for example, Nie
et al. [148] proposed and analyzed such a control scheme for an SIR model).

To the best of the author’s knowledge there has been no work done on the control
of a vector-borne disease modelled with distributed delays and abruptly changing model
parameters. Thus, the main aim of the present section is to extend the current research on
this topic by studying the stability of a general vector-borne disease model. In doing so,
critical thresholds for the control rates are found which guarantee eradication. From phys-
ical considerations, we also consider waning immunity and vaccine failure. By comparing
the control schemes from an analytic and numerical perspective, we hope to be able to
make some conjectures regarding an appropriate response to an impending epidemic from
a cost-benefit perspective. The material in this section formed the basis for [121].

6.3.1 A Slow Time Scale Model Formulation

For the human population, we consider an SIR compartmental model (as in the Chikun-
gunya model in the previous section). Assume that the vector population is split into
the susceptible vectors, denoted by Sy, and the infected vectors, I;. The following vital
dynamic and epidemiological assumptions are made [22,176]:
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(A1) For the human vital dynamics, assume that the birth rate, uy > 0, is equal to the
natural death rate. Hence the total human population, N = S + I + R, is constant
in time. Assume that the birth/death rate of the vector population is a constant
tar > 0 so that the total vector population A = Sy, + Iy is constant in time.

(A2) Let Sy > 0 denote the average number of contacts sufficient for transmission per unit
time that susceptible humans make with infected vector agents. Similarly, denote
by By > 0 to be the average number of contacts between infected humans and
susceptible vectors.

(A3) Infected humans recover from the disease naturally at a rate gy > 0 and move to the
recovered class. Assume that once infected, a vector remains infected until it dies.

(A4) When infected, a susceptible vector exhibits a period of incubation, u > 0, before
becoming infectious.

(A5) The time scale of vector vital dynamics is much faster than that of the human vital
dynamics. More specifically, assume that ¢ = N/A < 1 which implies that puy, is
significantly larger than .

Then the disease model can be written as follows:
(S = (N = S(1)) = BuS(t) In(1),
= BuSE) () = (gi + pr) (1),
R=gyl(t) — puR(t), (6.35)
Su = 1A = Bag exp(—paru) [(t = u) Sy (t = w) — parSa(8),
[ Tar = Bar exp(—puaru) [(t — w)Sar(t — w) — par aa (t).

From Assumption (A5), it is possible to consider two dimensionless time scales: a slow
time scale associated with the human vital dynamics (tg = Sy Nt) and a fast time scale
associated with the vector vital dynamics (ty; = Sy At). By considering the evolution on
the slow time scale, it is possible to re-write (6.35) as a system of delay differential equations
as follows (see [176] for the details): introduce the dimensionless variables s(t) = S(t)/N,
i(t)=1I1(t)/N, r(t) = R(t)/N, sp(t) = Sm(t)/A, in(t) = In(t)/A. On the fast time scale
the dimensionless vector equations become

dsw __din
dty,  dty’
diny (6.36)

dty © (eXp(_“M“)i(t —u)sp(t —u) — Bi”jfvm(t)) :
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where sy +iy =1 and s+i+r =1 for all t > t,. From (6.36),

< —— < eexp(—pupu). (6.37)

In the limit e — 0 on the fast time scale,

dsm __di_M_o
dty,  dity

so that iy, and ig attain their equilibrium values:

. _ BuN :
in(t) = o oxp(—paru)i(t — w)sn(t —u), (6.38)

and the vector fractions approach equilibrium since i(¢ — u) can be regarded as a constant

on the fast time scale. If /3;;4_];\/ exp(—ppru) << 1 then sy (t) = 1. Hence,

BuN
12274

in(t) =~ exp(—pupu)i(t — u)
so that Sy/(t) ~ N and

- BarAexp(—ppu)

120.%

where I(t — u) evolves on the slow time scale and can be viewed as a constant here. By
omitting Sy, and Ij; since they no longer appear in the other equations, and normalizing
the variables by the constant population, the disease model (6.35) can be re-written on the
slow time scale as

T () I(t —u)

S=p(l = S(1) = BSOI(t — u),
[ = BS()I(E— ) — (g + w)I(0), (6.39)
R = gl(t) - pR(t),
where
_ BuAexp(—pmu) _ 9m B
g = Cog= e
Y BuN BuN
The force of infection in (6.39) is given by BS(¢)I(t — u). A more realistic assumption

is that the period of incubation u follows a distribution, that is, u € [0, 7], where 7 > 0
represents an upper bound for the incubation time in a vector [176]. Assume that after u
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time units, a fraction f(u) of the vector population becomes infectious. Then the force of

infection is
/ fw)I(t —u)d

The function f(u) is assumed to be a nonnegative, square integrable function on [0, 7]
which satisfies [ f(u)du = 1 (normalized) and [ uf(u)du < oo (finite average incubation
time in the vector to become infectious) [23]. The general vector-borne disease model is a
system of integro-differential equations,

(5*:( — BS(t /f I(t —u)d

i =Bt /°f 1t = w)du — (g + 1) I(D), (6.40)

Rg]

Cooke [30] first proposed a simple version of the general vector-borne disease model (6.40).
More recently, Beretta and Takeuchi [22,23] analyzed the global stability properties of the
disease-free equilibrium of general vector-borne disease models similar to (6.40). Takeuchi
et al. [176] and Beretta et al. [21] extended this work by also considering stability of the
endemic equilibrium. In [132], the authors Ma et al. analyzed the permanence of (6.40)
with birth rate not equal to the death rate. Gao et al. [53] investigated a pulse vaccination
scheme for an SIR vector-borne disease model with distributed delays. The work on global
stability of the endemic equilibrium of (6.40), with birth rate unequal to death rate, was
completed by McCluskey in [135].

Since seasonal changes are an important factor in how a vector-borne disease spreads in
a population due to changes in the abundance of vectors and the host population behaviour,
assume that the contact rate is a piecewise constant parameter which takes on the value
B, on the the interval [tx_;,t;). Assume that there are a finite number of values for the
contact rate, that is, i, € P follows a switching rule o : [ty_1,tx) — P. The switched
vector-borne epidemic model is given as

($=n1- — B,5( /'f I(t —u)d

i = p,( /f I(t — u)du — gI(t) — I (2),
R—gI

(6.41)

\
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The initial conditions are given by S(0) = Sy > 0, R(0) = Ry > 0, and I(s) = I for
s € [-7,0] where Iy € PC([—7,0],R;). The main focus of this section is a stability
investigation of (6.41) under various vaccination control strategies.

Remark 6.3.1. Fquation (6.41) is a switched model for a general vector-borne disease.
The approach here is to use distributed delays to model the interaction between humans and
mosquitoes, which is in contrast to the approach in the previous section (namely, model
(6.8), where the full dynamics were modelled by considering both human and mosquito pop-
ulations). In this approach we need not consider the dynamics of the mosquito population
in the theoretical analysis, which can be an advantage. However, there are drawbacks to
this approach such as possible theoretical complications arising from time-delays and an
inability to formulate a strategy like mechanical destruction of breeding sites (since the
mosquito population is excluded).

6.3.2 Switching Cohort Immunization

Many developed countries have used cohort immunization (also known as time-constant
vaccination) to control the spread of an infectious disease. For example, the strategy for
measles immunization in many areas of the Western world recommends a vaccination dose
at 15 months of age and a second dose at around 6 years of age [170]. There have been
numerous studies in the literature on epidemic models with time-constant control programs
(for example, see [5,75,125,169] and the references therein). In the present section we
consider a switching cohort scheme: assume that vaccinations are given continuously in
time to susceptible individuals of the population, moving them to the vaccinated class,
denoted by V. Assume that on the interval [tx_1,t;), the susceptible population is being
vaccinated at the rate p;, > 0. Similarly, assume that a fraction 0 < p;, < 1 of all newborns
are given a vaccination. Assume that the vaccine-induced immunity is temporary and that
vaccinated individuals return to the susceptible class at a rate of 8 > 0. Under this
formulation, the cohort immunization is constant on any switching interval but can be
increased or decreased according to the switching rule.

An important complication which arises in real-world applications of a vaccine pro-
gram is that the probability that a vaccinated individual can still become infected through
transmission is reduced but is non-zero. For example, this is true in immunizing against
measles [37]. This is incorporated into the model by assuming that vaccinated individu-
als become infected with the reduced transmission rate {6,V (¢) [ f(u)I(t — u)du where
0 < ¢ <1 is a measure of the vaccine efficacy (£ = 1 corresponds to total failure while
¢ = 0 corresponds to perfect efficacy).
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We also consider a switching treatment plan for infected individuals: assume that
individuals who are exhibiting symptoms seek treatment from health services. Assume
that the treatment rate per unit time is given by ¢;, > 0 on the interval [tx_1,tx). Applied
0 (6.41), the cohort immunization model is given by

(§ = j(1— po— S()) - B /f 1t — u)du — p,S(t) + 0V (2),
I =B,(S(t)+&V(t) /f I(t —u)du — (g4 p+co)I(t),
Rzgf<>+cgz<>

V = pojt 4+ poS(t) — £B,V / f)I(t —u)du— (6 + p)V ().

(6.42)

\

The physical domain of interest for (6.42) is given by
Qvaccinaution = {(S,[,R, V) € Ri : S + I + R + V = 1}

The initial condition for the vaccinated class is given by V(0) = V4 > 0 and it is assumed
that (S(], [0(0)7 R(b ‘/0> € Qvaccination-

In order to perform the stability analysis, we seek the existence of a disease-free solution.
Note that system (6.42) has m disease-free equilibria due to the time-varying vaccination
rates

oY o+ pi(1—0) 00
In the absence of infectives, the solution trajectory moves between the infection-free equi-
libria since the vaccination rate is time-varying. This gives rise to the idea of convergence
to a disease-free set. When I(t) = 0, the fraction of individuals in the recovered class
approaches zero and model (6.42) reduces to

S =u(l = ps — S) — psS + 0V,
V:palu—i_pas_(lu’—'_@)‘/'

(S5 17 RELV) = (u(l — pi)(0 + 1) + Opp; 1pi + pilS; ) _

(6.43)

Let pnin = minep p; and prax = max;ep p;. Define pyi, and phax similarly. Since S+V =1,

. gmax

so that S <0if 1> 8> Spa where

M(l B pmin) + 0

gmax =
% + Pmin + ‘9
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Similarly, if 0 < S < Spin = (1 — prmax + 0)/ (1t + Pmax + ) then S > 0 since

. gmin
S >p(1 = pmax) — (1 + Pmax)S +60(1 — ) = (it + Pmax + 6) ( T 1) S.

Further, V < 0 whenever 1 >V > Vmax = (Hpmax + Pmax)/ (1t + Pmax + 6) since

. Vrnax
V' <pipmax + Pmax(1 = V) = (0 + 0)V = (1 + Prmax + 0) ( T 1) V.

Finally, if 0 <V < Vinin = (4Pmin + Pmin)/ (1t + Pmin + 6) then 14 > ( since

. Vmin

By similar arguments to the proof of Proposition 6.2.1, the solution trajectory of (6.43)
converges to the set

{(57 V) € Ri :gmin S S S §rnaxavmin S V S vmax}-

Therefore, under the assumption that I = 0, the solution of (6.42) converges to the disease-
free convex set

\chohort - {(5717 R’ V) € Rj— : gmin S S S gmaxa I = O,R - Oavmin S V S Vmax}-

To prove threshold conditions for disease eradication, we focus on the set W ¢ and use
the switching Halanay-like Proposition 4.2.2. We remind the reader of the dwell-time
switching notations from earlier: let T (¢o,t) and T~ (o, t) to be the total time o(t) € P,
and o(t) € Ps on [to, t], respectively. Also, let ®(ty,t) be the number of switching times t;
such that o(tx) € Ps for t), € [to,t) (that is, the number of total activations of subsystems
in the set P, on the interval). We are now in a position to state and prove the first main
eradication result.

Theorem 6.3.1. Let \; = B3;(Smaz +EVmar) — (0 + g+ ¢;) and let Py ={i € P : \; < 0},
P,={i € P: )\ >0}. Forie Py, let the constants n; > 0 satisfy

m; + Bi(gmacc + gvm(w)enﬂ - (M + g + Ci) < 07
where n
Vmaz — Mpmax pmaz
p+ Pmaz + 0
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and

5 _ (1 = poin) + 6
T Ut Puin 0
Define
AT = max \;, A~ =minn; > 0.
1€EPy 1€Ps

Suppose that there exist M >0, v >0, and t > 0 such that

t—t
T (04
T F 1) < (T (1) — B(F 1)), (6.45)
DAt — AT <0, (6.46)

then the solution of (6.42) converges to the disease-free set W onor-

Proof. Note that,

S =pu—pB,58 (t/f I(t — u)du — p,S(t) + 0V (1),
(

< (1 = 8(t) = paS(t) + 0V (1),
< p(l = S(t) = pminS(t) + 0V (2),
<pu+6— (M+8+pmzn>s(t)

sinceV=1—-5—-1—-—R<1-—S5. Similarly,

V = p.S(t) — €6,V / F)I(t — w)du — -+ )V (),
< peS(t) = (n+0)V
S pmaxS(t) - (,u + H)V( )7
< Pmax(1 = V(1)) — (u+ O)V (1),
S Pmax — (pmax + H + G)V(t)

Then for any € > 0 there exists a time t* > 0 such that S(¢) < Syax+€ and Vit) < Vmax+€
for all t > t*. Let [ be the smallest positive integer such that ¢, > max{¢,t*}. On the
interval [0, 1),

[ =B,(S(t) + €V (1) /f It — udu— (u+ g + o) I(2),

Bmax(1+E) sup  I(s) — (4 + g + cmin) I ().

t—7<s<t
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Then I(t) < ||Io||-e™ for t € [0,;) where > 0 satisfies 7+ Bumax (1+€)e" — (u+g~+cmin) > 0
by Lemma 4.2.1. For any ¢ € [t;_1,t;) with k — 1 > [,

I < Bo[(Smax +€) + E(Vimax + )] sup I(s) = (u+ g+ co)I(t) (6.47)

t—7<s<t
and [, € PC([—7,0],R). Let
Aie = Bil(Smax + €) + E(Vimax + €)] = (n+ g + 1)

and for i € Py let n; . > 0 satisfy

Mie + Bil(Smax + €) + E(Vimax + €)™ = (n+ g + ;) < 0.
Then by Proposition 4.2.2

I(t) < Cexp | > Nt t) = > mie( Tt t) — Bt t)7) (6.48)
i€Py i€Ps
for all ¢ € [tx_1,tx), whenever k — 1 > [, where C' = ||[y]| ™.
Define A} = max;ep, Ai and A\ = min;ep, ;. Then
Bil(Smax + €) + E(Vimax + €)Je™ T — (u+ g+ ci) < —1ie < =A7,

which can be re-written as

Bi(Smax + EVmax ) €T — (u+ g+ ¢;) + Gie < —Nie < —A

where

Gi = 61(1 + 5)6’”’67.

Also, B -
B@'(Smax + gvmax)enﬂ - (ﬂ' + g + Ci) < —N; S _)\_-

Therefore, there exists a constant Fy such that —\} < —A~ + Fje. Let ¢ = argmax;cp A
then AT < vAT + Fhe where

F2 = ng(gmax + fvmax) - (,U +9+ Cq>.

Hence,
vAF = A0 < vt = AT+ (FyL + By)e.
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Since vAT —

then vAT —
It follows from equations (6.44), (6.45), and (6.48) that

Note that equation (6.45) guarantees that T (t;,t) —

A~ < 0 there exists a positive constant ¢ such that vA —

I(t) <C'exp

S(Fy + F3)

0<e<
€= 2

- s
A< -8

)\jZTi(tz, — Al Z it t) — it t)7) |

1€EPy 1€Ps

=Cexp AT (t,t) — M\ (T (t,t) — (4, 1)7)],

<CexpAl (T~ (ti, 1) — ©(t, 8)7) — A (T~ (t1, 1) — (1, t)7)],

—=C exp|(vAF — A))(T~ (g, 1) — ®(t;, tﬁ)f)],

€

<Cexp {(y)\j - )\)LMU)] :

AD <—— Choose

O(t;,t)7 > 0. Therefore, I(t) <

Cexp|[—3(t—t;)] for t > t;. It follows that R converges to zero and (6.42) reduces to system

(6.43) and hence the solution trajectory converges to the disease-free set W onort-

[]

Remark 6.3.2. Equation (6.45) gives that the amount of time spent in the unstable sub-
systems (P, ), is some fraction v > 0 of the time spent in the stable subsystems (Ps). The
constant v dictates the threshold values for the growth rate A\t (worst case scenario) and
decay rate A\~ (conservative estimate) in equation (6.46).

Remark 6.3.3. If equation (6.46) holds then it must be true that

Vm%x{ﬁi (gmaw + gvma$> —(p+g+a)}+ Helgl{ﬁz(gmaz + fvmaa:)emT —(p+g+c)} <.

1€ Py

Let ¢ = argmax;cp, A; and let ¢ = argmin,.p 1;. Then

and

- ﬁq (gmax + gvmax) - (M + g + Cq)

AT = ﬂC(gma:E + fvmaz)enCT - (M +9+ CC)'

Hence (6.46) implies

) (ﬁq + BCenCT)< maz T fvmaz)

Renem: <1
general 21+ 29 + ¢ + ¢

Y
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which can be thought of as an approximate basic reproduction number of the disease. In
fact, equation (6.46) implies (6.49) and hence (6.46) is a stricter condition on the model
parameters.

Next we consider the case when the switching rule is periodic. Let hy = tp — tx_1
and assume that hyi, = hy. Assume that 3, = Bk, ¢, = ¢k, pi, = pr and p;, = py for
t € [tk_1,tx). Assume that By = Brim, Ck = Chim, Pk = Prim and px = Prim. Denote
one period of the switching rule by w = hy 4+ ... + h,,,. Denote the set of all such periodic
switching rules by Speriodic. An eradication result can be given for this case as follows.

Theorem 6.3.2. Let A\; = Bi(Smae + &V maw) — (0 + g+ ¢;) and let Py ={i € P : \; < 0},
P,={i € P:\ >0}. Foric€ P let the constants n; > 0 satisfy

15 + Bi(gmaz + gvmaz)enﬂ - (ﬂ' + g + Ci) < O,

where
_ /’L[OmaZ + pmaz

Vmaz -
[+ Dmag + 0

and

M+pmin+ 0 '

Assume that o € Speriogic and
Acohort = Z /\zhz - Z nz(hz - T) <0 (650)
1€Py, 1€Ps
then the solution of system (6.42) converges to the disease-free set W oport-
Proof. Begin from equation (6.47) in the proof of Theorem 6.3.1 and choose the smallest

positive integer z such that zw > max{t,t*}. Then by Proposition 4.2.3, I((z + j)w) <
| Ls||-67 for any j =1,2,..., where

0 = exp Z Niehi — Z Nie(hi —T)

1E€EPy 1€Ps

and |||, < K for some constant K. From (6.50) and the arguments in the proof of
Theorem 6.3.1, it is possible to choose € > 0 sufficiently small such that 0 < ¢ < 1. It follows
that I converges to zero and, subsequently, R converges to zero. Then (6.42) becomes the
reduced system (6.43) and hence the solution converges to Weoport as required. O
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Remark 6.3.4. Equation (6.50) implies that
> 18i(Smaz + EVmar) — (1 + g + 1)l s

1€EPy,

+ Z[ﬁz(gmaw + gvmaw)enﬂ - (,u + g + Cz)](hz - 7—)7
1€Ps

< [Bi(Smaz + EVmar) — (n+ g+ c)lhi + Y (=mi)(hi = 7),
1E€EPy, 1€Ps

= Z Aihi — Z ni(hi - 7')7
1€Py 1€Ps

< 0.

That is, (6.50) implies that Rperiogic < 1 where

= ZiEP 6@ (gmaz + gvmaa:) hz + Ziep ﬁiemT(gmax + gvmam) (hz - 7_)

Rperiodic = “ 2 . (651)
diep (W g+ ci)hi+ 3 icp (4 g+ ci)(hi —7)

ﬁpmodic may be viewed as an approrimate basic repm@ction number and it should be noted
that the theorem condition is stricter than requiring Rperiodic < 1.

6.3.3 Time-dependent Pulse Vaccination

Assume that at the pre-specified times t = T, k = 1,2,..., a fraction 0 < v, < 1 of
the susceptible population is given a vaccination and immediately move to the vaccinated
class. Since it is assumed that the period of time it takes to administer the vaccination is
much shorter than the time scale of the disease spread, it is modelled as an impulsive effect.
Assume that the pulse vaccination scheme is periodic: there exist a constant 7" > 0 and
positive integer N satisfying T, — T—1 = T}, with Zgil T, = T such that Tin=T+T
and vy v = vg. Applied to (6.41) the time-dependent pulse vaccination model is given by

( S:,u(l—S - () fy fu)I(t —u)du+ 0V (t),
i = B,5() 7 flu)1 e (u+g+ca)f(t)
R=<g+ca> (t) - <> t# T
= _ﬁafv ) foT f t - u)du - (M + G)V( ) (6.52)

S(t) = (1 —v)S(t )

1(t) = I(t), B
R(t) = R(t"), =T

(VO =V({I") +uS)
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with initial conditions S(0) = Sy > 0, R(0) = Ry > 0, V(0) = V5 > 0, and I(s) = Iy €
PO([_T7 O]vRJr) for s € [_T7 O] SatiSfying (507 [0(0>7 ROa Vb) € Qvaccination-

In order to perform the stability analysis, we seek the existence of a disease-free solution
to (6.52). Observe that (S,I,R,V) = (1,0,0,0) is not an equilibrium point of (6.52),
but that I(¢t) = 0 is an equilibrium solution for the differential and difference equations
governing /. Under this assumption, it is apparent that the fraction of individuals in the
recovered class approaches zero. More precisely, the set {(S,1, R, V) € RY| [ =0 and R =
0} is invariant to system (6.52). The reduced model is given by

S=pu(l-=8)+6V, t+T,

V=—(n+0)V,
St)=QQ—-wv)St), t=T
V() =V(")+uS{I),

(6.53)

where S + V = 1. Re-write the equation for S as S = (4 6)(1 — S) then it follows from
Lemma 2.2 in [62] that (6.53) converges to the periodic disease-free solution (S(t), V' (t))
where

S(6) = 14 (5, — D)e BT ¢ ¢ QT 4 Ty | kT +T)), 6.5
Vi(t)=1-S(¢), j=1,2,...,N, k=12,..., '
with
_ J N B
Sj = {(1 _ vl)(l _ 6*(u+9)Tz) H [(1 _ Uq)e(qua)Tq]}
=1 q=l+1
j = ~
T {H[(l - Ul)e(wem} S0,
=1
and

S {1 = w1 = e e LY (1 = v 50T |
1= e GO (1~ ) |
Therefore system (6.52) has the periodic disease-free solution (S(t),0,0, V (t)).

§0:

Theorem 6.3.3. Let §max = IMmaXop<t<T §(t>, \N/max = ImaXp<i<T ‘7(25), /\z = Bi(gmax +
EVipaz) — (0 + g+ ¢), Ps ={i € P: XN <0}, and P, = {i € P: X\, > 0}. For
1 € Py let the constants n; > 0 satisfy

i + 6i<§maz + fvmaac)enﬂ - (,u + g + Ci) < O
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Define

AT = max \;, A~ =minn; > 0.
zE'Pu ZE'PS

Suppose that there exist M >0, v >0, and t > 0 such that

t—t
W) Gy .
THT.0) < (T 1) - 9 0)7)), (6.56)
UAT A <0, (6.57)

then the solution of system (6.52) converges to the periodic disease-free solution (S(t), 0,0,V (t))
in the meaningful domain.

Proof. For t # Ty,

S = pu(1—S(t) — B,5( /f VI(t — w)du+ 0V (1),
<p(l—=8)+0(1—-S-1),
< (p+0)(1-59),
and
V< —(ut0)V.

Consider the comparison system

= (p+0)(1-2x), t#T,
y=—(pn+0)y,

r(t) =1 —uvpz(t”), t=T, (6.58)
y(t)zy(t ) +vpa(t),
2(0) = Sp, y(0)=Vp, k=1,2,...,

which converges to (S(t), V(t)). Since S < z and V < y, then for any ¢ > 0 there exists
a time t* > 0 such that S(t) < S(t) + € < Smax + € and V() < V(t) + € < Vipay + € for
t > t*. Let [ be the smallest integer such that ¢; > max{,#*}. Then for any t € [tj_1, ;)
with k — 1 > [,

I < Bo[(Smax + €) + EVanax + €)] sup I(s) — (u+ g + co)I(t). (6.59)

t—7<s<t
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Further, I;, € PC([—7,0],R;) and so I converges to zero by the same arguments as the
proof of Theorem 6.3.1. Then it is apparent that R converges to zero and the system
reduces to (6.53). Hence the solution converges to the periodic disease-free solution. [

When the vaccination inter-pulse period is constant (i.e. T, = k7T") and the vaccination
effects are constant (i.e. vy = v) then the periodic disease-free solution of (6.52) is given
by (S(t),0,0,V(t)) where

~ Ue_(ﬂ+0)(t_(k_1)T)

S(t) =1

_E—O—WR*“mT te[(k—1)T,kT), (6.60)

V(t)=1-5().

This follows from, for example, Lemma 2.2 of [51]. A sufficient condition for eradication,
which is more straightforward to calculate, can be given as follows.

Theorem 6.3.4. Suppose that T, = kT, vy, = v and 0 € Speriogic- Let \i = Bi(gmaz +
EVpaz) — (L4 g + ¢;) and n; > 0 satisfy

Ub + ﬁi(gmaz + gvmax)enﬂ - (,u + g + Ci) < O;

for i € Py, where

~ Ue_ (H""Q)T

=~ v

Vm(w = 1 — (1 — ’U)@*(NJFG)T‘

If
Atime-pulse = Z )\zhz - Z nl(hl - T) <0 (661)

1E€EPy 1€Ps

then the solution of system (6.52) converges to the periodic disease-free solution given in
equation (6.60).

Proof. The proof is similar to the proof of Theorem 6.3.2 using the bound from equation
(6.59). O

Remark 6.3.5. Equation (6.61) implies ﬁpemdic < 1 where

ﬁ . ZiE'Pu Bi(gmax + gvmaac)hi + Zieps 61'617“-(57710@ + gvmaa:) (hz - T) (6 62)
eriodic — .
! Yiep, (W g+ c)hi+ D icp (Wt g+ci)(hi —T)

and Rperiodic can be viewed as an approzimate basic reproduction number.
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6.3.4 State-dependent Pulse Vaccination

The method of state-dependent pulse vaccination, which was detailed at the beginning of
Section 6.3, is relatively new and has not been analyzed extensively. In this approach, if
the susceptible population reaches a threshold value, denoted by Sc; > 0, then a portion
of the susceptible population 0 < v <1 is given a vaccination and moved to the vaccinated
class V. With the other assumptions of Section 6.3.3 (namely, waning immunity and a
non-zero probability of the vaccinated class being infected), the model (6.41) becomes

( S:u(l—S - fo I(t —u)du + 0V (1),
j:ﬁa( +5I fo t—u)du—(,u+g—|—cg)l(t), S g
Rzgl()+cof() MR() e
V= —BEV (1 fo I(t —uw)du — (u+ )V (t), (6.63)
f((f)) = I(é—)U)S (t‘),
R(t) = I(t*)’, S > Seits

[ V(@) =V({7)+oS(Et),

with initial conditions S(0) = Sy > 0, R(0) = Ry > 0, V(0) =V > 0, and I(s) = I €
PC(]—7,0],Ry) for s € [—T,0] satisfying (So, 1o(0), Ro, Vo) € Quaccination-

Remark 6.3.6. If S > S, then the initial time is a critical time and it is possible that
S > S after an impulse is applied depending on the value of v. If this is the case, then
more impulses are applied until S < S..;. Practically this means a single impulse is applied
at the initial time so that S < Se. Fort >0, S > S, is not possible under this scheme.

The impulsive moments, ¢t = Ty (S), are dependent on the state of the susceptible
population and are not known before hand. A dwell-time eradication condition can be
established.

Theorem 6.3.5. Let N\; = B;(Serit + EVirit) — (0 + g + ¢;) and for i € Py let the constants
n; > 0 satisfy
5 + /Bi(Scrit + gvcrit)enﬂ - (,u + g + Ci) < 07

where Vg = 1 — (1 — 0)Sep. Define

AT = max \;, A~ =minn; > 0.
1€Py 1€Ps

229



Suppose that there exist M > 0 and v > 0 such that

t
P T 0.4) — 00, )7 = M, (6.64)
TH(0,8) < v(T(0,1) — ®(0,)7)), (6.65)
AT — A <0, (6.66)

then the disease s eradicated.

Proof. By construction of the impulsive scheme, S(t) < Sey and V(t) < Vi, for all ¢ > 07.
Then for any t € [ty_1,tx),

j S BO’ [Scrit + gmrit] sup I(S) - (ﬂ’ + g + CO’)[(t)' (667)
t—7<s<t
Hence I converges to zero by the same arguments as the proof of Theorem 6.3.1. O]

Finally, a periodic switching rule result can be given for the state-dependent pulse
vaccination case.

Theorem 6.3.6. Assume that 0 € Speriogic and let Nj = Bi(Serit +EVerit) — (0 + g+ ¢;) and
n; > 0 satisfy
i + Bi(Serit + EVeri)e™™ — (4 g+ ¢;) <0,

fOTi € 7)57 where ch't =1~ (1 - U)Scrit' ]f

Astate—pulse - Z )\zhz - Z nz(hz - T) <0 (668)

i€Pu i€Ps
then the disease is eradicated.
Proof. See the proof of Theorem 6.3.4 using the bound (6.67). O
Remark 6.3.7. From equation (6.68) it follows that ﬁperiodic < 1 where

= > iep, BilSerit + EVeri)hi + D icp. Bi€" ™ (Serit + EVerit) (hy — 7)
Rpem’odic = Yh N(h — (669)
Yiep, (W g+ ci)hi+ Y iep (Wt g+ ci)(hi —T)

and R periodic can be interpreted as an approximate basic reproduction number.
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6.3.5 Cost-benefit Analysis

For the simulations here, assume that the initial conditions are given by Sy = 0.9, Ry =
Vo = 0, and Iy(s) = 0.1 for —7 < s < 0. Assume that the switching rule o takes the
following form:

1 iftelkk+2) k=0,1,2,...
0_:{ 1 6[ b + 12)7 b b) b) (670)

2 iftelk+ 3, k+1).

This is motivated from shifts in the model parameters between the seasons, as discussed
in Section 6.2 and Section 6.1.2. Note that the switching rule is periodic with h; = 3/12
(can model a winter season or rainy season, depending on climate), hy = 9/12 (summer
seasons or dry season) and w = 1. From [132], let

e—u
f(u) - 1 —e T :
Suppose the baseline model parameters are those found in Table 6.4.
Parameter | Description Value
By average number of contacts per unit time 8, 1.6]
1 natural birth/death rate 1
g recovery rate 1.5
T upper bound on the incubation time 0.1

Table 6.4: Epidemiological parameters. The parameter values given in brackets represent
the switching value associated with 0 = 1 and o = 2, respectively.

First we investigate the effects of the epidemiological parameters on the uncontrolled
model (6.41) by considering the effects of varying the switching contact rates f3,, the re-
covery rate g, the birth/death rate u, and the upper bound on the incubation period 7
(while holding the other parameters constant). Recall that C% represents the cumulative
number of humans infected during the entire duration of the epidemic. Since we are con-
sidering total number of individuals being infected, we consider a total constant population
of Ny = 1000000. See Figure 6.11 for simulations which illustrate the effects of each model
parameter on the spread of the disease. The results are as expected: an increase in the
number of contacts results in a significant increase in the disease spread while increasing
the rate of recovery or natural death rate leads to a decrease in total number of infections
(since the average infectious period is decreased). If the natural birth/death rate is suffi-
ciently low then the total number of infective cases decreases due to a decreased influx of
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new susceptibles. Finally, as the incubation times are increased (by increasing the upper
bound 7), the epidemic worsens.

Figure 6.11: Cumulative number of infections, C'%, of system (6.41) as different model
parameters are varied. Here ( is the average contact rate over the period w (i.e. f =

B X hy + B2 X ha).

Simulating Eradication under the Control Strategies

For the control schemes we differentiate between cohort immunization of the susceptible
population (p, > 0, p, = 0) and cohort immunization of newborns (p, = 0, p, > 0). See
Table 6.5 for the values of the control parameters (the epidemiological parameters in Table
6.4 are used again here).

For the susceptible cohort immunization program, the model parameters give Smax =
0.3548, Viax = 0.7317, and A, = 0.8948 (that is, P, = {1}). Choosing 1, = 1 (that is,
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Control Description Value
parameter

Do immunization rate for the susceptible population | [3, 2]

0 rate of waning immunity 0.1

Po immunization rate for newborns [0.6, 0.4]
Co treatment rate (2, 0.5]
¢ vaccine failure 0.3

Uk pulse vaccination rate 0.3

Ty — Ty inter-pulse period 1

Serit critical threshold 0.3

Table 6.5: Control parameters. The parameter values given in brackets represent the
switching value associated with ¢ = 1 and o = 2, respectively.

P, = {2}) satisfies the necessary condition which implies that Acoport = —0.4263. Thus by
Theorem 6.3.2 the solution of (6.42) converges to the disease-free convex set W opory and
hence the disease is eradicated. For the newborn immunization program, Sp.x = 0.6364
and V. = 0.5455 which gives A; = 2.7000 and 1o = 1.75. Hence Acopory = —0.4625 for
this scheme and the disease is eradicated by Theorem 6.3.2.

The maximum thresholds for the time-dependent pulse vaccination scheme are found to
be Shax = 0.8698 and Viyax = 0.3911 so that A\ = 4.1971 and 7y = 1.7. Thus A¢ime-puise =
—0.0557 for this control strategy and the solution converges to the periodic disease-free
solution by Theorem 6.3.4. Finally, for the state-dependent pulse vaccination scheme we
have that Sy = 0.3, Ve = 0.79, Ay = 0.5960 and ny = 0.25. By Theorem 6.3.6, the
disease is eradicated since Agate-puise = —0.0135. For the simulations, see Figure 6.12.

Efficacy of the Control Schemes

To measure the efficacy rate of the control schemes numerically, consider the difference
between how many infective cases there would be with control versus without. Recall the
control efficacy rating [41]: let

Chr

Cy’

where C¢ and C% are the cumulative number of humans infected with control and with-
out control, respectively. A low value of Fj corresponds to an effective control scheme

Fy =100
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Susceptible cohort immunization scheme Newborn cohort immunization scheme
1 T T T T T T T

u 1 T
Susceptible Susceptible
0.9 Infected 1 0.9 Infected 1
Recovered Recovered
08 Vaccinated 08 Vaccinated
0.7 1 0.71
0.6F 1 0.6
0.5F 1 0.5
0.4r 1 0.41
0.3F 1 0.3F
0.2 1 0.2 W
0.1 1 0.1 1
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Time Time

Time-dependent pulse vaccination State—dependent pulse vaccination

1 1
0.9 1 0.9—‘
081 1 0.8 4
06t d 06k Susceptible | |
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Infected eoavered
04r Recovered 4 04t accinated | |
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0.2t 1 02k
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0 . 0
0 1 2 3 4 5 0 1 2 3 4 5
Time Time

Figure 6.12: Simulations of the different control schemes with parameters given in Table
6.4 and Table 6.5. The horizontal black line in the state-dependent pulse vaccination
simulation represents the critical threshold Sc.

(significant reduction in infections), while a high value of Fj corresponds to the failure of
a scheme. For the simulations we use the epidemiological parameter values in Table 6.4
except with $; = 30 and 5 = 6. For the cohort immunization schemes, we consider how
varying the vaccination rates (p, and p,) and the duration of the strategy (denoted by
t.) affects the efficacy measure Fy. For the time-dependent pulse vaccination scheme, we
consider different inter-pulse periods Ty — Ty_1 = T and different vaccination rates v, = v.
Finally, in the state-dependent pulse vaccination scheme, we analyze F{, under varying vac-
cination rates vy = v and varying critical thresholds for the susceptible population, Se.
See Figure 6.13 for the efficacy measures under these scenarios.
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Figure 6.13: Control efficacy ratings for the different schemes. The parameters p, p, and v
represent averages of p,, p,, and v,, respectively, over one period w of the switching rule
.

Cost-benefit Analysis

The control efficacy measure Fjy does not take any costs into account when analyzing the
control schemes. Motivated by this, we construct a cost-benefit analysis by assuming that
the cost of administering a vaccination to the susceptible population is the same whether it
is through a cohort immunization program or a pulse vaccination campaign. For CY, # C§,

let
]

oo
where W is the total number of vaccinations administered from the beginning of the control
scheme to the end (which may be before the end of the simulation time for the cohort

immunization schemes when ¢, is small). Then x can be viewed as the cost of the control
scheme (measured in total vaccinations administered) normalized by the benefit gained (as
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measured by the number of individuals that do not contract the disease due to the control
scheme). Therefore, the lower the value of x, the better the scheme is from a cost-benefit
point of view. See Figure 6.14 for the results.

Susceptible cohort immunization scheme Newborn cohort immunization scheme

doa

< 6f ] XG:M
5 1 54 ]

N=1 Scrit=0.2
- 4 =N=10 d = + = Scrit=0.3
4L |- ©—N=50 | al - © =Sciit=0.4 | |
N=100 Scrit=0.5
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Vv \'

Figure 6.14: Cost-benefit analysis.

6.3.6 Discussion

We make the following observations on the control efficacy ratings illustrated in Figure
6.13:

1. Other than the state-dependent pulse vaccination scheme, the control strategies have
an inverse relationship between F and their control rate (p,, ps, v). In general,
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as the vaccination rates increase, there should be a decrease in the total number of
infected cases.

2. In the state-dependent pulse vaccination scheme, the relationship is roughly inverse
but Fj is not strictly decreasing as a function of v. This is an interesting phenomenon
which is of practical interest from a cost perspective since greater control efficacy is
achieved at lower rates of control.

3. In all four schemes, the efficacy increases (that is, Fy decreases) by either increasing
the duration of the scheme (in the case of cohort immunization), increasing the total
number of impulses (in the case of time-dependent pulse vaccination), or decreasing
the threshold pulse value S (in the case of state-dependent pulse vaccination).

4. The cohort schemes seem to have a maximum efficient duration, above which increas-
ing the duration has negligible effects. This could be a result of the fact that the
response during the initial epidemic outbreak is the most important.

5. The lowest (and therefore best) control efficacy ratings are achieved in the cohort
immunization of newborns and the state-dependent pulse vaccination strategy.

From Figure 6.14, we are in a position to make some observations and draw some
conclusions regarding the costs versus the benefits of the control strategies outlined above:

1. From a cost-benefit perspective, state-dependent pulse vaccination performs the best.

2. Increasing the vaccination rate, which leads to fewer total infectives (as outlined
above), is not necessarily the best course of action when costs are taken into account.
In some cases, the costs can outweigh the benefits for high vaccination rates (this is
particularly apparent in the state-dependent pulse scheme).

3. For the time-dependent pulse vaccination scheme, the benefit of increasing the num-
ber of total impulses N seems to be offset by the cost of increased vaccinations.
On the other hand, increasing the vaccination rate v seems to have a non-negligible
positive impact on the cost-benefit ratio of the scheme.

4. In the cohort programs, increasing the duration or the control rate outweigh the cost
of additional vaccinations and are therefore beneficial for the population.

5. The state-dependent vaccination strategy cost-benefit ratios behave differently from
the other strategies. In particular, the graphs are neither strictly increasing nor
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strictly decreasing. Decreasing the critical threshold S..;; seems to increase the benefit
(decreases x) in general and it seems that the best possible strategy is to apply a
pulse vaccination to a small fraction of the susceptible population with a small critical
value for S.;. The results on the state-dependent pulse vaccination scheme warrant
further investigations.

Due to the effectiveness and versatility of the vaccination schemes outlined above,
we tie these results back to the previous case study on Chikungunya disease by noting
that there is currently no commercial vaccine for Chikungunya virus, but there are some
candidate vaccines that have been tested in human beings and appear to be safe [155].
The US Army Medical Research Institute began vaccinations trials with some success [45],
however, due to the emergence of potential terrorist biological weapons threats in 2003,
the French National Institute of Health and Medical Research assumed control of the
trials, with plans for a phase IIT trial of the candidate vaccine [155]. Recently there
has been increased interest in the development of a Chikungunya vaccine and there are
currently several vaccine candidates in the preclinical and clinical stages of development
(see Table 1 in [190]). Based on the control efficacy and cost-benefit analysis above, it
seems that more research and development should be devoted to developing a commercial
vaccine for a vector-borne disease like Chikungunya. It has been noted that, in general,
vaccines are cost-effective when compared to the cost of post-exposure treatment and
disease management [190].

6.4 Epidemic Models with General Nonlinear Trans-
mission

In the previous section we considered adding seasonality and various control strategies to
the vector-borne infectious disease model:

(S = (1 - s() - pSG /f 1t — u)du

I= BS(t) / fw)I(t —u)du — (g + p)I(t), (6.71)
R gl(t)

In this section, we analyze the stability of the model under seasonality and two other
important complications. The first complication is a generalized nonlinear transmission
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rate for the disease, which can more accurately reflect the spread of the disease and the
population’s response to an impending outbreak. The second complication is a transport
model where individuals can travel between different geographic areas (e.g. cities).

6.4.1 Model Formulation

The transmission rate in a disease model is based on two crucial factors: the intrinsic infec-
tivity of the disease and the population behaviour [38]. This is captured in the incidence
rate of the disease, defined as the average number of new infected cases per unit time and
given by f; (S,I) = f3;,SI for a seasonally varying standard incidence rate. The choice
of incidence rate in the problem formulation is vital as there have been reported cases in
which disease eradication is not achieved under high vaccination levels (possibly due to the
nonlinear dependence in the incidence rate not being correct) [38]. Non-standard incidence
rates studied in the literature include the saturating effect incidence rate f(S,I) = 5SPI9,
where 0 < p < 1. When the fraction of infected individuals is relatively high, exposure
to the disease is virtually certain and the transmission rate can respond slower than lin-
ear to further increases in the number of infected [80,81]. The psychological incidence
rate f(S,1) = BSIP(1 — I)%* with p > 1, ¢ > 1, accounts for shifts in population be-
haviour when knowledge of a severe epidemic becomes widespread and psychological ef-
fects cause susceptible individuals to go to extra measures to avoid infection (resulting in
a decrease in the incidence rate as the number of infected individuals increases) [38]. For
examples of compartmental epidemic models with a variety of different incidence rates,
see [38,66,80,89,89,98,98,108,109,109, 138, 138] and the references therein.

Prompted by this, we analyzed the following SIR epidemic model with general nonlinear
incidence rate and seasonality in [115]:

S::uik(t)_fik(t?S?I)_:uik(t)sv te[tk—latk)v
j = fik(t7 Sv ]) _gik(t)‘[_uik<t)‘[7 (672>
R= Yix ()1 - iy, (t)R,

where 75 follows a switching rule o. In this formulation, all the model parameters are
switching time-varying functions of time. Moreover, the incidence rate is modelled by a
general nonlinear function f;, (¢,.5,1) which can change functional forms in time due to
shifts in the population behaviour. We found eradication conditions under various control
schemes based on the model parameters and functional forms f;, (¢, S, I). Some persistence
results were also proved where the disease remains present in the population.
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Motivated by this work, we incorporate a nonlinear switching incidence rate into (6.71)
by assuming that the incidence rate is a general switching nonlinear function:

(S u(l =S /f At —u))du,
i= / flu (= w))du — (g + p)I(1), (6.73)

| R =gI(t) — pR(2),

where o is a switching rule which maps the switching intervals [tx_1,%x) to P, the initial
conditions are given by S(0) = Sy > 0, R(0) = Ry > 0, and I(s) = I, for s € [—7,0]
where Iy € PC([—7,0],R;). From physical considerations, the functionals ¥; are assumed
to satisfy W;(u,v) > 0 whenever v > 0 and v > 0; ¥;(u,0) = 0; and ¥;(0,v) = 0
for all ¢+ € P. Further, U; are assumed to be sufficiently smooth so the model has a
unique solution. From these conditions, (6.73) exhibits the disease-free equilibrium point
(S,1,R) = (1,0,0) whose stability we seek to determine. The physically meaningful domain
is given by Qgir = {(S, I, R) € R% : S+1+R = 1} and the initial conditions are assumed to
satisfy (So, Io(0), Ro) € Qgr. The goal of the next section is to derive eradication conditions
for model (6.73).

6.4.2 Disease Eradication under Pulse Treatment

We are interested in finding conditions on the incidence rates ¥, (S(t), I(t — u)) under
which the disease dies out. Since the main motivation for the switching here is due to
seasonality, suppose the switching rule is periodic: assume that the switching times satisfy
hy =ty —ti_1 and hpo,, = hg. Assume the switching rule o satisfies i, = k and igy,, = ix.
Denote the period of the switching rule by w = hy + ho + ... + h,,. The incidence rates
outlined at the beginning of this section satisfy a weak nonlinearity property, namely
f(S,I) < BSI. Motivated by this, we give the following eradication theorem.

Theorem 6.4.1. Assume that there exist constants 5; > 0 such that V;(u,v) < f;uv for all
i€P. Let \i=0i—g—pfori e Pandlet Ps={ieP: N\ <0}, P,={ieP:\ >0}
For i € Ps, choose n; > 0 such that n; + B;e™™ — (g4 pn) < 0. If 0 € Speriodgic and

genemlzzed Z /\ h - Z 7]2

lepu 16773

then the solution of (6.73) converges to the disease-free equilibrium.
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Proof. For all t > 0,
F= [ F@a(S@. 10— w)du = (g + )1
< [ #8511 = wdu— g+ wI),
< s 16) [ Sl g+ w10)

t—7<s<t

since 0 < S < 1. Then using the normalization condition on f(u), it follows that

[<B, sup I(s)—(g+ (1),

t—7<s<t

=Bo ||l — (g + ) I(1).

By Proposition 4.2.3, I(t) is bounded on any compact interval and for j = 1,2, ...

)

[<.]w) S ||]0 HT €xp [jAgeneralized]

which implies that I converges to zero. Then it follows that R converges to zero and
S =1—1 — R implies that S converges to one. O]

Remark 6.4.1. The condition Ageneralizea < 0 implies that ﬁgenemlued < 1 where

R o Zz’ePu Bihi + Zz‘ePS Bie"T (hi — )
eneralized — .
’ diep, (et ghi + 3 cp (1 + g)(hi — 7)

(6.74)

which may be regarded as an approximate basic reproduction number.

If Ageneratizea > 0 then it is possible for the disease to persist. To combat the disease in
this case, we consider a time-dependent pulse treatment scheme: suppose that a fraction
of the infected population is treated periodically in time and assume that the treatment
process is relatively short when compared to the time scale associated with the dynamics
of the disease. More precisely, assume that a pulse treatment is applied every w > 0 time
units to a fraction 0 < ¢ < 1 of the infected population, immediately moving them to the
recovered class. Hence, the recovered class represents individuals who have recovered from
the disease either naturally or by treatment. Note that ¢ = 0 corresponds to the absence
of control and ¢ = 1 is unrealistic physically. Apply the pulse treatment strategy to (6.73)
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to get the control model

L= [q Fu)We(S(t), I(t —w))du — (g + wI(t), pt# ke,

R = g](t) - :uR(t)v (6 75)
S(t) = S(t), |
I(t) = (1 - o) I(t), t = kuw,

R(t) = R(t™) + cI(t7),

\
where k € N. The treatment scheme aids in eradicating the disease, seen in the following

result.

Theorem 6.4.2. Assume that there exist constants 5; > 0 such that V;(u,v) < f;uv for all
i€P. Let \i=0i—g—pforiePandlet Ps={ieP: N\ <0}, P,={ieP:\ >0}
For i € Py, choose n; > 0 such that n; + B;e"™ — (g + p) < 0. If 0 € Sperioaic and

Atreatment = 11’1(1 - C) + Z /\zhz - Z nz(hz — T) <0 (676)

1€EPy 1€Ps

then the solution of (6.73) converges to the disease-free equilibrium.

Proof. From the proof of Theorem 6.4.1, I < B,||L|l; — (g + p)I(t) for t # kw. Further,
I(kw) = (1 — ¢)I(kw™) at the impulsive times for £ € N and it follows from the proof of
Corollary 4.2.9 that I converges to zero. Hence R converges to zero and S converges to
one. [l

Remark 6.4.2. Condition (6.76) defines a critical pulse treatment rate c.y

Cerit = 1 —€xp | — Z Aihi + Z ni(hi —7)| ,

1€EPy 1€Ps

such that eradication is achieved if ¢ > Cept.

Example 6.4.1. Consider system (6.78) with P = {1,2} and initial conditions Sy = 0.9,
In(s) = 0.1 for —0.1 < s <0, and Ry = 0. Assume that the nonlinear incidence rates take
the form V;(u,v) = fiuv(1l—wv), which take psychological effects into account (motivated by
the incidence rate f(S,I) = BSIP(1 — 1)1 mentioned above with p =1, ¢ = 2). Suppose
that the switching rule takes on the periodic form (w=1):

)1 iftelkk+ ), k=0,1,2,...
2 iftelk+ 2. k+1).
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Suppose that 1 = 10, By =1, g = 1.5, and p = 1. Then Ay = 7.5, Ao = —1, and we can
choose 1y = 0.7. If ¢ = 0 then Ageneratizea = 1.42 and the disease may persist, however, if
c = 0.8 then Ayeatmens = —0.189 and disease eradication is guaranteed by Theorem 6.4.2.
The critical treatment rate can be calculated to be c..y = 0.758. See Figure 6.15 for an
wlustration.

Time-dependent pulse treatment No treatment

1 1

0_9{ Susceptible |_| 0.9
Infected

0.8l Recovered |4 0.8r Susceptible |
o7l | 07l Infected |
| . Recovered
0.6 b 0.6
0.5F b 0.5
0.4 - 0.4f
0.3F b 0.3
0.21 B 0.2
0.1 b 0.1

0 05 1 15 2 25 3 35 4 4.5 5 0 0.5 1 15 2 25 3 35 4 45 5

Time Time
(a) ¢ =0.8. (b) ¢c=0.

Figure 6.15: Simulation of Example 6.4.1.

6.4.3 Transmission Between Cities

A multi-city switched epidemic model is used to model an infectious diseases that can
spread to multiple cities via travelling individuals and transport-related infections. Ex-
amples of multi-city models in the epidemic literature can be found in [7,31,106, 161,175,
181,185-187]. Zhang and Zhao investigated a multi-city SIS model with general nonlinear
birth-rate and periodic model parameters (including the contact rate) in [200]. In the
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paper [117], we investigated the following switched multi-city SIR model,

( n n

i =1iN; = fio(t, S5, 1) = 1355+ > ;S = > aiihujo(t, Si, 1),
=B

L =Fio(t, S5, 1) = gjo Ly — iy + > il + > aujhujo(t, Si, 1), (6.77)

=1 =1
I#7

Ry =g;l; — Ry + ) au Ry,

\ =1

with i, € {1,...,m} following a switching rule and j = 1,...,n. Each city has population
N; =S;+1;+ R; and Z?Zl N; = N, where the total population, N, is a constant. The
birth rate in city j is given by u; > 0, which is equal to the death rate and the recovery
rate is g; > 0. Individuals travel from city [ to city j at a per capita rate oy; > 0, called
the dispersal rate (—a;; > 0 is the emigration rate of individuals from city j to other
cities). Individuals do not die, recover or give birth while travelling. The disease spreads
in city j with the switching nonlinear incidence rate f;,(t,S;,1;). The incidence rate of
travelling infections for individuals travelling from city [ to city j is given by the switching
nonlinear function hyj,(t, Sy, I;). It is assumed that hyj; (¢, S, ;) = hji(t, Si, Ih), that is, the
transportation method between city [ and j is the same both ways (for example, by the
same train system). Sufficient conditions were established guaranteeing global attractivity
of the disease-free solution under a screening process and pulse control scheme with vaccine
failure.

Here we consider extending (6.72) to include transport between cities. For a vector-
borne disease, the incidence rate represents the transmission of the disease between humans
and mosquitoes (i.e. an infected mosquito bites a susceptible human which results in a new
human infection). This is a different mechanism driving the spread of the disease than
was studied in the model (6.77) where susceptible and infected humans come into contact
with each other resulting in a new case of infection. Motivated by this, we consider the
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following switched system of integro-differential equations:

( T

Sj =p;N;(t) — (W) W6 (S5(t), I;(t — w))du — p1;.5;(t) + Z ay;5;(t)

L= F)0(S;(t), I;(t — w))du— (g; + ) [;(1) + Z ol (6.78)

Rj =g;1;(t) — Ry (8) + Y auy Ry (¢)
=1

where j = 1,...,n and the initial conditions are S;(0) = S;o > 0, [;(s) = I;o for s €
[—7,0] where I;, € PC([-7,0],R;), and R;(0) = R;o > 0. Each city has population
N; =S;+1;+ R; and Z?Zl N; = N, where the total population, N, is a constant. The
meaningful physical domain for system is

Qmulti = {(S,],R) GRiﬂ ZS]+I]+R] :N}

Jj=1

Theorem 6.4.3. Assume that there exist constants ;; > 0 such that U ;(u,v) < Bjuv/N;
for alli € P. Let

Ai = max f[;— min (g; + y; )
Jj=12,..,n Jj=12,...,n

forieP andlet Ps={i€P:\ <0}, Pu={it€P: X\ >0}. Forie Py, choosen; >0
such that

-----

multz_z)\h _anh <0

zEPu leps

]f (S Speriodic and

then I; converges to zero for j = 1,2,...,n and hence the disease is eradicated in each
city.

Proof. From the equation for the infected population in the j* city, it follows that for
t>0:

n n

Z .j = Z [ OT (W) Wo(S5(t), I;(t — u))du — (g; + p;)L;(t) + ZO‘ZJ )

J=1 Jj=1
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Since the emigration rate of individuals travelling from city j to city ¢ must equal the
immigration rate of individuals entering city ¢ from city j, the sum of all immigration rates
must equal the emigration rates:

Z Z Oéljfl =0.

=g
Therefore,
Zf _ [/ 308,00 1t = )~ (g, + )0
/ fu wa t—u>>du—§<gj+uj>fj<t>,
< | f<u>iﬂja%f‘%u—i<gj+uj>fj<t>,
so that

j=1 1 j=1
= sup Z BioLi(s) f(u)du — Z(g] + w5) 1 (t),
t—r<s<t <= o
= Ssup Z Bial;(s) — Z(gj + i) 1;(t),
t—1<s<t 1 =1
< max f, sup I;(s) — min (g; + p; ) Z I;(t)
7=1,2,..., n t—r<s<t<— ° ~  j=12,., n

Then it follows from proposition 4.2.3 that v(t) = >_7_, I;(t) is bounded on any compact
interval and

U(jw) S HUOHT €xp [jArnulti]

which implies that v converges to zero and hence each I; must converge to zero. The
disease is eradicated in each city. O]
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6.5 An SEIRV Model with Age-dependent Mixing

Many infectious diseases incubate inside the hosts for a non-negligible amount of time
before the hosts become infectious, such as hepatitis B, Chagas’ disease, HIV/AIDS, and
tuberculosis (the last two having latent stages that may last years) [91,131]. Motivated
by this, we consider a so-called SEIR model formulation by assuming that the population
is split into four compartments: the susceptible, S, who are healthy individuals able to
contract the disease; the exposed, E, who have contracted the disease but are not yet
infectious; the infected, I, who are infectious; and the recovered, R, who have recovered
from the disease and have gained natural immunity.

Assume that the constant recruitment rate into the population is given by A > 0.
Assume that the average contact rate between individuals (sufficient for transmission) is
given by # > 0. Assume that the natural death rate of all individuals in the population is
given by p > 0 and suppose that d > 0 is the disease-induced death rate. Suppose that the
average latency period is 1/ > 0 and the average infectivity period is 1/¢g > 0. Assume
that the rate of increase of the exposed (and loss of susceptibles) is proportional to the
number of infected and susceptible present.

If all individuals in the population mix homogeneously, then this leads to the classic
formulation of the SEIR model (for example, see [75,79,88,89,131,164]). However, ho-
mogeneous mixing is not a realistic assumption. The authors Rost and Wu considered
age-dependent mixing [157]: let i(¢,a) be the number of individuals infected at age a and
time ¢, then I(t) = [7i(t, a)da. Introduce the kernel function 0 < k(a) < 1 where k(a)
represents the infectivity according to the age of infection. Then the SEIR model can be
written as [157]:

($=A—B5() /OOO k(a)i(t, a)da — uS(1),

E = 3S(t) /Ooo k(a)i(t,a)da — yE(t) — uE(t), (6.79)

F = B(t) - gI(t) — dI(t) — pI(1),

where the density i(t,a) evolves by the partial differential equation

(g i %) i(t,a) = —(g + d + p)i(t, ),
i(t,0) = vE(t),
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which can be solved to get [157]:
Z(t, a) —= Z(t — a7 0)6_(g+d+ﬂ)a — ny(t — a/)e_(g"l‘d"r,u)a‘

Hence, system (6.81) can be written as
(§= A ByS(t) / k(a) E(t — a)e= O megq — S (),
0

B=pyS() [ H@B(—a)e " —aB0) - O, (o)

[ =~E(t) = gI(t) — dI(t) — ul(t),
( R = gI(t) — pR(?).

The global stability properties of (6.81) were investigated in [157]. The basic reproduction
number of (6.81) is given by

Ro = ﬂé/ k(a)e*(ﬁd*“)“da,
gtpp o

and the authors Rost and Wu proved global asymptotic stability of the disease-free equi-

librium (A/p,0,0,0) if Ry < 1. The authors also gave a permanence result where the

disease persists if Rg > 1. In [134], McCluskey resolved the endemic case and showed that

Ry > 1 ensures global asymptotic stability of the endemic equilibrium using a Lyapunov

functional.

In the report [156], Rdst analyzed an SEI model with distributed delays and a death rate
for the infected class that depends on the age of infection. A heterogeneous host population
can be divided into homogeneous groups according to transmission characteristics (modes
of transmission, contact patterns, geographic distributions, etc.) [90]. Motivated by this,
a multi-group SEIR model with unbounded delay was studied in [90] by Li et al. to model
within-group and inter-group interactions separately. The authors found global asymptotic
stability results for the disease-free equilibrium and endemic equilibrium based on the
spectral radius of the next generation matrix using Lyapunov functionals. These results
were extended by Shu et al. in [168] to model generalized nonlinear transmission rates.
Lyapunov functionals were used to give sufficient conditions for global asymptotic stability
of the disease-free equilibrium and endemic equilibrium based on the basic reproduction
number.
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The authors Wang et al. [182] formulated and investigated the following SEIRV model
S =A— ByS(t) / k(a)E(t — a)e”Wrtmade — (4 v)S(t),
0

EZVWMQ+BWVHAWM@E@—®6Wﬂwmm—vﬂﬂ—uE@,

f—vE()—gf(t)—df(f)—uf(t),
R =gI(t) + g,V () — pR(t),

V= uS(t) - &ﬂ“)AmM®E@—®€@MWMM—%V®—WV@7

(6.82)

\

where v is the time-constant vaccination rate of susceptible individuals (moving them to
the vaccinated class, V'), 3, is the reduced contact rate (8, < [3) to represent the fact
that vaccinated individuals have partial immunity during the vaccination process, and g,
is the average recovery rate for vaccinated individuals to obtain immunity. The basic
reproduction number for (6.82) is adjusted to reflect these model changes:

S* vV* o0
RO — [/8 + /6 ]7/ k(a)e—(g—i-d—‘,-,u)ada
g+p 0
where S* = ﬁ and V* = m. Then Wang et al. showed that the disease-free equi-
librium is globally asymptoticaﬁly stable under the condition that Ry < 1. The authors

also proved global asymptotic stability of an endemic equilibrium when Ry > 1 using a
Lyapunov functional. In the next section, we extend the model by considering an impul-
sive control scheme and adding seasonality to the model in the form of term-time forced
parameters.

6.5.1 Extending the Model

In the paper [148], Nie et al. proposed and analyzed a state-dependent impulsive vaccination
strategy applied to an SIR model. Motivated by this, the first complication we consider for
(6.81) is to consider the following vaccination strategy: if the infected population reaches a
threshold value, I = I, for some critical number of infected I.; > 0, and the susceptible
population is sufficiently high, S > S for some constant S > 0, then a portion of the
susceptible population is given a vaccination so that S(7;) = €Sei, where 0 < € < 1 and
T} is an impulsive time. That is, the number of susceptible individuals after the impulse
is less than the critical amount Sg;;. Assume the time period of the vaccination is short
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compared to the time scale of the disease dynamics and that when the vaccination is given
to a susceptible individual, they immediately move to the vaccinated class, denoted by V.
Since the duration of vaccine-induced immunity is important, assume that individuals who
have been vaccinated move back to the susceptible class at a rate # > 0. Similarly, assume
that individuals who recover from the disease only do so temporarily for an average amount
of time 1/6. For example, herpes simplex tends to relapse after recovery and many other
sexually transmitted diseases such as chlamydia and gonorrhea result in little to no acquired
immunity [47,91]. The second complication we consider for (6.81) is to assume that the
contact rate is a piecewise constant switching parameter §; > 0 with ¢ € {1,2,...,m}.
Assume that the switching parameter is governed by a switching rule

o(t) : [tk-1,tx) = P,

for k£ € N, which is a piecewise constant.

Prompted by a seasonal increase in contact rate patterns, consider the addition of a
pulse treatment strategy to help combat the spread of the disease in combination with
the pulse vaccination scheme outlined above. Suppose that at certain points in time a
portion of the infected class are given a treatment in a short period of time (with respect
to the dynamics of the disease). That is, a public campaign is enacted whereby individuals
experiencing symptoms travel to clinics to receive treatment during certain periods of
time (perhaps every few months). Mathematically, assume that a portion 0 < p; <1
of infected individuals receive treatment at the switching time ¢, and immediately move
to the recovered class. The constants pq, ps, ..., p, are the treatment rates with the idea
being that the treatment rate becomes higher in response to a higher seasonal contact rate
pattern. Hence if 8 > ; then ps > p; in response to an increased incidence rate of the
disease. Assume that the pulse treatment scheme does not apply to the exposed class, as
they are not yet experiencing symptoms.
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With these changes, (6.81) can be re-written as:

(S =NA—BowyS(t fo E(t — a)e”@tdmagy — 1uS(t) + OV (1),
E = Bo1S(1) Jy~ t-@ “lotdtmede — (y + p)B(t),
[ =~E(t) - (g+d+uﬂ(% ¢l

R = g1(t) - uR(t),
V= —(0+pV(0),

(6.83)
AS = €St — S(ti),
AE =0,
Al = —pg(t)[@f—), xel.
AR = pop (),

AV = S(t_) — EScrjt,

\

where z = (S, E,I, R, V)T and the initial conditions are S(0) = Sy > 0, I(0) = Iy > 0,
R(0) = Ry >0, V(0) = Vy > 0, and E(s) = Ej for s <0 where Ey € PCB((—00,0],R,).

The impulsive set I is defined as
I'={(S,E,[,R,V)€R’ | S > Seis and I > It}

A well-posedness analysis of a similar SEIR age-dependent mixing model formed the basis
for a section of the report [116].

6.5.2 Well-posedness of the Model

In [157], the authors Rdst and Wu analyzed (6.81) and considered the phase space UC, of
fading memory type, given by

Uuc, = {w : (—00,0] = R | ¥ is bounded and uniformly continuous } ,
g
where g satisfies the conditions [8,48]:

(i) ¢g: (—00,0] — [1,00) is a non-increasing continuous function and ¢(0) = 1;
(ii) lim, ,o- g(s+ u)/g(s) = 1 uniformly on (—oo,0];

(iii) g(s) — o0 as s » —0.
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For example, these conditions are satisfied for g(s) = e * or g(s) = (1+|s|)¥, for v > 0 [8].
Then UCy is a Banach space when equipped with the norm

)]
ol = sup

Then the authors chose the space
Y ={¢YeUC,|9(s)>0fors<0},

with g(s) = e ™%, 0 < v < g+ d + p, for the history of the exposed class.

This particular choice of space is unreasonable for system (6.83) due to the impulsive
discontinuities. The authors in [157] avoided the space BC of bounded continuous functions

BC — {w € C((~o0,0) 1) :sup [0(5)] < oo}

due to some undesirable qualitative properties with respect to functional differential equa-
tions with unbounded delay and referred the reader to [162]. However, the main problem
with the space BC outlined in [162] is the fact that if z is in BC, it does not guarantee
that x; is in BC. This particular issue is resolved here by using the composite-PCB char-
acteristic of the right-hand side of the integro-differential equations (6.83) and hence the
choice of phase space here is PCB.

Proposition 6.5.1. Assume that o € S and that k(a) = e~ for some constant q¢ >
0. Then for each to € Ry, Sy € Ry, I € Ry, Ry € Ry, Vj € Ry, and Ey €
PCB((—00,0],Ry), there exists 0 < b < oo such that system (6.83) has a unique non-
continuable solution (S(t), E(t),1(t), R(t),V (t)) on [to,to + b) which satisfies S(t) > 0,
E(t) >0, I(t) >0, R(t) >0, V(t) >0 for t > 0.

Proof. System (6.83) can be written as

a'(t) = fowy(wr), x¢T,
Az = gy)(x(t7)), zeTl,

where z = (S, E, I, R, V)T,
6Scrit -5
0
gilx)=| —-ml |,
pil
S — 6Scrit
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and

fz(fft) =

A — BiyS(t fo ~OFdadg — puS(t) + 0V (t)
BS(t) fy B t —a)e “ngq (v + wE(t)
VE(t) — M (t) :
gI(t) — pR(t)
—(9 + 1)V ()

A — ByS(t f E QD=9 ds — uS(t) + 6V (t)
BiyS(t) [1 . Els v Vds — (v + ) E(t)

( ) = A1) )
( ) — pR(t)
—(0+ u) (1)

where A = g + d + p. Consider the composition function

Suppose that £ € PCB((—o0,ty + b],R;) and note that ¢ — a is strictly increasing in ¢
for any fixed a. Then E(t — a) is a composition of a PC B-valued function with a strictly
increasing continuous function of time. Hence it is an element of PC B([to, %o+ b], R) and

A, q,a > 0 so that

is finite for all time and, more importantly, v € PCB since E(t — a) € PCB. Since the

v(t) = / e~ MDE(t — a)da.
0

lu(t)] < /0 \e_(’\+q)“E(t —a)l|da

other components of f; do not have delay, it follows that f; € PC'B for i € N.

Let

Z(FEy) = / e"MDE(t — a)da.
0

Then for ¢ € PCB((—00,0],R}), we can write

Z(¢) = / O (s)ds
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For any ¢, ¢ € PCB((—o00,0],R,),

12(0) - 2(8)] = H / My / 503 g(5)ds

< / 1405 [l(s) — 6(s)]lds,

9

< supl[0(s) = o(9)| / e+ s,

= )\—Jrqu — ¢llpeB.

Write the functionals using Z to get

A —pS + 60V —BivSZ

0 ~(v+wE BiySZ
filxe)) =10+ | YE—-X |+ 0

0 gl — nR 0

0 —(0 4wV 0

then f; is continuously differentiable with respect to S, Z, I, R, and V. For any compact set

||fZ(SaZa[>R7V) —fz(gaZiR?V)H
<C(S=SI+1Z2=Z|+ I -1+ |R- R+ [V-V]).
This means that for all ¢, ¢ € PCB((—o0,0],),

1£i(¥) = fi()l
< C([141(0) = (O + 12 (h2) = Z(d2)]])
+C([[¢3(0) = ¢3(0)[| + [[¥4(0) = @a(0)[| + [[¥5(0) — @5(0) 1) ,

<0 (1610 = 610 + - sup Ia(e) = (5]
O (10(0) = 33(0)] + [44(0) — 30} + 5(0) — 85(0)])
< Csup (I14(6) = 1M + 5 la(s) — en(o)]
+ O (s(s) — d5(6)-+ a(s) = Gu(5)] + 1) = 6s(s)1),

< L||1Y = ¢llpes
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where L = C'max{1,1/(A + q)}. Therefore f; is locally Lipschitz for each i € P.

If the infected population is above the critical amount I > I and the susceptible
population is above the threshold S > S, an impulse is immediately applied. De-
note the first impulsive moment to be T; (which may be the initial time). That is,
(S(1y7), E(Ty), I(Ty),R(Ty),V(Ty)) € I'. From the impulsive equation for S, S(T1) =
€Seit which implies

(S(TY), E(TL), I(T1), R(TY), V(Ty)) ¢ T

since 0 < € < 1. Hence there must exist a constant 6; > 0 such that
(S(Ty+1t), E(Th+t), [(Th+t), R(Ty +1t),V(T1 +1t) ¢ T

for all t € (11,7} + 01]. By similar arguments there exists a constant 6 > 0 such that
(S(Tk + t), E(Tk + t), I(Tk + t), R(Tk + t), V(Tk + t)) ¢ I'forallt e (Tk, Ty + 5] Therefore,

there exists a constant n > 0 such that

1 — >

]ifellg To1 =T 21
and so the impulsive set I' € Z is admissible. The conditions of Theorem 3.5.1 are satisfied
and hence there exists a unique solution x(t) = z(t; to, ¢o) of (6.83) for t € [to,ty + b) for
some constant b > 0.

To prove non-negativity, note that for all ¢t € Ry, ¢ € PCB((—o0,0],R?), i € P,
J=12,3,4,5, ,
7,0y @20 = 0 (6.84)

where f; = (f&, f@ 3 f@ T gince Ey(s) 1 (—o00,0] — R,. Additionally, for all
t € R+, @ZJ € PCB((_Ooao]aRi—)a

9 (0) + g7 (t,9) > 0, (6.85)

that is, ¥(0) + ¢;(Tx,¥) € R%. Equation (6.84) implies that along any z;-axis for j =
1,2,3,4,5, the differential equation in the switched system (3.2) satisfies ;(t) > 0, re-
gardless of which subsystem is active. Also x = 0 is an equilibrium point of the system.
The impulsive equation satisfies z;(1}) > 0 due to equation (6.85) so that the impulsive
effects cannot result in the j** component of the solution becoming negative. Therefore
the solution z(t) of (6.83) satisfies x;(t) > 0 for j =1,2,3,4,5. O

255



6.5.3 Numerical Simulations

For an illustration, assume that the switching rule takes on the following form

1 iftelk,k+025), k=0,1.2,...
a:{ if te [k, k +0.25), k = 0,1,2, (6.56)

2 iftelk+0.25k+1).

The contact rate experiences seasonal shifts between the winter season (57 > 0) and the
other seasons of the year (8 > 0), where §; > (5 > 0 since individuals come into contact
more often in the winter season. Suppose that p; > ps so that after each winter period a
stronger impulsive treatment is applied in response to a higher contact rate. In particular,
we take g1 = 20, o =4, A =100, v =01, u=0.1,d=0.1, g = 0.2, 0 = 2, py = 0.75,
pa = 0.25. As is considered in [157], let k(a) = e9 and we take ¢ = 1000. The initial time
is taken to be ty = 0, and the initial conditions are Sy = 800, Iy = 100, Ry = 0, V5 = 0,
and Ey(s) = 100 for s < 0. See Figures 6.16, 6.17, and 6.18 for simulations.

900
Susceptible
800r Exposed 7
Infected
700f Recovered 1
Vaccinated
600} b
500 crit
4001 B
3001 B
200} B
__a-""""—--
100 | , A
l .
0 1 1 1 1 1 — Crlt

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time

Figure 6.16: Simulation of Example 6.83 with S = 500, I.;x = 50, € = 0.95.
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Figure 6.17: Simulation of Example 6.83 with S = 500, I = 50, € = 0.6.
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Figure 6.18: Simulation of Example 6.83 with S = 500, I = 5, € = 0.95.
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Chapter 7

Concluding Remarks

7.1 Conclusions

In the present thesis we have investigated the qualitative behaviour of hybrid impulsive sys-
tems with distributed delays (HISD). The fundamental theory of HISD with infinite delay
was studied in Chapter 3. Classic techniques were adjusted to account for the unbounded
delay along with the switching and impulses to show local and global existence, unique-
ness, and extended existence. The results apply to impulsive systems with state-dependent
or time-dependent switching (where the switching times do not necessarily coincide with
the impulsive times). The mathematical well-posedness of the models is important when
drawing a connection to physical systems being modelled.

In Chapter 4, the stability of switched integro-differential systems with impulsive effects
was analyzed in detail. First the focus was on HISD composed of stable and unstable
subsystems. Verifiable sufficient conditions were developed which guarantee stability using
Halanay-like switching inequalities. We followed up on this investigation by considering
HISD with unbounded delay, where the Halanay-like techniques fail to work. Instead,
we developed Razumikhin-type theorems which ensure stability under certain classes of
switching rules. The work in this chapter has important implications in, for example, the
synchronization of a driver and response system as well as disease modelling.

Hybrid control techniques were discussed in Chapter 5. Since switching and impulsive
control can act as a powerful control method, this line of research has applications in control
theory. We analyzed how using a combination of impulsive control and state-dependent
switching control can stabilize an unstable integro-differential system with bounded or un-
bounded delay. Sufficient conditions guaranteeing stability were presented using Lyapunov
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functionals and Razumikhin-type approaches. This work extends current reports in the
literature on state-dependent switching stabilization of systems with distributed delays
by including nonlinearities and impulsive effects at pre-specified times or switching times.
With practical implications in mind, we studied how overlapping regions and the addition
of a wandering time to the stabilizing algorithms alleviates chattering-like behaviours and
accumulation points. We also saw how disturbance impulses can help to avoid chattering.

The combination of expanding air travel globally and seaborne trade has removed
geographic barriers to insect disease vectors [29]. With this in mind, we studied the spread
of infectious diseases in Chapter 6. First, we analyzed a model of the Chikungunya virus
in detail, including two possible control schemes: the mechanical destruction of breeding
sites and a forced reduction in the contact rate pattern in the population. Theoretical
and numerical results were given as well as an analysis of the control strategies’ efficacy.
Threshold criteria were presented for the eradication of the Chikungunya disease, both for
periodic model parameters as well as general time-varying parameters. Multiple Lyapunov
functions were used, from switched systems theory, in order to prove the results. This type
of study has potential impact in designing a response strategy to an impending outbreak
of the disease. We found that a reduction in the contact rates should begin immediately
after an outbreak for a short period of time in conjunction with a lengthy mechanical
destruction of breeding sites campaign.

We followed up these efforts with a study of vaccination schemes for a general vector-
borne disease model, formulated by considering the time scales involved in the dynamics
of the mosquito and human populations. We extended the current literature by analyzing
switching cohort immunization, time-dependent pulse vaccination, and state-dependent
pulse vaccination schemes for a vector-borne disease model with term-time forced model
parameters. For each of the control schemes, eradication threshold conditions were proved.
A numerical analysis was performed on the cost-benefit of the various control methods.
From the control efficacy and cost-benefit studies, it seems that the best course of action to
combat an impending epidemic is to administer pulse vaccinations to the public whenever
the susceptible population reaches a critical threshold combined with cohort immunization
programs. From the work here, we also concluded that more efforts should be spent in
developing a commercial vaccine for Chikungunya.

Finally, we considered a theoretical analysis of an epidemic model with general nonlinear
transmission rates and distributed delays and found eradication conditions based on the
model parameters and functional form of the incidence rates. We also introduced an
epidemic model for diseases with periods of latency and age-dependent population mixing.
The model was extended by proposing a control strategy for eradication and by considering
seasonality. We applied our fundamental theory results from earlier to find that the model
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is well-posed and solutions remain nonnegative.

7.2 Future Directions

One possible future direction is analyzing stochastic integro-differential equations. For ex-
ample, investigating the basic theory and stability theory of HISD with unbounded delay
and stochastic perturbations. Adjusting the Razumikhin-type approach in Chapter 4 for
HISD with unbounded delay composed of stable and unstable modes is another avenue of
possible work. Investigating conditions guaranteeing instability is an interesting and im-
portant future direction for research. This would help give insight into the conservativeness
of the sufficient conditions for stability found in the present thesis by helping to narrow
the gap between stability and instability.

For the hybrid control theory in Chapter 5, possible future work includes extending the
stabilizing time-dependent switching approach to systems with distributed delays where
currently there are no such results. Other possibilities would be to to consider optimal
hybrid control for HISD with unbounded delay and models with uncertainty in the param-
eters. For the application in disease modelling in Chapter 6, there are many options for
future research. For example, recently there has been an increased interest in sterile insect
techniques to control Chikungunya, which was not considered here. A stability analysis
of the SEIRV model studied in Section 6.5 is a potential line of future work. An optimal
control analysis of the various control strategies studied in the disease model chapter also
warrants future investigations.
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