Chapter 4
Epidemic Models with Switching

In this chapter, the methods developed thus far are applied to a variety of infectious
disease models with different physiological and epidemiological assumptions. Many
of the previous results are immediately applicable, thanks to the flexibility of the
simple techniques used here. However, some complicating modeling assumptions
lead to a need for different switched systems techniques and results not present
in the previous chapter. First, the so-called SIS model is considered, followed by
incorporation of media coverage, network epidemic models with interconnected
cities (or patches), and diseases spread by vector agents (e.g., mosquitoes) which
are modeled using time delays. Straightforward extensions of eradication results
are given for models with vertical transmission, disease-induced mortality, waning
immunity, passive immunity, and a model with general compartments.

4.1 Absence of Conferred Natural Immunity: The SIS Model

Consider the set-up of a two-compartment disease model where the infected, once
recovered, immediately return to the susceptible class (i.e., only the susceptible, S,
and the infected, I, are considered). Implicitly, the assumption of conferred natural
immunity in the switched SIR model (3.8) is being discarded. Invoking the other
assumptions of Sects. 3.1 and 3.3 yield the switched SIS model:

S(t) = — BoSOI(1) + gl(t) — pnS(1),
1) = B-S(I(t) — (g + WI(), (4.1)
(5(0),1(0)) = (So. Lo),
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Fig. 4.1 Flow diagram of the \
switched SIS system (4.1).

The red line represents
horizontal transmission of the
disease

%N

where 0 € Sywen designates a switching rule; o(f) € A4 = {1,...,m} and Bo(;) €
{B1,...,Bu} for each t. Again, the variables have been normalized by the constant
total population and (So,Iy) € D1y = {(S.1) € RE : S + 1 = 1}, the meaningful
domain which is positively invariant to (4.1);

S+ DYsti=1 =0, Sls=o=p+gl>0, Ilj==0.

The flow of (4.1) is outlined in Fig. 4.1. Since the domain is positively invariant and
the switched system has continuously differentiable functions on the right-hand side

in each mode, the model is well-posed, biologically and mathematically.
@1 _

The disease-free solution of (4.1) is Oppg = (1,0). There exist m endemic
equilibria, each associated with a mode of (4.1), given by
o= (HrE - 128, @)
Bi Bi

Since § + I = 1 is an invariant to (4.1), the differential equation for S may be
omitted:

I(1) = =B (1) + (Bs — g — I(2).
100) = I.

(4.3)

Foranyi e .#,
1() = =Bil* (1) + (Bi — g — WI(®),

is a Bernoulli switched differential equation. With this in mind for the piecewise
switching case, the SIS model (4.1) admits the following solution (adopted from
[63]):

1(tx—1) exp(Aiy (t—tx—1)) P
1(5) = | TPl (i) =D/2; +1° if Xy # 0,
- I(tg—1) o
I(t—1) By (t—tg—1)+1° if 4 = 0,

for all t € [t—1, ), where A; = B; — g — u for each i € .# . The solution can be
given in a closed-form expression, as a function of parameters (i.e., initial condition
and switching rule) and #: if A;, # 0, then

Iyexp(A;, (1))

I(t) = LB, (exp(A;, (1)) — 1) /Ay, + 1
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If A;, # 0, then

1(11) exp(A, (12 — 11))
I(1)Bi, (exp(Aiy (1, — 1)) — 1) /A, + 17
Iyexp(A;, (1)) + Ajy (2 — 11))

= [Py expOn 2y (o—11)—1 i (exp(hiy (m)—1 :
(10/32€XP( l(tl))iﬁzp( ,(n—11)) )) + (10ﬂ1(eXP§l[11(t|)) )) +1

I(ty) =

Assuming that A;, # 0 for each &, then the solution is given by

Ipexp (ij;ll A,] (fj — tj—l) + Aik (t - tk—l))
(1) = . Ve [tfim1,t), 4.4
k1
Io (ﬂikBik 0+ 2= IBiinj) +1

where
! exp(Ai, (t — 1)) — 1
i — —1)) —
Bi(t) = exp | Y Ayt — ti-1) + A (t— 1) — :
=1 *
A = Ajexp(Aiy (1) + ..o+ A (-1 — 1-2)),
and,
exp(Ai; (4j—4j—1))—1 .
~ P T if Ay #0,
A, = A o #
i —tji—1, if A’l =0.

Compare this result to the time-constant contact rate SIS model:

S(t) = p— BSOI(1) — uS(t) + I (),

. 4.5)
1(t) = BSOI(1) — (g + wI(0),
which has basic reproduction number
R{? = b (4.6)

w+g

and, after eliminating the equation for § via the invariant S + I = 1, simplifies to
the Bernoulli differential equation

I(1) = =Br (D) + (B — g — wI(),
1(0) = I > 0.

4.7)
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Equation (4.7) has two equilibria: lefs) = 0 and QSS7) =1-1 /Rg4‘5), corre-
sponding to the disease-free solution and endemic solution of (4.5), respectively.
Equation (4.7) admits a unique solution [63] which can be found analytically.
The details are explored to draw comparisons with the switched contact rate case
outlined above. Letting A = 8 — u — g,

1(1) — M (1) = —BI(1),
if RE;LS) # 1 (i.e., A # 0). In this case,

I X
p ="
The substitution y = 1 —! which is valid for I #£ 0, yields
. I
y= 2
Hence,
(1) = —=Ay(@) + B,
y(0) =1y > 0,

(where I > 0 has been assumed to make the problem interest) which admits a
unique solution given by

y() = (Io — g) exp(—At) + é, Vi e Ry.

Consequently, the unique solution is
1
(IO - %) exp(—Ar) + g

- exp((1 + 9)RG™ — 1))
RS (exp((1 + RS — i) — D/REY = 1) + 1/I

I(t) =

€R+.

In the case that Rg"s) = 1, I(t) = —BI%(¢) which is readily solved to get the unique
solution

1
()= ——, VieR,.
Br+ &
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Combining the cases,

exp((ut+9) Ry —=1)) R (S)
, 1fR 1,
1(t) = { R @p((ute)®R5 =101/ RG™~D+1/Io 0o 7 (4.8)
1 e @5)
B/l ifRy™ = L.

As A = 0is equivalent to R(()4'5) = 1, notice that (4.4) reduces to (4.8) when 8, = .
By inspection, if Rg4.5) < 1, it follows that

lim () = 0,
=00

and le‘gs) is asymptotically stable in the meaningful domain. If RB4.5) > 1 then

lim 1() = 1—1/Ry"Y > 0
—>00

and Qgsj) is asymptotically stable in the meaningful domain. The basic reproduction
number completely determines the long-term behavior of (4.7) (and therefore (4.5)).

In light of these findings, let us return to (4.3) in order to study its qualitative
behavior.

Theorem 4.1 Ifo € Speriodic (@) and

RE)4.1) = Z:n=1 ,Bifi <1,
o(p+g)

then the disease-free solution Qg}';ls) = (1,0) of the switched SIS model (4.1) is
globally asymptotically stable in the meaningful domain D4 1.

Proof Since A; > 0 for eachi € .# and B;(t) > 0 foreachi € .# andt € R,
Eq. (4.4) implies that

k=1
I(t) < Ipexp Z)tij(lj — ) F At —n-1) |, Yte [t k), 4.9)

j=1
and, from 0 € Hperiodic
m
I(w) < Iyexp (Z )k,-ri) ,
i=1
where 37 A,7; < 0 since R < 1. Letting

n = exp (Xm:/\m) <1,

i=1
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I(hw) < Ipn" for any h € N and the sequence {I/(hw)} is monotonically decreasing
and converges to zero, and, similarly to the proof of Theorem 3.1, lim,_, o 1(¢) = 0.
Moreover, (4.9) gives that I(f) < IgM = I, for all t € R4 where

M = exp Z At |,
i€+
with .#+ = {i € .4 : A; > 0}. The result follows from the fact that S = 1 — I.

From the proof of Theorem 4.1, an approximation of the epidemic severity is
given as

Inax = Iy exp Z At |,
i€#t

which is greater than [, but may not be achieved. Importantly, a small amount of
initial infected cases results in a small number of infections in time and the disease
is eventually eradicated. However, in the case that the basic reproduction number
Rg“) is greater than one, a result on the persistence of the disease can be established
along the lines of the proof of Theorem 3.3 in [83] and Lemma 4.1 and Theorem 4.1
in [68]. If weak uniform persistence does not hold, then for any € > 0,

limsup(z) < e.

—>00
In this case,
S(t) = = BSOI(0) + gl(t) — pS(t) > 1 — Prmaxe — uS(), V1 € [tim1, 1),

where Bm.x = max{fi,..., Bn}. The comparison ODE system

Sm(t) = K- /3max6 - /LSm(t),

(4.10)

has a unique solution converging to $* = 1 — Bm.€/ . Hence, there exists a time
t* > 0 for which S(¢) > 1 — Bax€/u — € for all ¢ > ¢* and, for any k € N satisfying
f<tfo<t<t,

(0 = BSI(1) = (g + WD) = (B — & — it — €(1 + Bunax/ ) B (2).

Fort € [t* + (k— Dw, t* + ko),
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I(t) = ](t*) eXp (/* (ﬂo(:) —8§— M- 6(1 + ﬂmax/ﬂ)ﬂa(s))ds) s

*

4 (k=D
= I(t*) €Xp (/ (ﬂo(s) —g—pu—e(l+ ,Bmax/:u),Bo(s))dS>

X exp (/ (Bosy —g—p—e€(l + ﬁmaX//L)/SU(.Y))dS) ,

*+(k—1w
= wexp )| [ B~ = 1085 = €01+ 0]}
where M = I(t*) exp(—w(g + ) — €0Bmax (1 + Pmax/ ). Choosing ¢ to satisfy

Iy (Bos) — 8 — p)ds
20Bas (14 222)

O<e<

’

$(e) = ( /0 Boto) — 8 — 1)ds — coPman(l + ﬁmax/m) - 0,

and I(f) > M exp((k— 1)¢(€)), which contradicts the boundedness of /; there exists
atime ¢! > * such that I(t') > n. Uniform persistence is then shown along the lines
of the proof of Theorem 3.4 to give the following result.

Theorem 4.2 Ifo € S eriodic (@) and Rgm > 1, then the disease persists uniformly
in (4.1).

A permanence result (see [148] for the original definition, also see [49]) can be
derived in terms of the endemic equilibria associated with each mode of (4.1), i.e.,
0" as outlined in (4.2).

Definition 4.1 The disease is said to be permanent in (4.1) if there exists a compact
set £2 C int(D 1)) such that for every initial condition in D 1y, () eventually
enters and remains in £2.

Note that permanence implies persistence. Periodicity of the switching rule is not
required in this case.

Theorem 4.3 If 0 € Sywen and min{Rff")’i 11 € M} > 1, then the disease is

permanent in (4.1); I(t) converges to COHV{QSS'I)'I, ey SS'I)""}.

Proof Note that min{REf‘m 11 € A} > 1implies that

,Bmin
n+g

> 1,
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where Buin = min{B; : i € #}. Let A = copv{Qgél)’l,...,Qgs'l)’m} and A; =
Bi—u—gforeachi € .#.Foreachi € .#, Qgs'l)" = (S},I7,R’) where I = A;/B,.
Then

A={SDeR: I <I<I . S=1-1I,

min — © — ‘max>

where Inin = min{l{, ..., I} and Iy = max{Il},..., I }. Foranyi € .,
H Amin : Amin Amin A'i Amin
1= min ﬁmin ﬂmin ,Bmin ,Bi ,Bmin

since rnin{R(()4'1)’i :ie€ ./} > 1. Similarly, for any i € #,

H /‘\max . Amax Amax Ai Amax
oz =8 () + 0 = g (5 ) =0

The invariance of S + I = 1 immediately implies that A is positively invariant
to(4.1);if Iy € A, {I(l) it e R+} CAIf0<y< Amin/ﬂmin’ then

o

. A

I(t) = —BoI(t) + AgI(t) = Bol(1) (ﬂ—" — 1(:)) >0, VieRy,
implying that either /() € A in finite time or lim,, o I(t) = I}, € A. Similar
arguments can be used for the case Ayax/Bmax < Io < 1.

Example 4.1 Consider the switched SIS model (4.1) with switching in all model
parameters:

S(t) = Ug — ,BJS(t)I(t) + g(,](l‘) - MJS(t)»
1(1) = BoS(OI(1) — (8o + po)I (1), @.11)
(5(0),1(0)) = (S0, Io),

where .# = {1,2} and o is defined by the seasonal switching rule (3.37) (which is
periodic with 7y = 0.25, 7, = 0.75 and w = 1). Letting 8, = 1/4, B, = 1/12,
g1 = 1/10, g, = 1/8, uy = 1/70, and u, = 1/60 (motivated by the parameter
values in [173]), there is an increase in the contact rate and decrease in the recovery
rate in the winter seasons and the birth rate increases during the summer months.
The basic reproduction number is calculated as

2
R(4.11) _ Zizl ﬂifi

0 5 = 0.927
Zi=1(ﬂi + 8T

and, by a straightforward extension of Theorem 4.1 (see Theorem 2.1 in [98]), the
disease-free solution is globally asymptotically stable in the meaningful domain.
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Fig. 4.2 Simulation of Example 4.1. (a) R§"'" = 0.927. (b) min{R"' " : i € .4} = 1.41; the

black lines are Iy and I,
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If instead B; = 1/2, B = 1/5, g1 = 1/10, g = 1/8, u1 = 1/70, and p, =
1/60, then Rg“l) = 2.04 and the disease persists according to an extension of
Theorem 4.2 (Theorem 2.3 in [98]). In fact, min{R"""",R{""?} = 1.41 and the
solution converges to the convex hull of the endemic equilibria according to an
extension of Theorem 4.3 (Theorem 2.4 in [98]). See Fig. 4.2 for an illustration with
(S0, Ip) = (0.8,0.2) and Fig. 4.3 for simulations with different initial conditions.

The spread of an infectious disease in a population depends crucially on two
factors: (1) properties of its transmission mechanisms; and (2) the behavior of
the host population. These two items are manifested in the infectious disease
models via incidence rate constructions. In this part, we consider the following two
generalizations of the standard incidence rate studied thus far: first, the standard
incidence rate as
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(5.0) > BUS + 1151 = PN
where & € [0, 1] represents the pattern of daily encounters by individuals in the
population N = § 4 I (¢ = 0 corresponds to the standard incidence rate) and the
variables are non-normalized here. According to studies [171], « ~ 0.05 £ 0.02,
justifying the choice of using the standard incidence rate thus far compared to the
mass-action incidence rate (which corresponds to @ = 1). To see the effect of «
on the switched SIS model, we proceed in this part with @ € [0, 1]. Second, the
host population’s psychological behavior is taken into account by considering media
coverage of an epidemic. The authors Li and Cui [83] considered the incidence rate

1
.00 (B-viiy ) st

where the variables are normalized, 8 = pcy, ¥ = pcy, p > 0 is the transmission
probability if a contact is made between individuals, ¢; > 0 is the average number
of contacts, and ¢, > 0 is the reduction in average number of contacts due to media
coverage. Knowledge of an impending severe epidemic in a population via increased
media coverage shifts the population behavior. Here 8 > y > 0 is assumed to
hold (the average number of new cases per unit time cannot become negative). The
term I/(b 4+ I), b > 0, captures the relationship between the media coverage and
psychological behavior of the susceptible population. This motivates the following
switched incidence rate form:

1
18,1 o — Yo | (S+D*7'SI,
0.5 (B =7y ) 64D

where B; > y; > 0 for each i € ./, and the corresponding switched SIS model:

)= A (ﬁo - 1) (S() + 1) SWI() + g1(0) — pS(),
i) = (B = 20 ) 50+ 100510 ~ (& + 10

(5(0),1(0)) = (So. o).
(4.12)
where the emigration rate A > 0 satisfies 0 < Sy + Iy < A/u. Note that

N(t) = 8(r) + I(t) = A — uN(r)

and S and [ are not fractions here as they have been up to this point; the meaningful
physical domain is given by

Dy ={(S,1) e Ry : S+1<A/u},
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whose positive invariance to (4.12) follows from

{S+i}|5+[:1 =0, S|S:0 =A+gl>0, il]:():O.
Here the disease-free equilibria is given by Qg}‘;lsz) = (A/u,0), whose stability can
be shown by incorporating the comparison theorem into the methods previously
outlined.

Theorem 4.4 If 0 € S periodic and

@y _ (A Z:‘r;lﬂifi)
o= (3) (Gera) <

then the disease is eradicated; the solution of the switched SIS system (4.12)
converges to the disease-free solution Q(S'Flsz). If

li\o(4412) = (é)a ( IBmax ) <1
w) \m+g

then the disease-free solution Qgﬁlsz) is globally asymptotically stable in the
meaningful domain D4 12).

With the techniques of the previous chapter, combined with the intrinsic one-
dimensionality of the model, global asymptotic stability of QS};ISZ) in the meaningful
domain is shown.

Proof The differential equation for I satisfies
yil (1)
b+ 1(t)
< Bu(A/ W) A/ 1) = (g + I (D),
= Bu(A/ ) 1(1) — (g + W1 (1),

= Ad(1), V1€ [t 1),

It = (ﬁk - ) (S + 1)~ 'SMI(1) — (g + WI(1),

where A; = B;(A/n)* —g — p foralli € .. 1t follows that
1(t) < I(ti1) exp(Ai(t — tr—1)), V1 € [tli—1, 1), (4.13)

which gives that

[(hw) < Iyexp (h (Z )Lﬂ,)) , VheN. (4.14)
i=1

Hence, {I(hw)} is a monotonically decreasing sequence that converges to zero and,
by the arguments in the proof of Theorem 3.1, lim, oo I(f) = 0. The differential
equation for the total population N(f) = A — uN(¢) implies that
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S(1) +1(t) = (So + lo — A/p) exp(—put) + A/, Vi€ Ry,

so that lim,—,, S(f) = A/u. More than that, the solution can be given an upper
bound in terms of the initial condition and a constant:

10 <Iexp| Y Az |, Vi=o.
i€t

where #% = {i € # : X > 0} for any € > 0 choose § =
0.5¢ exp (— Y 4+ AiTi), then

(S, 1) — (1O = [S(1) = 1| + [[(n] = 2I(1) < e.

Using the Generalized Binomial Theorem, a persistence result can be established
for the endemic case.

Theorem 4.5 If 0 € Feriodgic(w) and Rg“z) > 1, then the disease persists
uniformly; there exists n > 0 such that liminf,_, » I(¢) > .

Proof If 1(t) < € for t € [t,,4+00) for some 7, > O then S(r) > A —
Bumax(A/11)* " (A/ 1)e — uS(t) for all ¢ € [t,, +00). The ODE system

Sm(t) = (A - E,Bmax (é)a) - /LSm(t)s
" (4.15)
Sm(te) = So,

has a unique solution S,, on [z,, +00) which satisfies

A A
Hm%@:——ﬁwi.
t—00 n /,LO‘

The existence of t* > t, follows such that

s 2 A _ o
) Ma-H

—€, Vt>r1*.
For k € N satisfying t* < t,_; <t < 1,

i) = (1= 2050 ) (50 + 10010 (& + 1010

= (- 2 (5 - Lo ) 10— e+ w0,
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where Ymax = max{y; : i € .#}. Defining

ﬁ*AD{

B= Ma+l

+ 1,

A/u > Be implies that (A/p — Be)* can be expanded using the Generalized
Binomial Theorem:

A o 00 o A a—k
(i) =206 o
A o A a—1 00 o A a—k
() e (G) 206 o
Then, if A/t > Be and € < 1,
00 o é a—k ~ . (é)o{ 0o (a) (—GB/,L)k
LG o= () 2O

—a(e—1) (Bu
=5 (%)

(A)“ (A)a (B//, a(a — l)BM)
- _6 - I + - ~ . 9
2 2 A 2A

A\“ A\ alae—1)

— | —eB|— 1+ —-,

2 I 2
which yields that

10) > 1) exp ( [ { [ﬁam - Z";j [% - BeT o u)} ds) ,
e[ )
X exp [_ / % [ﬁm) - Zerj {GB (% )“—1 [1 N @H} ds:|
< exp [— /t:(g i u)ds] ,
= I(t") exp [[ (ﬁam (%)a —g—p+ G(e)) dS} ,

Thus,

v

()
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forallz € [f* + (k— 1)w, t* + kw), where

_ Vmax€ AN A el ala—1)
=" [(ﬁ) an(Z) [ TH
a—1
- E,BmaxB (é) |:1 + —05(01 _ l)] .
n 2

It follows that
7+ (k=D
1) = 1) exp / (Bo)(A/10)* — g — 1+ G(e))ds
t*

X exp { / Bot A/ 1) — g — 1+ G(e))ds} ,

* 4 (k—1)w

> Mexp { k1) [ [O Boto A/ 1) — g — p)ds + wG(eﬂ} ,

where M = I(1*) exp(—w(g + 1) + wG(¢€)). Rg“z) > 1 implies the existence of
€1 > 0 such that

ple) = ((A/M)“ > Biri— (g + ) + wG(el)) > 0.

i=1

Choosing € = 0.5min{e;,A/(uB), 1} yields that I(r) > Mexp((k — 1)¢(¢)), a
contradiction. There must exist a time t! > ¢* for which I(¢!) > n; weak uniform
persistence of I holds. Uniform persistence can then be shown by observing that
I(f) > —(g + p)(¢) and using similar arguments as in the proof of Theorem 3.4.

From a practical point of view, it can be difficult to approximate the basic
reproduction number, and even more so when it is changing over time. Moreover,
the switching rule may not always be exactly periodic. Defining the mode basic

reproduction numbers
R(4A12>,i _ (é)a ( anl ,Bifi)
0 ) \op+g )

the results in Sect.3.4 are easily mirrored (i.e., Theorems 3.2 and 3.3) via the
bound (4.13). Namely, Qgﬁlsz) is globally attractive and exponentially /-stable in the
physically meaningful domain D4 17 if either of the following conditions hold:

(1) (OS] tsﬂdwell and

(RG"1?) = sup DRG0 < 1.

zh =

for some h > 0;
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(2) 0 € Fywen satisfies TT < Ny + ¢gT~(¢) for some g € (0,1) and Ny > 0 such
that

RE)4.12),— 1< q(RE)4.12).+ o 1)’

where Rg'g)'_ = maX{RBS'S)‘i tie . /) and R83'8)‘+ = max{R((f'S)'i cie Mty
and

) = [{re[0,4: 0() € 4T,
T=() = |{te0,d:0(t) .47

Example 4.2 Consider the switched SIS model with media coverage incidence
rate (4.12) and assume that .2 = {1, 2} follows the switching rule

1, ifre2k,2k+2), k=0,1,2,...,
o(t) =

(4.16)
2, ifre2k+2,2k+4),

which is periodic with t; = 2, 7, = 2 and w = 4. Motivated by the parameter values
of [171], let A = 3000, 81 = 1/10, B = 1/5, y1 = 1/30,y, = 1/7, g = 1/5,
u = 1/10, b = 0.5, and @ = 0.07. The contact rate varies every 2 years and,
accordingly, there is an increase in media coverage (and hence reduction in the real,
media-adjusted contact rate). Let (S, Ip) = (12, 000, 2000) (i.e., Ny = 14, 000) and
o = 0.07 to reflect the daily contact patterns of individuals. Then Rguz) = 3.50 and
the disease persists by Theorem 4.5 (see Fig. 4.4a). If instead, A = 300, 8; = 1/10,
B =1/5 vy, =1/20,y, = 1/10, gy = 9/10, g, = 2/5, (i.e., switching recovery
rates) u = 1/10, b = 0.5, and @ = 0.5, then Rg“z) = 11.0 and the disease
persists by an extension of Theorem 4.5 (Theorem 3.2 in [98]). Here o« = 0.5 reflects
the influence of the smaller community size on daily encounters. Given the initial
conditions (Sy, Ip) = (1800, 15), see Fig. 4.4b for an illustration.

4.2 Multi-City Epidemics: Modeling Traveling Infections

Travel has created an easy way for many infectious diseases to be transmitted from
one region to another. The SARS outbreak in 2003 is a clear example of the effects
of travel on the spread of a disease as it initially began in only one area of China and
eventually spread to most of the country as well as other cities in the world due to
travel of infected individuals [100]. A second example can be seen in the outbreak
of measles in Iceland due, in part, to infected individuals traveling to the country
[147]. More recently, in April 2009, the HIN1 influenza virus appeared in Mexico,
and soon spread to other countries all over the world [167]. In many developing
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Fig. 4.4 Simulations of Example 4.2. (a) R(4 12 = 3.50. (b) R(4 2 =110

countries, poor traveling conditions in mass transit, such as limited sanitation, leads
to an increase in the spread of diseases due to infected individuals using transit
[146].

Consider complicating the switched SIS system (4.1) by adding geographic
factors. To begin, suppose that there are two cities (or patches) and the susceptible
population is permitted to travel at a per capita rate @ > 0 (called the dispersal
rate) between the cities. With the other modeling assumptions of the switched SIS
system (4.1), the multi-city model is given as

SO @I (1)
ND(®)

+ g1V (1) — aSV (1) + aS? (1),

SO ID(1)

$O(@0) = uND (1) = Bo —us (@)

@) = g, — g0 — (),

N (p)
2 ()72
SP) = puN@ (1) — %)I(t)(t) — S (1) “4.17)
+ gl(z)(t) _ OeS(z)(t) + aS(l)(t),

@) = g, —gl?(0) — (),

N@(r)
(89(0),19(0)) = (89,1, Vje (1,2},

where NU = SO 4 [ and N® = §@ 4 [P 1In this way, homogeneity of
the population mixing has been changed; the groups S!) and S? interact with the
infected group IV in vastly different ways. The flow of the model can be seen in
Fig.4.5.
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Fig. 4.5 Flow diagram of the

et City 1
Multi-city SIS model (4.17)

City 2

Next, suppose that infected individuals also travel and, due to dense crowds on
mass transportation (which may have relatively poor sanitary conditions in develop-
ing countries [146]), the disease is transmitted between traveling individuals. More
specifically, assume that the disease is transmitted at a contact rate y > 0 during
travel. The traveling incidence rate therefore takes the form

(o SO Yo 1(1')) _ (S (ax 1(/')) SO 70)

N0~ V(@S0 1 @10y~ YYS50 ¥ 10

This leads to the following model:

$00 = V0 — S s + g1
—aSV (@) + as?P (1) — ayw;fg—fé;)(t),
0 = > O gt w0 - 1)
+al®(r) + aywl\fg—)[((j;m,
SPOI% @) (4.18)

§A(1) = uNP (1) — uSA (1) + g1® (1)

NO (1)

STV (0

— oS® M py —
aS () + oSV () —ay NO@)

SO (1)

190) =B, NGOG

— gl (1) = I (1) — I (1)

S(l)(,)[(l)(,)
NO@)

(89(0),19(0)) = (8. 1), V¥je{1,2}.

+alV(®) + ay
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The total population, N = N + N® _ satisfies
N@) =8Vt + IV + 8P(r) + 1P () = 0,

though NV and N® need not be constant (the system is closed when considering
both cities together).
The meaningful physical domain of (4.18) is given by

Dig) = {(S(l),S(z),I(l),I(Z)) = Ri AR LOATRY (S0 I | CORNINY (GO g N},
which is positively invariant to (4.18). Observe that

N (U

m >0, Vje{l,2},

as¥ —ay

as long as (SV,19) € R%; the difference between the number of susceptible
individuals traveling from city j and those being infected while traveling from city j
is nonnegative. From this, invariance of D 13 to (4.18) is shown as follows:

{S(l) +ID 4 5@ 4 }(2)}|S(1>+I“)+S(2)+I(2)=N =0,

. s . S@1@
1 1 2 1 2
SO = (w+ IV +as® —ay NGO >0, IMn_g=al® +ay NG >0
_ sy
2 2 1
oo = (u+ I? +aSV —ay ~m 20
. s
2 1
it )|1(2)=0 = qIM +ay N >

If 0 € Speriodic(@) and the basic reproduction number

RI® (Xn, Biti) + way -
! )

then Q(4'18) = (N/2,0,N/2,0) is attractive in the meaningful domain D4 7).

DFS
A more precise characterization is that Q5 is exponentially (I, 1®)-stable in

Dy4.12), which can be shown using the techniques detailed thus far:

da® +1@y SO I (1) SO () (r)
a 0= “(s(l)(z)+1<1>(t) s<2>(r)+1<2>(z))

— g+ UM +1%0)
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s 6) I ”(t) N 6) 7 6)
+“(wm+m@ wm+wm)

< (Bs +ay —g— w0 +1P0).
= A, IV (1) + 1?(1)), (4.19)

where A; = B; + ay — g — u foreach i € .. It is straightforward to show that the
I-norm satisfies

OO 1PN = 100 +1P0) < 1" + 157 exp(—en)
for some ¢ > 0. The limiting equations for S!) and S? are given by the system

SV (1) = =SV (1) + aS® (1),
. 4.20)
§?(1) = —aS? (1) + SV (1).

SM 4+ §@ = N is an invariant of (4.20), from which it follows that
lim SV (1) = lim $® (1) = N/2.
—>00 —>00

Note that traveling infected can cause the disease to become endemic in both cities
while eradication would be the outcome in either city if travel were to be restricted
(i.e., @ = 0). This can be observed in the basic reproduction number via the ay term
and motivates the notion of limiting the spread of a disease by restricting travel and
screening individuals (this idea will be revisited in Chap. 5).

Extending the model to n € N cities or patches is natural at this point: let 7,
19, RD_ and NV denote the susceptible, infected, recovered, and total population in
cityj e A = {1,...,n}, respectively. Motivated by the analysis of (3.29), consider
a general switched incidence rate for its flexibility in modeling a term-time forcing
contact rate or a change in the fundamental structure of the disease spread. Assume
that, in city j € .4/, the birth/death rate is given by u?) > 0 and the recovery rate
by ¢? > 0. Individuals do not die, recover, or give birth while traveling between
cities. The per capita dispersal rate from city [ € .4 to city j € A4\ {[} is given by
a¥) > 0. Let —aY? > 0 denote the emigration rate from city j to all other cities.
The general switched incidence rate in city j € .4 is denoted by the function

(1, S(j), [(i)) ,_,fé/') (S(j), [(i))

(only individuals in city j affect the spread of the disease there), where 0 € Fyyen
is a switching rule, and dependence on N is not explicitly stated but is understood.
The generalized traveling incidence rate from city [ € A4 tocity j € A4\ {l} is
denoted by the function

(1, S(l),l(l)) — hf,l‘j) (S(l),l(l)).
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Omitting the arguments for the switched incidence rate functions, the model is thus
formulated as the following ODE system:

50(5) = uONO (1) — 9 — 959 (p)

_|_Za(lj)5(1)(,)_ Z a(l‘j)h((f‘j), Vie N
leV le\{j}

o () ng) _ g(i)[(i) (1 — M(/‘)I(/) (1)

+ Y a0+ Y« Ve,

eV le N\
RU)(Z) — g(i)l(j)(t) _ /LU)RU)(t) + Z ot(l’j)R(l)(t), Vjie. N,
eV

(s9(0),19(0), R?(0)) = (SO, 1Y, RY), Vje .
4.21)

The following observations are made (some of which are extended from [146,
167)):

1. hgl‘i)(S(’),I(l)) = h?'l)(S(’),I(l)) for each I,j € .4 the transportation method
between cities [ and j is identical in either direction.

2. SO(t) + 19(t) + RV (r) = NV (;) forallzand )", , N =N € Ry.

3. Most often it is assumed that Sg ) > 0 for all J € A (all cities begin with some
number of susceptible) and I(()’ ) > 0 for some J*¥ € A (at least one city begins
with some infected).

4. The meaningful domain is positively invariant and given by

Duay={(S. LR €RY :N =) 8§V 410 +RV
jens

where the notation
= (s ¢©@ n (1) 7(2) () p) pQ) (n)
(S, LRy = (s, 8Y,....sW, 1"V 1", .. IR R, .. ,R"™)

is adopted for the rest of this section.

5. en a9 = 0 for each j € .4 (sum of immigration must equal emigration);

6. The matrix formed with entries (a!%), j<n in Tow [ and column j is irreducible
(the n cities cannot be separated into two groups of cities such that there is no
immigration from one group of cities to the other).

7. Foreachl e A, j e A/ \{l},i € #, the traveling condition

a s — Rl (s 1Dy > 0, (4.22)
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holds (the number of susceptible individuals traveling to city j € .4#” must enter
city j as either susceptible or infected);

8. The function fi(i) is assumed to be smooth for each j € .4 and each i € .# and
satisfies physically reasonable restrictions; i.e.,

Fs9,19) > o,
and
29,0y =o,

for physically realizable values of (S?, ?).
9. The function hg”l) is assumed to be smooth for each l € A7, j € A4\ {l}, and
i € . and satisfies similar physically reasonable restrictions.

Figure 4.6 illustrates the flow diagram of (4.21). Observe that D 2y is positively
invariant to (4.21) under the above assumptions:

Z §D 4 [ 4 RV |Zi€~4” 0410 +rO=y = 0,
jen

8§D |g—p = 0, 19,5y > 0, and R?|p5_, > 0. The flow of (4.21) is detailed in
Fig.4.6.

We detail the basic reproduction number of (4.21) by working from a simplified
version of the model (i.e., restricted travel and time-invariant incidence rates) up to
the full model.

1. Restricted travel and time-invariant incidence rates: When a) = 0 for all
i,j e A and f(SV,10) = fO(SD,10) for all j € A, i € .4, the switched
multi-city system (4.21) models n closed cities which do not interact. The basic
reproduction number of each city is given by the closed-form expression [73]:

. 1 3 ()] .
Rgt.zn,(;) _ (f__(N(I),O)) , Vje.t,
j+g \ 1o

Fig. 4.6 Flow of multi-city City 1
SIR model (4.21) for n = 2.
The red lines represent new S | R
infections

City 2
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where N is constant in this case since
N2t =89(0) + 170 + RV (1) =0, V.

(421),0)
R0

As expected, the long-term behavior is dictated by as follows:

RE)4.2 D,()
RE)4421),(/)

< 1 yields global asymptotic stability of (N?),0) in each city, while

> 1 yields global asymptotic stability of an endemic equilibrium (the
results of [73] are applicable to each city individually).

2. Restricted travel and switching incidence rates: If 0 € Fjeriodic(@), then the
basic reproduction number of each city in the switched multi-city model (4.21)
is given by [11]:

m ‘
. Fv»
Rgx.zl),(;) _ f (N9, 0)7; Vje N,

1
~(NV,0)1,————,
0 Gt g

=

where N¥ is constant, as above, and has the usual physical interpretation;

RE)“])’(’) is the average number of secondary infections resulting from the
introduction of an infected individual into city j with a wholly susceptible
population.

3. Unrestricted travel and time-invariant incidence rates: The basic reproduction
number of the multi-city model (4.21) in this case is the spectral radius of its

next-generation matrix [152]:

Ry = p(FV7).

where
AR @.1) 2D (n,1) 0D
TH o afﬂ?I(Z) o o
1,2) 3kl 2) 0hl
F= 0[( )W W e O[(n )W
1 PYACED) -1, Jnn—1.n) af(”)
ol A = I
and
GO RPN _a@D o _aq®D
_a12 1 4@ g _a®?
V= . )
ol —qmlm ) o) )

where the argument of 4 in the matrix F is (S, 0) (the disease-free solution,
whose existence is guaranteed from the irreducibility and cooperativeness of the
matrix A but whose full form is omitted; see [170] for details).
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Here, the (i,j) entry of F represents the rate of new infections in city j €
& caused by infected individuals in city i € .4 and the (i,j) entry of V™!
represents the average period of time spent in city j € .4 during an average
lifetime (assuming the population remains near the disease-free solution) [152].
4. Unrestricted travel and switching incidence rates: The basic reproduction num-
ber is complicated by multiple infected compartments flowing into one another
and can only be implicitly defined as the spectral radius of its next-generation
integral operator, Rg“l) = p(L). However, the disease is eradicated in each city
under a threshold condition on the model parameters, which may be interpreted

as an approximation of the basic reproduction number.

Theorem 4.6 Assume that 0 € periodic(@w) and there exist Bi,y; > 0 such that
fi(l)(s(j)’ 19, N0y < B:SOIV /N and h;l‘/)(s(l)’ 10, NDY < 3,SO10 /ND for each
jeN, le N, ie H If

R,(42) = Yo (Bi + (n— Domaxyi)Ti
w(/‘*min + gmin)

<1, (4.23)

where Qmay = max{a™ 11 e A je N \ADLY, fmin = min{u? :j e A},
and gnin = min{g? : j € A}, then the solution of the switched multi-city (4.21)
satisfies

lim I(r) = lim IV (),... . 1"(@1)) = 0;
1—>00 —> 00

the disease is eradicated in each city.

Proof Letl =3 ic 19, Then

I(1) = Z PSP 0), 19, N (1) — (g9 + p N1 (1)) (4.24)
JEN
+ Z a(lJ)th) (S(l) (t),I(l) (t),N(I) 1),
leV\{j}

= Z (B — gmin — min) P (1) + Z a Dy, 10 )

JEN le\{j}
5 (/SJ — 8min — Mmin + (I’l - 1)05maxy(7) Z I(i)(t)a
JEN
= A, 1(t), (4.25)

where A; = B4+ (n—1)®max Vi — &min — Mmin fOr each i € .Z . Successive applications
of Eq.(4.25) on each subinterval [f,—1,#), k € N, and noting that (4.23) implies
Yo AT < 0yield
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Hw) < | Y 1 | exp (Z )Lir,-). (4.26)
i=1

jen

The usual approach can thus be applied (i.e., the proof of Theorem 3.1) to conclude
that {Z,n:L 19 (hw)}$2., converges to zero and, moreover,

lim V(1) =0, Vje.t.
—>00

Example 4.3 Consider the multi-city SIR system (4.21) with n = 2 cities. Suppose
that the dynamics in city 1 are governed by the following switched system:

500 = (1+Sexp (%)) NG = £ = O (1 + S exp (%)) SO ()

2 2
+ a(l’l)S(l)(t) + a(z’l)S(Z)(t) — o@D SA0I1?(1)

NO@)
. t t
100 = £ =g (1= gexp (7)) 100 - (14 8exp (+)) 100
L L
& 6) 1? 6)
(1,1) (1) 217 2.1
+a )+ eI () +ay NOQ

RO = ¢ (1-zexp (%)) 194) = (14 sexp (é)) RO (1)

+a"RO (1) + ¢ VRO (1),

4.27)
and, in city 2,
S(Z)(t) — M(Z)N(Z) (1) _f;Z) _ M(Z)S(Z) 0)
S(l)(t)l(l)(t)
2250 (7)1 1250 (5) — 1D
R A U
](2)(t) :fogZ) _ g(Z)I(Z) (1) — /L(Z)I(z) (1)
(4.28)

S“)(t)l(l)(t)
(12 7(1) (4 227 4 (1.2)
+a )+« @)+ 7y NOG@)

R(Z)(t) — g(2)[(2) (1) — M(Z)R(Z) (1)
+ O5(2,2)13(2)(1‘) + a(l’z)R(])(t).

Let o be defined as the periodic switching rule,
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1, ifrelk,k+0.25), k=0,12,34,
0 2, ifre[k+025k+1), k=0,1,2,3,4,
[0} =
3, ifrelk,k+0.25, k=5,6728,...,
4, ifre[k+025k+1), k=5,678,....
Let
i N . SO 70 .
i N . N .
i N . SO 70 .
) L ) (1’)1(1')(1 _1(/'))
0 — ) _p 9 _
=100 ND) = o, =12,

with 81 > B, > 0. Here f, U), 2(7), 3(7) are standard incidence rates with term-time
forced contact rates while f4(’ ) takes psychological effects into account. For ¢ € [0, 5],
the disease is transmitted by standard incidence rate with seasonal variations in
both cities. After 1 = 5, city 2 exhibits a shift in population behavior (e.g., due
to media coverage resulting in widespread aversion). The traveling incidence rates
(SO, 1O NO = ySIL satisty (4.22) if y € [0.1] and it follows from the
derivation in [146]:

(@) SO (@) [0 15y SO1O

2 IND yerr o

Let (SO, 1", R{") = (0.5,0,0) and (s, 1, R{’) = (0.3,0.2,0) (.., the
epidemic begins in city 2), and model parameters 8; = 2, B, = 0.5, g = 1.5,
g? =2,y =08, u = 0125 u@ = 0.1, -V = 12 = 0.6,
—a?? = @) =0.3, £ =0.2,6 =0.5,and L = 10. These model parameters can
be interpreted as follows:

1. In city 2, individuals recover faster from the disease and the death rate is less.

2. The dispersal rate indicates that individuals in the population favor traveling from
city 1 to city 2.

3. The birth rate, death rate, and infectious period decrease over time in city 1 (i.e.,
socioeconomic advancements).

Let « = max{a?, a®V}, ¢ = min{inf{g;(1 — e™F) 1 t > 0}, 8} = g,
w = min{inf{z; (1 + Se=/*) : t > 0}, w2} = po. The value
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Fig. 4.7 Simulations of Example 4.3. (a) (Rf{"z”) = 0.955. (b) (Rg””) > 37

fol Bods + ayt

= 0.955
=225 (g+ )t

@20\ _
(R") =

ensures eradication of the disease across both cities by a straightforward extension
of Theorem 3.2 to the multi-city case (see Theorem 2.1 in [97]). If 1 = 10, B, = 4,

then <R(()4'21) > 3.7 for any value of & and the disease persists in both cities. The
two cases are illustrated in Fig. 4.7.

4.3 Vector-Borne Diseases with Seasonality

The assumption of horizontal transmission of infections between members of the
population is reconsidered here. More specifically, vector agents which are outside
the host population transmit the disease (e.g., via mosquito—human interactions).
By considering fast and slow timescales of the dynamics involved, and seasonal
variations in transmission, infectious disease dynamics are modeled using switched
delay differential equations. We begin by considering a host population (e.g.,
humans) modeled using an SIR compartmental model (with compartments denoted
by S, 1™ and R™, respectively). Assume that the vector population (e.g.,
mosquitoes) is split into two groups: the susceptible, denoted by S, and the
infected, denoted by /™. The following demographic and epidemiological assump-
tions are made [16, 145]:

1. The host population birth rate £’ > 0 is equal to the host population natural
death rate.

2. The vector population birth rate 4™ > 0 is equal to the vector population natural
death rate.
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3. The average number of contacts sufficient for disease transmission between
susceptible host individuals and infected vector agents is given by 7 > 0.

4. The average number of contacts sufficient for disease transmission between
susceptible vector agents and infected host individuals is given by ™) > 0.

5. Infected individuals in the host population recover at a per unit time rate g > 0
and, once infected, a vector agent remains infected until death.

6. At the time of infection, a susceptible vector agent exhibits a periodic of
incubation, denoted by u > 0, before becoming infectious.

7. The timescale of the vector agent vital dynamics is much faster than that of the
host population.

Some conclusions can be drawn from these assumptions: the total host and vector
populations, denoted by N#) = §H 4 [H) 4 RH) apd NM) = M) 4 )
respectively, are constant in time. The ratio e = N /N™ <« 1, implying that
w™ > ) The corresponding ODE system is written as follows:

S(H)(t) — ,LL(H)(N(H) _ S(H)(t)) _ ﬂ(H)S(H)(t)I(M)(t),

10(0) = B 19 (1) — (¢ + )1 o),

RO @) = g"1() = "R,

S(M)(t) — M(M)N(M) _ IB(M) exp(—u(M)u)I(H)(t _ u)S(M)(t —u) — [/L(M)S(M)(l),
190(1) = B4 exp(—u ™)1 (¢t — w)S™ (1 — u) — 1 (o),

($*(0).1(0). R™(0). 8 0). 10 (0)) = (85" 1y . Ry" 53" . 15").

(4.29)
There exist two dimensionless timescales: a slow timescale, corresponding to the
dynamics of the host population (t*(r) = BMNU®y), and a fast timescale,

corresponding to the dynamics of the vector population (™ (r) = BMNM¢) The
flow diagram is shown in Fig. 4.8.

HUMANS

@ “ MOSQUITOES

Fig. 4.8 Flow of the vector-borne model (4.29). The red lines represent human—mosquito
interactions leading to new infections; an infected mosquito must interact with a susceptible human
or an infected human with a susceptible mosquito to produce a new infection. The population
dynamics are omitted here
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Consideration of the dynamics on the slower timescale yields an equivalent
DDE system (see [145] for the details): introduce the dimensionless variables
st = §E NE) ) = ) NE) - H) = RUEH) NE) (M) = (M) (M)

iM = [ /NM) On the fast timescale, the differential equations corresponding
to s™ and i™ can be rewritten as

ds™ di™

(t = - (t)7
dr™) dr™) 430
di® pn) (4.30)

300 —an () = (eXP(—M(M)M)i(H) (t —w)s™ (¢ —u) — W:‘(M) ()

where s™ (1) + i™ (1) = 1 and s (r) + i () + r*(r) = 1 hold for all 1.
Equation (4.30) yields that
u it

T BODNGD = g (1) < eexp(—pn™u), V. 4.31)

and, as € — 0,

ds™) di™

=g ¢

aon D = )=0

so that i™) and i®® approach their equilibria values:

BN
iM () = ——— exp(—pu™u)i®™® (t — u)s™ (t — u),
u®) (4.32)

s @) = 1-i"@).

From this it is apparent that the vector agent variables s¥) and i*!) approach
their equilibria since i) (r — u) is approximately equal to a constant on the fast
timescale. If

(o) N(H)

then s (f) ~ 1. Hence,

BOD N

iM (1) ~ Texp( w™ )i (¢t — )

so that S (1) ~ N and

20D

IM (1) ~ 1t — )

where 1) (t — u) evolves on the slow timescale (and thus constant in this setting).



4.3 Vector-Borne Diseases with Seasonality 111

Omitting S™ and I™ (which no longer appear in the equations for the host
population) and normalizing the host population variables by N*) (and dropping
their superscripts) leads to the slow timescale reformulation of the epidemic
model (4.29) as the following DDE system:

8(1) = p(1 = S()) = BSOI(t — w),
I(t) = BSOI(t —u) — (g + WI().
R(1) = gI(1) = uR(2),

(S(5), 1(s), R(5)) = (So, Io(s), Ro), Vs € [—u,0],

(4.33)

where Sy € Ry, Ry € R, and the function Iy € PC([—u, 0], R4), and where

g2 BN epp) g
- 0 CET N T B

A more realistic assumption is that the period of incubation, u, follows a distribution:
u € [0,d] for some d > 0 (i.e., the upper bound for the incubation time) [145]. After
u units of time, it is assumed that a fraction f(«) of the vector population becomes
infectious; the force of infection is given by

d
/SS(I)/O fWI(t — u)du.

Here, f is assumed to satisfy the following conditions:

(a) f is a nonnegative, square integrable function on [0, d] (the force of infection is
positive and the distribution is well-defined);
() [ f(u)du = 1 (the distrubtion is normalized);

(c) ‘fod uf (u)du < 4o0 (finite average incubation time until vector agents become
infectious after adequate contact).

The vector-borne disease model is a system of integro-differential equations:
) d
50) = (1 = 5(0) = B30) [ 1w
0

d
1(1) = BS(1) fo J@)I(t — u)du — (g + W), (4.34)

R(t) = gI(1) — uR(2).
(8(5).1(s).R(s)) = (So.1o(s5).Rog), Vs € [—d.0].
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Considering seasonal variations in the contact rate pattern between host and vector
populations leads to the following dynamic system:

d
H0=MU—S®%—mﬂ0AfWﬂ0—ww,

d
?®=ﬂJ®Afwm—ww—@+MML 4.35)

R(1) = gI(t) — uR(1),
(5(s).1(5), R(s5)) = (So0.1o(s5).Ro), Vs € [—d,0].

A detailed stability analysis of (4.35) is presented in Part IIT under a number of con-
trol strategies (switching control in Sect. 5.5 and impulsive control in Sect. 6.1.7).

4.4 Other Epidemiological Considerations

In this part, other physiological and epidemiological assumptions are considered,
leading to complications in the infectious disease models. Straightforward variations
in the switched systems techniques used thus far overcome the difficulties and lead
to appropriate eradication results. That is, once the assumption is properly incorpo-
rated into the model, the methods of the previous sections become applicable. The
new transmission or population behaviors play a role in the spread of a disease and
manifest themselves in the basic reproduction number of the models. The following
complications are considered here:

. Vertical transmission of infections, in addition to horizontal transmission.

. Varying total population sizes (i.e., a model with disease-induced mortality).
. Waning immunity (i.e., an SIRS model).

. The introduction of a passively immune class (i.e., an MSIR model).

5. A model with general compartments.

AW =

Since the switched systems techniques already established are applied in a straight-
forward way to these model variations, the eradication results are reserved for the
end of this section (see Sect.4.4.6). In some cases, model parameters yielding
persistence and permanence are also easily found.

4.4.1 Vertical Transmission

One complication to the SIS model (4.1) is to consider both horizontal and vertical
transmission, which is the direct transmission of communicable diseases by an
infected mother to her newborn or unborn child. A typical vertical incidence term
in a deterministic model is the product of the probability of transmission per birth,
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the birth rate and the number of infected women [64]. Assume that 0 < p < 1 is
the probability that a mother with the disease does not transmit it transplacentally,
then (1 — p) is the probability that a child gains the infection transplacentally.
This vertical transmission is incorporated into the model then by assuming that a
flux w(1 — p)I enters the infected group through birth and the remaining births
from infected mothers which are not infected, wpl, enters the susceptible group as
normal. The switched SIS model with vertical transmission then is

$(t) = 1(S(t) + pl (1)) = B SOI(1) — 1S(1) + gl (1),
1(0) = (1 = P)I(@) + Bo ST — (g + pI(1), (4.36)
(5(0).1(0). R(0)) = (So.1o. Ro).

As in the switched SIS model (4.1), the meaningful domain, which is positively
invariant, is given by

D(4_3(,) = {(S,I) S Ri S+1= 1} = D(4.1),

with initial conditions satisfying (So,ly) € Dw4se. In the limit p — 1, the
model (4.36) becomes the SIS model (4.1), and in the limit p — 0, all infected
pass on the infection to offspring. For each mode, the basic reproduction number
(from the time-invariant case, e.g., [102]) is given as

RO bi , YVie, (4.37)

P+ g
which biologically represent the average number of secondary infections produced
by a single infected individual. Notice that these reproduction numbers are greater

than when there is only horizontal transmission (i.e., the mode basic reproduction
numbers of (4.1)).

RUDI = Bi < pi =R\ Vied.
w+g = pn+g

This makes sense biologically, as there are now infected individuals being recruited
through birth. Figure 4.9 shows the flow diagram of (4.36).
There is a single disease-free equilibrium point le‘%ﬁ) = (1, 0) that is common

to all modes and each mode also has endemic equilibrium

Fig. 4.9 Flow of the SIS \

model (4.36). The red lines

represent new infections

(some newborns are born

infected) \
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; 1 1
(4.36),i .
= -1 — -|, Vie #, (4.38)
ES (Rgms),z Rgua),z )

which exists in the meaningful domain if RE)4‘36)’i > 1. Again, since S + I = 1, the
system is intrinsically one-dimensional. In the case that

Rg)4,36).1 . R(()4.36),m <1,

then / (t) < 0 in the domain D 36 for I # 0, and since S + I = 1, the disease-free
equilibrium lefsé) is asymptotically stable in the meaningful domain. From (4.36),

1(t) = BS(O)I(t) — gl(t) — ppl (1) < (Bo — pit — )I(1) = Ao (1), (4.39)

where A; = B; — pu — g for all i € .4 ; the eradication and persistence results from
Sect. 4.1 are applicable to (4.36) (see Sect. 4.4.6).

Example 4.4 Consider (4.36) with .#Z = {1,2}, o defined as in (3.37), 81 = 0.8,
B2 =02,p =04, = 0.07and g = 0.3 (from [102]). In this case, R}"*® = 1.067
and the disease persists. If instead p = 0, then the disease is eradicated; the vertical
transmission is driving persistence of the disease. See Fig. 4.10 for a simulation.

== Susceptible
= |nfective

0.8

0.7F i

0.6 b

0.51 b

0.4 h

l
0 20 40 60 80 100 120
Time

Fig. 4.10 Simulation of Example 4.4
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4.4.2 Disease-Induced Mortality: Varying Population Size

In this section, two different population demographic structures are investigated
here. First, we revisit the assumption that the natural birth and death rates are equal.
Assume a simple birth—death demographic structure for the total population N based
on the differential equation

N(@t) = (b—d)N(), (4.40)

where bN are births and dN are the natural deaths. In the absence of births and
deaths, i.e. b = d = 0, the model is suitable for describing an epidemic in a
short time period, for example less than 1 year [64]. This leads to models without
population dynamics, such as the classical epidemic model (3.4) studied earlier. If
b = d # 0, then there is an inflow of susceptibles from births, but the population
size is a constant because of the corresponding deaths. This is the demographic
structure that is most often assumed in the literature and has been assumed up until
this point. If b — d # 0, then the population is exponentially growing or decaying.
Applied to the switched SIS model (4.1),

§.(t) = by — PSDID o )~ as.),
N(1)
(4.41)
_ BuS. 0100

1.0 N

—gl.(t) —dI.(1),

where S.,I. are the number of infected and susceptible individuals (i.e., not
fractions), and the total population is N = S, + I, which is not necessarily constant
and satisfies the differential equation (4.40). The flow associated with (4.41) is
shown in Fig. 4.11.

Normalizing the equations using I = I./N and S = S./N gives S + 1 = 1,

o _ S o NO)
St = NG) —S(@) NG
and
A () N@)
I(t) = NG —I(z)N(t).
Fig. 4.11 Flow of the SIS \

model (4.41). New infections
are represented by the red line @:Q)_
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Hence, the switched model is rewritten as

S(5) = b — BoSOI() + gI(t) — dS(),
1(1) = BoS(0)I(1r) — gI(1) — dI(r), (4.42)
(5(0),1(0)) = (So o),
with initial conditions (So,fo) € Dy = {(S.1) € RYL : S+ 1 = 1}, the

positively invariant meaningful domain. The mode basic reproduction numbers are
thus given by

R4 = P view. (4.43)
b+g
Equation (4.42) admits a single disease-free equilibrium point Qg%z) = (1,0)
common to all modes. Each mode also has an endemic equilibrium

: 1 1
@420 _ ,
Ops " = <R(4.42).i’ - R(4.42).i) , Vied. (4.44)
0 0

Again, since S 4+ I = 1 is an invariant to (4.42), the system (4.42) is intrinsically
one-dimensional. In the case that

max{R((;Mz)'i e Hy <1,

then /() < O for all 7 and (S,1) € D \ {(S, 1) : I = 0}; the disease-free solution
glfsz) is thus globally asymptotically stable in the meaningful domain. Notice that
system (4.42) is identical to the switched SIS model (4.1) if b is replaced by pu.
Therefore, the theorems in Sect. 4.1 apply to this system, with the following caveat:
the fraction I converges to zero, but it does not necessarily mean the total infected
individuals, I. = I/N, converge to zero since the population is not constant, and
possibly growing without bound. From /. = IN, S, = SN, if b = d it follows that
the population N is constant, and the results for the switched SIS model (4.1) are
recovered. If b < d, then the total population N converges to zero exponentially, and
s0 lim,_, oo I(¢) = 0 implies that lim,_, o, I.(¢) = 0. In the final case when b > d, the
population is growing exponentially but, since § — 1 as t — oo, it is apparent that
lim, o S¢(f) = lim,—, oo N(¢) and hence lim;_, o0 I.(f) = O since N = S, + I..
Next, we consider a population demographic structure which includes a disease-
induced mortality rate, @ > 0. In this setting, the population satisfies the differential
equation

N(t) = (b — d)N(1) — al. (7). (4.45)

The epidemic model is given as
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S.(6) = BN() — ﬂ%&”’) — dS.(0) + 1.0,
(4.46)
_ BaS0L0)

I.(1) N

- glc(t) - dIc(t) - alc(t),

where S., I, are the number of infected and susceptible individuals, respectively,
and N = S, + I.. Again normalizing the equations using / = I./N and S = S./N
leads to

S(1) = b — BoS(O)I(t) — bS(1) + gI(r) + aS(D)I(1),
1(1) = BoS()I(r) — gI(1) — bI(1) — al(t) + al? (1), (4.47)
(5(0).1(0)) = (So. o).
The meaningful domain is the same as (4.42). The «SI and a/? terms are nonlinear
positive feedbacks induced by the disease-related death rate «: At any time that
individuals die from the disease, the population size N decreases resulting in the

fraction of individuals in each group increasing [103]. Define the mode basic
reproduction numbers as

R(()4'47)'i5—’3 L VYie, (4.48)
bt+g+a

the disease-free solution Qg;g) = (1, 0) and mode-dependent endemic equilibria:

b+g b+g+a
ﬂi_“’ Bi—o

Qgs'47)‘iE(S?,If)E( (Rg4-47>~i—1)), Vie#, (449)

which are in the meaningful domain only when Rg4'47)’i > 1. (Again, since S+1 = 1,
the system is intrinsically one-dimensional.)
Linearizing (4.47) about the disease-free solution gives the following system:

Sp(t) = —BoIL(t) — bSL(t) + gl (t) + alL(1),
1.(t) = Bolp (1) — gl (1) — bIL(1) — el (1), (4.50)
(82.(0),1.(0)) = (So, Io)-

Therefore,
I(t) = (Bo — g — b— a)1(1) = AL (1), 4.51)

where A; = f;—g—b—a foralli € .#. Applying the previous switching techniques
implies similar eradication thresholds but are local in nature. For example,
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1 .
(4.47) __ (4.47),i
Ry = =Y R < 1

i=1

implies local asymptotic stability of QS'F? if 0 € Fperiodic (@). Global results can be
achieved under stronger conditions, i.e., if

> e Bimi

— R(4Al) < R(4A47) < 1
op+g 0

This follows from the observation that

I.(t) = BoSWOIL(t) — gl (1) — bIL (1) — aly(t) + al’(t) < (By — b — (1)

As before, such eradication results only establish that the fractions of infected
individuals in the population / — 0 as t — oo, but not necessarily that the actual
number of infected individuals, /., go to zero. Recall that the infected fraction is
I =1./Nsothatl. = IN,butif I — 0 and N — oo, it is not immediately clear
what will happen to the actual infected number of individuals. The different cases
must be investigated: Recalling the equation for the population dynamics (4.45),
b < d implies that the total population is going to zero, and hence / — 0 implies
I. — 0. The case b = d gives N(f) = —al(/)N(r) < 0, from which it follows that
the total population approaches a constant value since / — 0. Hence, /. — 0 in this
case. Finally, if b > d, then the total population grows without bound since I — 0.
In this case, since S — 1, S, = SN gives S, — N and then N = S, + I, implies
I. — 0.

Lastly, permanence of the disease can be established once again by simply
adjusting the switching system techniques as in Theorem 4.3: If 0 € .%4yen and

min{RS"" i e )y > 1,

then the solution of the SIS system with disease-induced deaths (4.47) converges to
(4.47),1 Q(4447),m

the convex hull of the set of endemic points {Qp¢ ks ) (i.e., the disease
is permanent). The endemic equilibria,
I‘*E(ﬂi_g_b_a)/(ﬁi_a)’ Vie%’

1

imply that
conv{Qi L 0T = (S ) e RE Iy, < T < T S=1-1},
where

m—g—b—a
I,=min{l’:ie . #} = ﬂmmg—
ﬂmin_a
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and

Buax —g—b—«

Iy =max{l’ :ie M} =
:Bmax -

max

Moreover, the differential equation for I can be rewritten as

I = (Bo —g —b—)I() — (o — I (1),

sothatat ] = I*

izps, = Bi—g—b— )y, — (B — ) Uy,

min — —b—
= I (ﬂi—g—b—a—(ﬁi—a)ﬂg—“),
ﬂmin_a

. [ﬁi—g—b—a _,Bmin_g_b_a:| > 0.

- (ﬂl B a)lmin ﬂi - ﬂmin -

For any i, atI = I*

max*

1|I =IF. = Bi—g—b— ) max —(Bi— a)(lmax) ’

max(ﬂl g_b_a_(ﬂi )M)a

IBmax_a
* [ﬂi_g_b_a _.Bmax_g_b_ai| <0

(:3! - ) max /31‘ —a lgmax —a
Since S =1-1,
I € COIIV{Q(4 A7), 1’ Q(4 47)m}

implies that / remains in the set for all # € R, regardless of the switching rule. If
0<Iy<I},

10y = (Bs —g —b—)I(1) = (Bs — (1),

e

and the rest of the argument follows similarly as in the proof of Theorem 4.3.

Example 4.5 Consider (4.47) with .# = {1,2}, o defined as in (3.37), 1 = 1.5,
B =1,b=0.07,d =0.01,a = 1, g = 0.3. From this, R}"*” = 0.821. If @ = 0
and b = d = p = 0.07 then the disease persists; disease-induced mortality helps in
achieving eradication of the disease. See Fig. 4.12 for a simulation.

¢ 1(;)} 1) >0, VieRy,
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Fig. 4.12 Simulation of Example 4.5

4.4.3 Waning Immunity: The Switched SIRS Model

Individuals that recover from infection and lose immunity over time is reconsidered
here. More precisely, assume that individuals lose immunity at rate 6 > 0 (thus
giving an average period of immunity by 1/6). Along with the other assumptions of
the switched SIR model (3.8), the model is given as

S(1) = = BoS(OI(1) — 1S(1) + OR(2),
1(1) = B S (1) — gI(t) — pl (1),
R(1) = gI(t) — pR(1) — OR(),

(5(0), 1(0), R(0)) = (So, 1o, Ro),

(4.52)

The flow of this model is now given by S — I — R — S. The mode
basic reproduction numbers are the same as from the SIR model (i.e., the mode
reproduction numbers RE)3'8)" in (3.12)):

RS = Bi =RUY vie.wn. (4.53)

ntg
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Fig. 4.13 Flow of the SIRS \
model (4.52). New infections

are represented by the red line ° 0 o

NN N

Fundamentally, the disease spreads at the same rate in the switched SIR and SIRS
models, whether the immunity is temporary or permanent. If there is no immunity
at all (switched SIS model (4.1)), the basic reproduction rate still does not change.
Furthermore, the meaningful domain is the same as the switched SIR model (3.8),
ie, Dusy = {(S,LR) € Ri : S+ 1+ R = 1}, and remains positively invariant:
S+ 14 R|str+r=1 = 0,8|s=0 = 1 + OR > 0, 1|;=9 = 0 and R|g=o = gI > 0.
Note that the SIS model (4.1) can be regarded as the limiting case of the SIRS model
as 1/6 — 0 (i.e., the average immunity period goes to zero). Figure 4.13 shows the
flow diagram of (4.52).

Because of these observations, the eradication conditions for (4.52) are the
same as those outlined for (3.8) (i.e., Theorems 3.1 and 3.4). For example, it is
straightforward to show that if 0 € .#}eriodic (@) and

(452) _ Z:”=1 Biti <
0 o(p+g)

then the solution of (4.52) satisfies lim, o0 (S(1), I(t), R(t)) = (1,0,0) = O
(the disease-free solution) and global asymptotic I-stability in the meaningful
domain, while if Rf)4'52) > 1 then the disease persists uniformly in (4.52).

One important difference between these models arises from the waning immunity
rate 0: as the waning immunity is increased (and hence the immunity period 1/6
is reduced), the prevalence of disease at the endemic equilibria increases and the
period of the damped oscillations decreases [69]. Observe that in this case,

4.52),i
08" = (S I RY).

_ 1 w+0 - 1 g {— 1
RV L6+ g RV v 0+ RO )

for all i € .#. Indeed, when the disease is persistent, the endemic points Ii* are
greater than the corresponding endemic points in the switched SIR model with
permanent immunity (i.e., Qgég)" in (3.13)). This is reasonable biologically, because
the loss of immunity should result in more individuals being infected when the
disease is persistent. Moreover, the expected rate of convergence to equilibria are
different in the SIR and SIRS models. This is because the removed class is being
sent back into the susceptible class, because of the temporary immunity. As a result

of this, the infectives have more susceptibles to infect.




122 4 Epidemic Models with Switching

09t Susceptible |

| nfective
0.8f B

0.7 b

0.5f b

0.3f b

0.1F b

, ‘
0 2 4 6 8 10 12 14 16 18 20
Time

Fig. 4.14 Simulation of Example 4.5

Example 4.6 Consider (4.52) with .# = {1,2}, o defined as in (3.37). Let 1 = 3,
Br =02,¢g =1, =002 and § = 1 so that R}"*> = 0.882. See Fig.4.14
for an illustration with initial conditions Sy = 0.75, Iy = 0.25, Ry = 0. Compared
to the SIR case, it takes longer for the disease to become eradicated (even though
the susceptible population converges to one more quickly). As the recovered class
filters back into the susceptible class from the temporary immunity, the pool of
susceptibles becomes larger for the infected to come into contact with.

4.4.4 Passive Immunity: The Switched MSIR Model

Suppose that all mothers who are infected (infected class) or have been infected
in the past (recovered/removed class) give birth to children with temporary passive
immunity, denoted by the passively immune class M. Assume that individuals born
into the passively immune class lose immunity at a rate § > 0 (hence an average
passive immunity period of 1/§). Introducing these assumptions into the switched
SIR model (3.8) gives the following epidemic model:



4.4 Other Epidemiological Considerations 123

Fig. 4.15 Flow of the MSIR

model (4.54). New infections \
are represented by the red line 0 ° 0 o

M(t) = p(M(2) + 1(t) + R(1) — 8M(1) — puM (),
S(1) = uS() — BoSOI(1) — uS() + 5M(1),
1(1) = BoS()I(t) — gI(1) — ul(1), (4.54)

R(t) = gI(r) — uR(1).
(M(0), 5(0),1(0), R(0)) = (Mo, So. Io, Ro).

Here, the positively invariant meaningful domain is given as
Dussy={(M,S,ILR) eRY : M +S+1+R=1}>3 (My,So, 1o, Ro),

and the total population is constant (variables have been normalized). Notice that
M+ S +1+ R u+ts+i+r=1 = 0, S|s=0 = M > 0,I|j=0 = 0, Rlg=0 = g/ = 0
and M|y =o = pl + uR > 0. Illustrated in Fig. 4.15 is the flow of (4.54).

For this model, again define the mode basic reproduction numbers according to

RS = _Bi Vie #,

’

Htg

which are the same as the switched SIS model, switched SIR model, and switched
SIRS model. Hence, the addition of the M class does not alter the spread of the
disease physically but there are differences here. There is a single common disease-

free equilibrium point Q](;‘If;) = (0,1,0,0) and each mode also has an endemic

equilibrium Qgs‘54)’i = (M}, S!. I, RY) with

127

My = o (1= 1RE),

i 8+//L
1
S* =
i @54’
Ry
Ii* — LL (1 _ 1/R2)4.54>,i) ,
S+pupnt+g
_ &8 M (4.54),i
Rf=——- " (1 —1/R ) .
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The endemic equilibria points are again different from the SIR and SIRS cases.
From the differential equation for /, it is apparent that if

max{RE)4‘54)’i ie#y <1

then I(r) < 0 in the physical domain unless I = 0 or § = 1. Hence the disease
will be eradicated. Inspection of the system (4.54) with an absence of infection,
I(r) = 0, gives that R converges to zero, from which it follows that M converges to
zero. By constant total population then, S converges to one and the reduced system
converges to the disease-free solution. Hence, the eradication results of the switched
SIR model (3.8) may be applied. For example, if 0 € }eriodic(w) and

R(()4A54) — Z:n:l Biti <1
o(p+g)
then the solution of (4.54) satisfies lim,— o, (M (t), S(¢),1(¢),R(¢)) = (0,1,0,0) =
Obs -

4.4.5 Infectious Disease Model with General Compartments

As highlighted in the previous sections, there are a number of compartments and
interactions that can be considered in an epidemic model, based on the population
behavior and the disease dynamics. Here, we consider an epidemic model with
general compartments with the following assumptions:

1. There is a susceptible and infected compartment, labeled by S and 7, respectively.

2. Individuals in the susceptible group move to the infected class with switched
incidence rate (¢,S,1) — hs(I)S, where {h; : i € .4} is a family of forces of
infection with appropriate assumptions. Namely, the forces of infection 4; are
assumed to be sufficiently smooth functions satisfying 4;(¢, 1) > 0 for I > 0 and
hi(t,0) = 0 for ¢t > 0 and i € .# from physical considerations.

3. The birth rate is given by the switched constant j, > 0, which is equal to the
death rate.

4. There are ny other epidemiological compartments Y M y@ . yen, represent-
ing various other stages in the progression of the disease.

5. It is possible for said ny compartments to filter back into the susceptible class
(e.g., due to waning immunity) at a switched rate 90@ > 0 for each j €
{1,2, e ,ny}.

6. The infected class moves to the Y) compartments (e.g., due to natural recovery)
via a switched function (¢,1,Y) > Wy (I,Y), where ¥ = (Y, y® . y(m),

7. The progression of the disease in compartment Y is governed by a switched
vector function (¢,S,1,Y) — 7,(S,1,Y).
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Fig. 4.16 Flow of the \
epidemic model with general

compartments (4.55). The red

line represents horizontal

transmission \ \

Putting together these modeling assumptions, the switched system is given by

$(t) = 1o — hoe (ID)S@) — 1o S@) + Y 69V 1),
j=1

1(0) = ho (LD)S(1) = o] + e (I(1), Y (1), (4.55)
Y (1) = Yo (S0, 1(1). Y(1)).
(5(0),1(0). Y (0)) = (So. 1o, Yo).
with So,lp € Ry and Y, € R’_’ﬁ’. The flow between the general compartments is

shown in Fig.4.16. The variables have been normalized by the total population
so that

S@t) + I1(t) + ZY: Y90 =1, Vi

j=1

Assume that 7; = (Ti(l), Ti(z), e, Ti("y )) is a sufficiently smooth vector function
satisfying Ti(’)(S, 1,0) > 0 foreachie .# andj € {1,...,ny}and

M N(8,0,7),...,1,"(S,0, 7))

=~ S 7). .. (S, YY),
=—¢i(S, Y), V(S,I, Y) GD(4A55), Vie%, VjE{l,...,l’ly}, V[€R+,

where

ny
D(4'55) = {(S,I, Y) (S Ri_—i_ny S+I1+ ZYU) = 1},
j=1

gbl.(’) (5.Y) > 0 are sufficiently smooth functions. Assume that ¥ : R ! — R,
is a sufficiently smooth scalar function satisfying ¥;(0,Y) = 0 for suitable Y and
all i € .. Lastly, assume that 9[(” > Oforeachi € .# andj € {1,...,ny}. The
normalization of the variables implies that the functions satisfy
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i — ma(S@ + 1) + > 100 + w0, Y0) + Y 67Y0 (1) = 0

j=1 j=1

forall i € #,j € {1,...,ny}, and t € Ry . Along with the conditions on
the functions outlined above, this implies the meaningful domain is invariant to
system (4.55), and hence the model is mathematically and physically well-posed.
System (4.55) admits a disease-free equilibrium

4.55) _
= (1,0,0,...,0).
DFS ( W_)

ny

Even in this general setting, the previously outlined switching systems methods can
be applied to give eradication results based on the model parameters. One such result
is highlighted in detail.

Theorem 4.7 Suppose that there exist B; > 0 and «; > 0 such that h;(I) < B;I and
Ui(1,Y) < —a;l fori € M. If either of the following conditions hold:

(i) (OS] ydweu and

<RE)4'55)> = sup Xm: Ti(t) p

i
=h = i+ o

(”) o€ rjﬁperiodic(a)) and

Ry =Y "¢ <1,
; i+

then the solution of (4.55) converges to the disease-free solution Qgsss).

Proof First we prove case (i). From the system (4.55), let iy follow a switching rule
o €./, then fort€[t_1, 1),

1(t) = ho (1(1))S(2) — pol(t) + Yo (I(2), Y (1)),
=< (IBG — Ko — Ola)l(t)»

= A(1), (4.56)
where A; = B, — u; — «; for each i € .#. Equation (4.56) and the proof of
Theorem 3.2 gives that lim,., I(f) = 0. Since 7;(S,0,Y) = —¢:i(S,Y), it is
clear that the variables Y1, ..., Y; converge to zero. Finally, S = 1 -1 — Zjil Yo

implies that S converges to one. Hence, the solution converges to the disease-free
equilibrium. Case (ii) follows from Eq. (4.56) and the proof of Theorem 3.1.
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4.4.6 Summary of Mode Basic Reproduction Numbers
and Eradication Results

One consistently revisited theme of this chapter is the ease of application of the
switched systems techniques to epidemic models with different epidemiological
and physiological assumptions. The main reason for this flexibility is the focus on
global attractivity and partial /-stability or that the models involved are intrinsically
of dimension one (strengthening the results to global stability). In either case,
establishable differential equation bounds of the form

1) < 2,1(0),
where A; is defined different for each model, makes the following results possible.

Theorem 4.8 Consider the epidemic models with vertical transmission, vary-
ing population size, and disease-induced mortality ((4.36), (4.42), and (4.47),
respectively) and their corresponding mode basic reproduction numbers R((]*)‘i and
disease-free solutions Q]()*F)S. Then the following statements hold:

(l) IfO' € yperiodic (w) and

m
() _ 12 (%),
RO = a RO lTi < 1’
i=1

then the disease-free solution Q]()*F)S is globally asymptotically stable in the
meaningful domain Dx) (locally asymptotically stable if (x) = (4.47)).
(ii) If o € Sywen and

1 & »
(Rg*>> = sup - S RYT) < 1, (4.57)
zh Tim

for some h > 0, then the disease-free solution Q](;F)S is globally exponentially
stable in the domain Dx) (locally exponentially stable if (x) = (4.47)).

(iii) If 0 € FLywen satisfies TY < Ny + gT~(¢) for some q € (0,1) and Ny > 0
such that

R =1 < q®y™ T — 1),

where Ré*)’7 = max{R(()*)’i cie MY, Rf)*)’+ = max{R(()*)‘i cie MY,
M- =lied RS <1y, 4t ={ie#t RP > 1}, and

TH(0) = {1 €[0.1]:0() € A7},

T () =[{rel0.1:00) €}
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then the disease-free solution QDFS is globally exponentially stable in the
domain D4 (locally exponentially stable if (x) = (4.47)).

(iv) If 0 € Fyyen and min{R(*)’i 2 i € M} > 1, then the disease is permanent in
(*); 1(t) converges to conv{Q( Mo Q(*) ",

Similarly for the epidemic models of intrinsic dimension greater than or equal to
two, the following theorem is given.

Theorem 4.9 Consider the epidemic models with waning immunity, passive immu-
nity, and general compartments ((4.52), (4.54), and (4.‘55), respectively) and their
corresponding mode basic reproduction numbers R(()*)” and disease-free solutions

QDFS Then the following statements hold:
(l) IfO' € yperiodic(w) and

(*) ZR(*)I )

then the disease-free solution QDFS is globally attractive and asymptotically
I-stable in the meaningful domain D).
(ii) If 0 € Fywen and

(Rg*>> sup ZR(*)’T(t)<l (4.58)
i=1

for some h > 0, then the disease-free solution QDFS is globally attractive and
exponentially I-stable in the meaningful domain D .

(iii) If 0 € Fawen Satisfies T < Ny + gT~ (t) for some q € (0, 1) and Ny > 0 such
that

RPT -1 < gRPT —1),

where R(*) T = max{R(*)'i ie ™}, R(()*)’+ = max{R(()*)'i ci € MTY, then
the disease-free solution QDFS is globally attractive and exponentially I-stable
in the meaningful domain D x,).

The results are summarized in Table 4.1. It should be noted that although some
epidemic models share the same mode basic reproduction numbers, they may
possess differing qualitative behaviors (i.e., via different mode-dependent endemic
equilibria and therefore different permanence sets in Theorem 4.8 (iv), for example).
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Table 4.1 Mode basic reproduction numbers of the outlined disease models

Epidemiological

assumption Disease model | Mode basic reproduction numbers | DFS stability
Vertical transmission

(SIS) (4.36) Bi/(pn + ) Global
Varying population

size (SIS) (4.42) Bi/(b+ g) Global
Disease-induced

mortality (SIS) 4.47) Bi/(b+ g+ ) Local
Waning immunity

(SIRS) (4.52) Bi/(n + g) GA and PS
Passive immunity

(MSIR) (4.54) Bi/ (1 + g) GA and PS
General

compartments (4.55) Bi/ (i + o) GA and PS

The stability results obtained for Q,(;F)S in the meaningful domain are global (i.e., global
asymptotic or exponential stability), local (i.e., local asymptotic stability), or GA and PS (global
attractivity and partial stability)

4.5 Discussions

The SIS model (4.1) with time-constant contact rate has been analyzed extensively
in the literature [63, 67, 69, 73, 116]. In Sect.4.1, an SIS model with term-time
forced parameters is analyzed and the analytic solution is explicitly provided.
Results on persistence of the disease in the endemic case are given, including
some criteria guaranteeing the convergence of the solution to the convex hull of
the endemic equilibria. A term-time forced SIS model is also studied that considers
an incidence rate which takes media coverage and the pattern of daily encounters
in a local community into account. This investigation contributes to the existing
literature by extending the studies in [83, 171] through the switching incidence
rates and term-time forced seasonal variations, and is based on the work in [98].
The persistence result derived in Theorem 4.2 is established along the lines of the
proof of Theorem 3.3 in [83] and Lemma 4.1 and Theorem 4.1 in [68]. The authors
Li and Cui [83] considered the incidence rate

(S.1) > (ﬂ - yb#ﬂ) s,

and therefore the autonomous (non-switched) version of (4.12).

As mentioned, infectious diseases like influenza (e.g., the subtype HIN1 in 2009)
and SARS are easily transmitted from one geographic region to another due to
population dispersal from individuals traveling; the effect of travel on the spread of
a disease should be considered [156]. The compartmental epidemic model literature
contains formulations and studies of epidemic models with population dispersal;
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for example, Sattenspiel and Dietz [132] studied the transmission of measles in the
Caribbean island of Dominica using a multi-city SIR model with travel between
populations. Arino and van den Driessche [5] developed and studied a multi-city
SIS model to study the spatial spread of a disease. A multi-city SIS model with a
general nonlinear birth-rate term was studied by Wang and Zhao in [157]. Wang and
Mulone explored a two-city SIS model with population dispersal in [156]. Wang and
Zhao studied a multi-city SIS model with age structure and time delay in [158]. A
two-city SIS model with transport-related infection has been studied by Cui et al.
in [146] and some results were extended by Takeuchi et al. in [147]. Wan and Cui
analyzed a two-city SEIS model in [155], and Liu and Zhou studied a two-city SIRS
model in [88], both with transport-related infection.

There are few reports analyzing multi-city models with seasonality in the
literature; Zhang and Zhao studied a multi-city SIS model with general nonlinear
birth-rate and periodic model parameters, including the contact rate, in [170].
The multi-city SIR model, suitable for modeling infections such as hepatitis B,
measles, influenza, and chickenpox [88, 101], is extended to switched seasonal
variations and general incidence rates in (4.21), which is inspired by the work in
[97]. The analysis of multi-city epidemic models in Sect.4.2 naturally leads to
age group considerations, which are not presently considered but the interested
reader is referred to [65, 82, 107, 129, 130, 137]. The authors Rost and Wu [130]
considered age-dependent mixing and provided global asymptotic stability of the
disease-free equilibrium. In [107], McCluskey resolved the endemic case and
showed global asymptotic stability of the endemic equilibrium, using a Lyapunov
functional, whenever the basic reproduction number is greater than one. In the
paper [129], Rost analyzed an SEI (susceptible-exposed-infected) 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.) [82]. Motivated by this, a multi-group SEIR
(susceptible-exposed-infected-recovered) model with unbounded delay was studied
in [82] 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 [137] 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.

In Sect.4.3, infectious diseases which spread by vector agents are detailed,
motivated by the work in [143]. In particular, those diseases which display a finite
incubation time before vector agents become infectious (see, e.g., [16, 17, 19, 27,
50, 104, 108, 145]). Chikungunya virus is usually transmitted via Aedes aegypti,
however, in recent outbreaks transmission has been observed via Aedes albopictus
(e.g., in Réunion [114]). Capable of transmitting diseases such as dengue (see the
studies [165, 166] for mathematical models of dengue), Aedes aegypti is a tropical
and subtropic species but Aedes albopictus has recently been observed adapting
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to non-tropic regions in Southeast Asia, islands in the Pacific and Indian oceans,
China, Europe, USA, and Australia [41, 113, 114]. ITtaly experienced an outbreak
in 2007 [127]; globalization of vector-borne disease is of great interest at present,
pronounced by recent outbreaks of Zika virus. The author Cooke [27] first proposed
a version of the vector-borne disease model (4.34) for study. Beretta and Takeuchi
[16, 17] analyzed the stability of the disease-free equilibrium of vector-borne disease
models similar to (4.34). Takeuchi et al. [145] and Beretta et al. [19] extended these
works to the endemic case. Ma et al. [104] analyzed the permanence of (4.34). Gao
et al. [50] investigated a vaccination scheme for an SIR vector-borne disease model
with distributed delays. The work on stability of the endemic equilibrium of (4.34),
with birth rate unequal to death rate, was completed by McCluskey in [108].

The vector agent population, and thus interactions between host and vector
populations, is absent in (4.35); the qualitative behavior of the disease with respect
to the host population is the main focus. This is in contrast with the case study in
Chap. 7, where the full dynamics between host and vector populations are modeled.
The drawback to this omission is the introduction of time delays (leading to
theoretical complications) and the exclusion of the vector population for vector-
focused control measures (e.g., destruction of breeding sites cannot be adequately
modeled in (4.35)). On the other hand, integro-differential equations, as appearing
in Sect.4.3, arise frequently in modeling physical and biological phenomena.
Examples are found in [24, 78]: biological population models, predator—prey models
with a past hereditary influence, grazing systems, chemical oscillations, nuclear
reactors, and heat flow problems [24, 78].

A number of different epidemic models are presented and examined in Sect. 4.4.
First, vertical transmission was incorporated into the model in Sect.4.4.1, which
is an important transmission mechanism in a variety of diseases like hepatitis and
AIDS [37]. The switched SIS model (4.1) and switched SIS model with vertical
transmission (4.36) made the common assumption that births and deaths are equal
(leading to a population balance) [73], which is reasonable when considering the
often shorter time scales involved in the epidemics when compared to the population
dynamics. However, infectious diseases like measles, chickenpox, and pertussis
display the characteristic that the susceptible class is mostly composed of younger
individuals whose rate of natural mortality does not necessarily coincide with that
of the rest of the population [73]. Non-constant population size has been displayed
in a number of real-world examples, motivating the analysis of the SIS model with
non-constant population (4.42).

In the case of infectious diseases like AIDS, disease-related deaths should be
taken into account by modifying the constant-population assumption [140]. As
disease-related deaths and persistence of a disease can have the effect of reversing
a naturally growing population into a stable or decaying population [64], the
switched SIS model with disease-induced mortality (4.47) is investigated. When
there is natural recovery from the disease for a non-negligible amount of time yet
the immunity wanes in time, the SIRS model is appropriate (see [69, 73]). The
modeling assumptions of the SIR model (3.9) are taken with the distinction that
individuals recovering from the disease do so temporarily. Examples include the
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herpes simplex virus, which tends to relapse after recovery [140]. This has also
been demonstrated in a number of sexually transmitted diseases (e.g., gonorrhea
and chlamydia) [46]. The switched SIRS model (4.52) is the focus of Sect.4.4.3
to address these concerns. Diseases in which antibodies are transferred from an
infected mother to unborn child (e.g., chickenpox) [65] are modeled according to
the so-called switched MSIR model (4.54). Lastly, the seasonally varying epidemic
model with generalized compartments in Sect.4.4.5 was motivated by the time-
invariant epidemic model studied in [36].
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