Chapter 5
Switching Control Strategies

This chapter is motivated by the application of control strategies to eradicate epi-
demics. The previous switched epidemic models are reintroduced with continuous
control (e.g., vaccination of newborns continuously in time) or switching control
(i.e., piecewise continuous application of vaccination or treatment schemes) for
evaluation and optimization. As discussed earlier, infectious disease models are a
crucial component in designing and implementing detection, prevention, and control
programs (e.g., WHO’s program against smallpox, leading to its global eradication
by 1977). The switched SIR model is first returned to analyze vaccination of the
susceptible group (e.g., newborns or the entire cohort). Subsequently, the developed
theoretical methods are applied to the switched SIR model with a treatment program
in effect. Common Lyapunov functions are used to provide controlled eradication of
diseases modeled by the so-called SEIR (Susceptible-Exposed-Infected-Recovered)
model with seasonal variations captured by switching. A screening process, where
traveling individuals are examined for infection, is proposed and studied for the
switched multi-city model of the previous chapter. Switching control of diseases
such as dengue and chikungunya, which are spread via mosquito—human interac-
tions, is also investigated.

5.1 Vaccination of the Susceptible Group

The majority of developed countries have in place cohort immunization programs
(also called time-constant immunization or vaccination programs here) for a number
of diseases with varying degrees of success [1]. For example, measles immunization
in many areas of the Western world recommends vaccinations at 15 months of age
and 6 years of age [139]. Studies analyzing this type of program mathematically can
be found in, for example, [4, 69, 75, 83, 92, 100-102, 110, 138, 147, 173].
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The mathematical formulation of a newborn continuous vaccination strategy
takes the following form [69, 138, 173]: assume that a fraction p € [0, 1] of
susceptible newborns are vaccinated, moving them to the recovered class R,
continuously in time. In this model, natural and vaccine-acquired immunity are
viewed as the same. Applied to the classical endemic model SIR model (3.9) gives

S = (1—p)p — BS(I(t) — nS(),
I(1) = BS(HI (1) — (8 + wI (1), (5.1)
R(t) = pp + gI(t) — uR(1).

Newborn vaccinations reduce the birth rate p of the susceptible population to
(1 — p)p. Equation (5.1) admits the following equilibria: a disease-free solution
(1—=p,0,p) = QSFIS) and an endemic solution

o8 = (M ts8 M(RE)S'I) _1

55 RY —1) + ,0) , (5.2)

g
B
where

1—
R(()S.l) = A —p)
H+g
is the basic reproduction number of (5.1). The underlying mechanics of the newborn
vaccination can be translated into something more familiar by the following change

of variables [69]: let S = S(1 —p), I = I(1 — p), and R = R(1 — p) + p. Then (5.1)
is equivalently written as

ds . .

L)y = 1~ B~ pSOT0) ~ 300,

dT (AT Y7 5.3
L0 = (1 pROT0 — (¢ + w0, (5.3)

dR o
20 = gl — kRO).

This control strategy therefore has the effect of transforming the contact rate from
B to B(1 — p). This is most clearly reflected in the basic reproduction number RE)S'I),
which dictates the usual threshold for long-term behavior (i.e., disease eradication
versus endemicity). The condition Rgs‘l) < 1 yields a critical vaccination rate to
achieve herd immunity [63]:

paic = 1 — 1/RS® €10, 1).



5.1 Vaccination of the Susceptible Group 137

N\

0020
NN

Fig. 5.1 Flow of the switched SIR system with newborn vaccinations (5.4). The red line represents
the horizontal transmission and the blue line represents the vaccination scheme

With seasonality modeled by a switched contact rate B, (where 0 € Hyyen), the
model is given by

S(1) = (1 = p) — BeSOI(1) — puS(1),

1(t) = BoS(OI(1) — (g + W (1),

R(t) = gI(t) — pR(1) + pp.
(8(0),1(0), R(0)) = (So, lo, Ro),

(5.4)

with physical domain
Diay={(S,1,R) € RY : S+ 1+ R =1} = Dgs,

(which is positively invariant to (5.4)). See Fig. 5.1 for the flow diagram associated
with (5.4).

Although the present focus is on disease eradication by control, we mention that
each mode admits an endemic equilibria of the form

Q(54),E(/L;g g(R(54)’—1)§(R(54)l 1)+p), Vied, (55

with mode basic reproduction numbers
ROV = b (1-p) = (1-pRSY', Vie.x. (5.6)
n+g

Recall Theorem 3.1, in which the switched SIR model (3.8) was shown to achieve
eradication if

ROY — ZR@&, = Yo Biti -
o(n+8)

whenever 0 € Sjeriodic (@) (in such a way that the disease-free solution is globally
asymptotically /-stable). Moreover, Rg'g) > 1 implies persistence of the disease (see

Theorem 3.4). In contrast, consider the following theorem.
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Theorem 5.1 Ifo € S periodgic(w) and

1 “ P m_ i 1— Ti
RE)SA) - _ ZRBSA).[_Q — Z,_1 Bi( ) <1
w (i + g)

then the disease-free solution lefs) = (1 — p, 0, p) of the switched SIR system with
newborn vaccination (5.4) is globally attractive and globally asymptotically I-stable
in the meaningful domain.

Proof By (5.4),
$() = (1 = p) = BoSOI(1) — S (),
< u(l = p) — puS(@).

Consider the comparison system

x(1) = p(1 — p) — px(@),
x(0) = So,

(5.7)

which has unique solution x(¢) = (Sp — (1 — p)) exp(—ut) + (1 — p) that satisfies
lim x(r) =1 — p.
—>0o0

By the comparison theorem, for any € > 0 there exists a time r* > 0 such that
S() < x(t) <1 —p+efort>r* and so
(1) = BoSOI(1) = (1t + )I(1),
= Bo([l —p+ €l —pn—I0),
= Aol (1),

where A; = B;(1 — p) —g— 1 + €p; for each i € .#. Choose N to be the smallest
integer such that Nw > t*. Then, as in the proof of Theorem 3.1,

I(N 4+ DHw) < I(Nw) exp (i )L,;fri) ,

i=1

= n(e)I(Nw),

where

n(e) = exp (Z /\,;gt,') .

i=1
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Now, R{™® < 1 gives that Y7 A;z; < 0. Then it holds that Y7 | A;z; < —§ for
some § > 0, and

m

D et = zm:lifi +e Xm:ﬁifi <—b+e iﬂﬂi.
i=1 i=1 i=1 i=1

Choosing

_ )
230, Biwi

implies that n(€) < 1. It can be similarly shown that I[(N+A+1)w) < nI(N+h)w)
for any integer & € N and the rest of the proof of Theorem 3.1 may be applied to
produce the result.

€

The threshold condition RE)SA) < 1 defines a critical newborn vaccination rate:

Lizi Bl = p)ui

<1
o(n+8)

R(()S 4 _
implies that

Yim Biti _ _ \pG38
(1 —P)m =1 -pRy7 <1,

and hence the critical rate is given as

pan =1 1ROV =1 - 2D g g

> Bimi

which guarantees disease eradication. That is, if the disease persists in the switched
SIR model (RS'S) > 1), then disease eradication can be achieved by newborn
vaccinations as long as p > pcyi. If Rg's) = 1 then pgir = 0 and as RS'S) — 00
then pgiy — 1. Other controlled eradication results can also be shown under
different classes of switching rules, as in Sect.3.4 (i.e., if 0 € Fywen according

to Theorems 3.2 and 3.3).

Example 5.1 Consider (5.4) with .# = {1,2}, o defined as in (3.37), and initial
conditions (So, Iy, Ry) = (0.75,0.25,0). Motivated by the measles parameters of
[138], let By = 18, B, = 3, g = 1, o = 0.1, and p = 0 which give that
RE)SA) = 6.136 and persistence of the disease, i.e., by Theorem 3.4 (see Fig.5.2
for an illustration; the solution I oscillates approximately between the endemic
minimum and maximum, I, = 0.0576 and I,,x = 0.0854). With p = 0.85
(Pcrit = 0.84), Rf)SA) = 0.920 and the disease is eradicated according to Theorem 5.1
(see Fig.5.3).
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Fig. 5.2 Simulation of Example 5.1. (a) p = 0. (b) The black lines represent I,;, = 0.0576 and
Inax = 0.0854
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Fig. 5.3 Simulation of Example 5.1 with p = 0.85

Instead of a newborn vaccination strategy, consider an immunization strategy
applied to the entire susceptible cohort in an SIR model (3.8). Mathematically,
suppose that the susceptible population is vaccinated at a rate v > 0 per unit time
and again assume permanent immunity is acquired through vaccination (which is
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Fig. 5.4 Flow of the switched SIR system with susceptible vaccinations (5.8). The red line
represents the horizontal transmission and the blue line represents the vaccination scheme

indistinguishable from naturally acquired immunity). Thus, the dynamics of the
model

S(t) = p — BoSOI(t) — uS(t) — vS(0).

1(1) = BoS(OI(1) — (g + W),

R(1) = gl(t) + vS(1) — pR(2),
(8(0),1(0), R(0)) = (So, Lo, Ro),

(5.8)

are investigated. The flow diagram for (5.8) is shown in Fig. 5.4.

As before, the meaningful domain is unchanged (Dsg) = D)) and positively
invariant (thus giving a global unique solution for appropriate initial conditions).
However, the set of mode basic reproduction numbers of (5.8) is changed from the
uncontrolled switched SIR model (as expected):

R§,5~8>”‘Ei K view, (5.9)
PETYET

while the disease-free solution is calculated as

(5.8) _ M 1<
=|—,0,1— . 5.10
Cors (u+v M+U) o109

Each mode i € .# admits an endemic equilibrium:

OB = rrs Ko, _ ! L ! _|_2_”+g
s Bi “u+g\ ROV ) ute\l ROV B

(5.11)

Different from the newborn vaccination scheme, (5.8) gives that

S(t) = u— BoSOI(1) — uS() — vS(1),
< p—(u+v)S@),
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which motivates analyzing the comparison system

x(1) = p— (p + v)x(2),

5.12
x(O) = S(], ( )

that has unique solution

H M
x(t) =[Sy — exp(—(u +v)t) + ——,
® (0 M+U) p(—(p +v)1) g
satisfying
lim x(t) = —H
1—>00 n+v

(the first component of the disease-free solution). Thus, the same analysis as in
Theorem 5.1 yields that the solution of (5.8) converges to the disease-free solution
QSFSS) (which is globally asymptotically /-stable in the meaningful domain) if

ROY = ZR(SS)li Y Biu o
o(p+g) p+v’

the critical cohort immunization rate as

(38) _ Zm ,31 T; _

Ucrit

(assuming that RS'S) >1).

Example 5.2 Consider (5.8) with .#Z = {1,2}, o defined as in (3.37), and initial
conditions (S, Iy, Ryp) = (0.75,0.25,0). Motivated by the measles parameters of
[138],let B; = 18,8, =3, g =1, u = 0.1, and v = 0.57 (ver = 0.51). Then
R(i 8 =0.92 (see Fig. 5.5 for an illustration).

The vaccination models thus far assume immediate movement from susceptible
to vaccinated. This ignores the time it takes to obtain immunity by completing a
vaccination program. The following assumptions are made [101]:

1. The mean period of vaccine-induced immunity is 1/y for some y > 0.

2. Individuals in the vaccinated class contract the disease at a reduced rate f§ (‘,/ (.e.,
B! < Bi for each i € .# since individuals may have partial immunity during the
vaccination process).
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Fig. 5.5 Simulation of Example 5.2 with v = 0.57

Under these assumptions, the SVIR model with switching is written as
8(0) = p = BoSOI(1) — uS(1) — vS(1),
V(1) = vS(1) = By V(OI() — yV (D) — uV (1),
I(t) = BoSOI(®) + By V(OI(®) — gl(t) — pd (),  (5.13)
R(t) = gI(t) + yV (1) — uR(),
(5(0), V(0), 1(0), R(0)) = (So, Vo, Iy, Ro).

For (5.13), the set of mode basic reproduction numbers can be calculated as follows:

, . v
RO1D = ( Bi i Pi v ) K view. (5.14)
ptg wtgpty/pntv

The flow diagram of (5.13) is illustrated in Fig. 5.6.

Observe that as the efficacy of the vaccine is increased (i.e., B! decreases or y
increases), the mode reproduction numbers reduce to those of the SIR model (3.8)
(and are equal in the limit ,Biv — 0 for each i or y — 00). However, as noted in
[101], increasing the efficacy of the vaccine is usually more difficult than controlling
the vaccination rate v. There is a single disease-free equilibrium point [101]:
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Fig. 5.6 Flow diagram of the switched SVIR system (5.13). The red line represents the transmis-
sion of the disease and the blue line represents the vaccination

(5.13) _ S',‘_/j,l_? E( M ’ v 0, vy )
Oors” = ( " ety wr e -

and, as per usual, any mode for which Rf)S‘S)’i > 1 admits an endemic equilibrium

Qgs.l.%).i = (SF, VI I',R)), Vied,

[ A
where I7* is the positive root of the function I — A;I 2 Aol +Az(1— RE)S'S)’i) where

A= (n+g)Bp) >0, Vied,

Ay = (u+ QI +v)BY + (w+y)Bil— B! B, Vie A,
A=+ +v)u+y) >0 Vied,

and
ot view
p+ v+ Bil;

vl .
Vi = , Vie #,
Tt v+ BT+ + BT

R;‘E I_S;’k_li*_vi*s Vie #.

Theorem 5.2 If o € S periodic(w) and

1 & »
5.13 5.13),
R >55§:g Vi <1,

i=1

then the disease-free solution Q]()SI';];) of the switched SIR system with progressive
immunity (5.13) is globally attractive and globally asymptotically I-stable in the
meaningful domain.

Proof Observe from (5.8) that

$(t) = p = BoSOI() — uS(1) — vS(1),
= pu=(u+v)S@).
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Similarly,

V(1) = vS(1) — BLV()I(t) — y V() — pV (D),
< S(r) — y V(1) — uV(1).

The comparison system

X(1) = p— (p + v)x(@),
Y1) = vx(®) — (y + wy(), (5.16)
(x(0), ¥(0)) = (So, Vo).

gives the appropriately needed result; for any € > 0, there exists * > 0 such that
S(t) < x(f) < S+eand V(1) < y(t) < V+efort > r*. Returning to the differential
equation for 7,

1(1) = BoS(OI(1) + BYV(DI(1) — gI(1) — pl (D),
< (Bs[S+ el + BV + el —n— I,
= A’U,GI(t)v

where A;c = B,[S+e€]+BY[V+e]—p—gforeachi € .#. The condition RS < 1
gives that

D (BS+ BV —pn—gm <0.

i=1
As in the proof of Theorem 5.1, € > 0 can be chosen sufficiently small so that
Zl | AieT; < 0 and it follows that hm,%oo I(t) = 0. The limiting equation for S is
S(1) = p— puS(r) —vS(1); S converges to S = /(i + v), and the limiting equation
for Vis V() = vu/(u+v)—yV(t)—uV(t), from which it follows that V converges
to V. Finally, the limiting equation for R is R(r) = yvu/[(1t + v)(y + )] — uR(),
from which convergence of R to R follows. Therefore, the solution of system (5.13)
converges to the disease-free equilibrium le':ls‘%). Asymptotic /-stability follows as
usual.

The critical vaccination rate in the case of progressive immunity is calculated by
setting

R<s.13>=1(2,’-”=1ﬁft, SmiBln v ) W
0 o\ pn+g w+g p+y)p+u

Namely,

o Yoy Biti _ B Y ,3,-VTi -1
Verit = W (a)(p,_—f— g) 1) (1 ,[,L—a)('u n g) )
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Fig. 5.7 Simulation of Example 5.3 with v = 0.8

Example 5.3 Consider (5.13) with .#Z = {1, 2}, o defined as in (3.37), and initial
conditions (So, Vo, Ip,Rg) = (0.75,0,0.25,0). Given 8, = 18, 8, = 3, ¢ = 1,
u = 0.1, y = 1 and vaccine-reduced contact rates ﬂ}/ = land ,3;/ = 0.17. Then
v = 0.8 (vyiy = 0.51) implies that RBS'B) = 0.580 (see Fig. 5.7 for an illustration).

5.2 Treatment Schedules for Classes of Infected

The control strategy of treating infections is investigated. More specifically, a
piecewise constant switching control is presented. Assume that p; > 0, i € .#, are
treatment rates, per unit time, of the infected population which may be applied to the
infected population. The value p; can be broken down as p; = v;/q where 1/¢q > 0
is average treatment period and v; > 0 is the treatment success rate. Assuming
movement to the recovered class from the treatment process, the switched system is
written as follows:

S() = p — BoSOI(1) — uS(t),
1() = BeSOI(t) — I (1) — pul(t) — pol(D). (5.17)
R(t) = gI(t) — uR(1) + poI(2).
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Fig. 5.8 Flow of the switched SIR system with treatment (5.17). The red line represents the
horizontal transmission and the blue line represents the treatment strategy

The variables here have been normalized by the total population (since S+/+R = 1
is an invariant of (5.17)). Indeed, the physically meaningful domain of (5.17) is
equal to

D(5_17) = {(S,I,R) S Ri S+I1+R= 1} = D(3_3).

See Fig. 5.8 for an illustration of the flow diagram for (5.17).

The treatment rate acts to reduce the average infectious period (from an average
of 1/(n + g) to 1/( + g + p;)); the set of mode basic reproduction numbers are
reduced as

ROV = +'8i+ < lji =RUY Vie.x. (5.18)
n 8T pi nwr8

Disease eradication by switching treatment can immediately be proved from the
techniques of Sect. 3.4 by making the following observation:

1(t) = BoSWOI(1) — gl (1) — I (1) = poI (1) < Ml (),

where A; = f;—g—u—p; for each i. By repeating the standard attractivity and partial
stability switched systems methods already used, the following result is provided.

Theorem 5.3 Consider the switched SIR model with switching treatment (5.17).
Global attractivity of the disease-free solution QSFI;) = (1,0, 0) holds under any of
the following conditions:

(i) 0 € Fperiodic(@) and R = Ly~ ROy <
(ii) 0 € Sywen and there exists h > 0 such that

= sup (5.19)

i=h 1+ 8) + DL, piTi(1) ’

(iii) 0 € Fywen satisfies T < Ny + qT~ (1) for some q € (0,1) and Ny > 0
such that

Gan\ _ . BiTi(1)
(R7) = :

max{Rg'm'i ey —1< q(max{RE)S‘m’i cieMTY—1),

where H~ ={ie€ A : Rgf‘m'i <Vand M ={ie A : R(()S‘m'i > 1}
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On the other hand, if 0 € Fperiodic(@) and jo'm > 1, then the disease persists
uniformly in (5.17).

In the setting of Theorem 5.3, case (i) also implies asymptotic /-stability of QS'F157)

in the meaningful domain. Cases (ii)-(iii) give exponential /-stability.

Example 5.4 Consider (5.17) with .# = {1,2}, o defined as in (3.37), initial
conditions (Sy, Iy, Ry) = (0.75,0.25,0), and model parameters §; = 18, f, = 3,
g =1, u = 0.1 Given p = 1 (recall v = 0.57 ensured disease eradication
in the cohort immunization scheme (5.8)), then RE)S‘”) = 3.21 and the scheme is
ineffective (see Fig. 5.9 for an illustration).

This treatment strategy can be extended to generalized forces of infections
(recall the formulation in the switched SIR model with general switched incidence
rates (3.29)): suppose that the incidence rate takes the form (¢,S,1) + h,(I)S to
give the system

() = 1~ he(1D)S(1) — uS(1).
1(t) = ho (I(£)S(D) — (g + 1 + po)I(D),
R(1) = (g + po)I(1) — pR(1),

(S(O)’ I(O)’ R(O)) = (SO’ IOa RO)a

(5.20)

1 ‘
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0.9 m— |nfective

m—— Removed

0 5 10 15 20 25 30
Time

Fig. 5.9 Simulation of Example 5.4 withp = 1
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where the forces of infection /; are assumed to satisfy necessary physical conditions
(i.e., so that (a)—(d) in Sect. 3.5 are satisfied by f;(S, I) = h;(I)S). The treatment rate
can be used to control the disease to eradication, via the set of mode reproduction
numbers

RG20: _ 1 dh;

= 0), Vie.Z,
0 /L-I-g—i-p,-dl()

as follows.

Theorem 5.4 Assume that h; € C*([0, 1], Ry) satisfies %(1) <O0foralll €0,1],
ieH. IfO' S %Weuand

dh; .
Di > E(O)—(/L—i-g), Vi G%, (521)

then QS'FZSO) = (1,0, 0) is globally asymptotically stable in the meaningful domain
Doy = {(S.LR) €RY : S+ 1+ R =1}

the disease is eradicated by the switching treatment control.

Proof Define the mapping
VS, D=S—InS)+71-1
which is continuously differentiable on
QG ={S.DeRL:S+I<1IN{S.D:S>e}={S.D):S>eS+I1=<1},
for € > 0 [73]. Observe that V(1,0) = 0, V > 0 for (S,1) € £\ {(1,0)},

Py
012

92V

K1Y
— (S, D=1/8* —@©. D=1
asz(S’) /S, 31(5’) ,

2—‘;(5,1) =1-1/8S, (S.1) =0,

implying that (S,7) = (1,0) is the unique (global) minimum of the Lyapunov
function in £2§;. The time-derivative of V along trajectories of (5.20) yields that

Vis20)(t, S, LRy = (1 = 1/8) (1t — ho (1)S — 1S) + ho (DS — (1 + g + o).

o B M@ )
—u[(1=1/8)(1 S)]+(N+g+p")l((,u+g+170)] Y

Proceed by arguments in [73]: observe that (1 — 1/S)(1 —S) < Ofore < § < 1;
(1—-1/8)(1 —S8) = 0if S = 1. The concavity condition on the set of functions #;
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implies that /;(I) /1 < dh' 7 (0) for all 7 > 0. It follows that

hi(I 1 A
U < _( ) <R Vie.
(m+g+p) ~— pu+g+p:d

The condition (5.21) implies that
RV <1, Vied.

Moreover, h;(I)/[(w; + g)] — 1 < 0 for each i € .#, so that V(5.20)(t,S,I,R) < 0
holds unless (S,7) = (1,0) and the arbitrary choice of € yields global asymptotic
stability of (1, 0) in £2§,°. The equation R = 1 —I — S implies the conclusion holds
in D¢s20).

Example 5.5 Consider (5.20) with .# = {1,2}, o defined as in (3.37), initial
conditions (So, Iy, Ry) = (0.75,0.25,0), and h;(I) = B;sin(xwl/2) fori = 1,2.
Let By = 4, 8, = 1.6, g = 1.9, u = 0.1. Observe that f;(S,I) = h;(I)S satisfies
f(t,8.1) > 0 for S.1 # 0,£(t.5,0) = fi(1,0,1) = 0, L&D > 0 for 0 < 1 < 1.
Then p; = 5 and p, = 1 imply that (5.21) holds and global asymptotic stability
of the disease-free solution by Theorem 5.4. On the other hand, if p; = p, = 0
then, since §; sin(/2)S > B;SI for each i, the disease persists by a straightforward
calculation of

R—O(s.ze) 11

(where R_0(3'29) is outlined in Sect. 3.5). The situation is illustrated in Fig. 5.10.
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Fig. 5.10 Simulations of Example 5.5. (@) p; = p, =0.(b)p; =5,pp =1
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5.3 Introduction of the Exposed: A Controlled SEIR Model

A number of diseases exhibit a period of latency where individuals have been
infected but are not yet infectious. (An incubation period is the time between
infection and clinical onset of the disease; i.e., appearance of symptoms.) Motivated
by this fact, we re-examine the assumption made earlier of a negligible latency
period; assume that once a susceptible individual makes an adequate contact
with an infected individual they enter a latent period before becoming infectious.
Let E denote the class of individuals who have been exposed but are not yet
infectious. Assume that individuals who have been exposed become infectious at
arate a > 0 (i.e., average incubating period of 1/a). With other physiological
and epidemiological assumptions matching those of the classical endemic model
(i.e., (3.9)), the model is given by the following dynamic system:

S(1) = = BSOI(@) — uS(),
E(t) = BS(I(r) — aE(r) — pE(1),
1) = aE(t) — gI(t) — ul (1), (5.22)
R() = gl(1) — pR(2),
(S(0), £0),1(0), R(0)) = (So, Eo, o, Ro),
where

(So. 1o, Eo.Ro) € Ds2o) = {(S.E,LR) e R, : S+ E+1+R =1},

which is invariant to (5.22); {§ + E + I + R}|s4r+p4r=1 = 0, S|s=0 = p > 0,
E|lg=o = BSI > 0, I|;=¢ = 0, and R|g=0 = gl > 0. The basic reproduction number
of (5.22) is calculated as

(5.22) _ Ba . 523
N RS Y 629

the average number of new cases is the product of the contact rate, §, the average

fraction surviving the latent period, a/(a + w), and the average infectious period
1/(p + g) [65]. There is a single disease-free equilibrium

055 = (1,0,0,0)

and an endemic equilibrium:

1 wp +2) (5.22) Mo 5.22) 8 5(5.22)
Q(sAzz)E ___ HETE gew gy Kgen gy 8 Re2_ |
ES RE)5,22) ﬂa 0 :3 0 IB 0
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The invariant S + E + I + R = 1 implies that the equation for R can be omitted
(i.e., (5.22) is intrinsically three-dimensional).

Recall the basic reproduction number of the classical endemic SIR model (see
Eq. (3.11)) and note that for the SEIR model, the reproduction number

R(()szz) _ ng) a 7
n+a

s a (5.22) (3.9) . o
which implies that R < Ry 7. Moreover, since the mean lifetime of an
individual is much greater than the average latency period (i.e., 1/ > 1/a) then
a> psothata/(a+ p) ~ 1[69]. Thus, R((JS.22) ~ RE)”) in most cases. If the latent
period is small compared to the infectious period (i.e., a/g > 1), which is often the
case, the latent period can be ignored [103], which justifies the assumption made for
the classical endemic model. The dynamics of (5.22) are again dictated by the basic
reproduction number:

(5.22)
Ry =<1
implies asymptotic stability of the disease-free equilibrium lefsz) in D525
(5.22)
Ry >1
implies asymptotic stability of the endemic equilibrium QSS”) in D529 (see, e.g.,

[81]) and is approached in a damped oscillatory fashion [69]. In fact, the period of
oscillations is approximately equal to

1 1 1
T +
\/M(Rg5~22>—1) (M+g /L+a)

1. The term 1/ (M(Rgs.zz) — 1)) is the average age of infection.
2. The term 1/(u + g) + 1/(i + a) is the average period of host’s infectivity.

where [69]:

In effect, the SEIR model (5.22) admits a slower rate of growth of the disease after
its introduction because the latent period delays an exposed person from becoming
infectious [69].

With seasonal variations in (5.22), and a treatment of infected by the switching
rate p, (p1,...,pm = 0), the model is given by
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Fig. 5.11 Flow of the switched SEIR system with treatment (5.24). The red line represents the
horizontal transmission and the blue line represents the treatment strategy

$(t) = i = BoS(I(1) — uS(1).
E(1) = BoSWI(1) — aE(1) — pE(1).
1(1) = aE(t) — gl (1) — pl(t) — poI(1), (5.24)
R(t) = gI(1) + pol (1) — 1R(0),
(8(0), £(0). 1(0). R(0)) = (So. Eo. lo. Ro).
Here, it is assumed that infected individuals seek treatment but those who have
been exposed and are in the latent period (possibly asymptomatic) do not seek

treatment. See Fig.5.11 for the flow of individuals in the population. The mode
basic reproduction numbers are thus

RO = Bia . Vied. (5.25)
(n+g+p)n+a
Intuitively, the basic reproduction number in each isolated mode equal to B;/(u +
g + pi) (average contact rate times average period of infection) multiplied by
1/(n + a) (average latent period). Equation (5.24) still admits a common disease-
free equilibrium

053 = (1,0,0,0) = 05,

while each mode admits an endemic equilibrium:

. 1 (nw+g+pi) . . + p; :

(5.24),i __ KU T 8T pi (5.24), M (5.24), 8 T Di ,(524),

Ok ‘= (R(S,zz&),i’ Bia (Rp - 1), E(Ro - D), 73 (Rg - 1)) s
0 1 13 1

for each i € .#. The long-term behavior of (5.24) is characterized via common
Lyapunov function techniques and the switching invariance principle.

Theorem 5.5 Ifo € Fywen and

Pi>%_(ﬂ+g)» Vie X, (5.26)
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then QS'FZ;) is globally attractive in the meaningful domain; the disease is eradicated
by the switching treatment control.

Proof Define the mapping V(E,I) = aE + (a + p)! (similar to the one from [140])
and define the following set:

Qp={EDNeR, E+I<1}.

Observe that V(0,0) = 0 and V(E,I) > 0 for (E,I) € £2g \ {(0,0)}. The time-
derivative of V along trajectories of (5.24) is given by:
Visony(t, S, E, I,R) = a(B,SI — aE — E) + (a + j1)(aE — gl — ul — p,1),
= PoaSl — (u + g + po) (1 + @),
= RG*S = 1)1 + g + po) (1 + a)l.
Condition (5.26) precisely implies that R(()S'M)'i < 1foralli € .#. From this it

follows that \'/(5,24) (t,S,E,I,R) <0; V(E,I) is a common weak Lyapunov function
of (5.24). The set

{(E.]) € 251 : Vison = 0y = {(E.]) € 2pr : (E]) = (¢,0), YO=c<1}
and, by inspection of the limiting equations of (5.24) with I = 0, the solution

converges to the disease-free equilibrium Qg}':?) by Theorem 2.2.

Example 5.6 Consider (5.24) with .# = {1,2}, o defined as in (3.37), initial
conditions (So, Eg, lo, Ry) = (0.9,0,0.1,0), and B, = 8, B, = 1.6, g = 0.9,
u = 0.1. Let the latent period equal 1/a = 1/0.3 from [103]. Given p; = 6 and
p2 = 1, then

Bia

6 =p > —(n+g =5,
n+a
and
a
l=p;> £ —(n+8) =02
w+a

the conditions of Theorem 5.5 are satisfied and le.:zs4) is globally attractive in the

meaningful domain. See Fig. 5.12 for an illustration.

Motivated by the number of infectious diseases transmitted by both horizontal
and vertical modes (e.g., rubella, herpes simplex, hepatitis B, Chagas’ disease
[140]), consider (5.24) with the additional assumption of vertical transmission:
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(a) (b)
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Fig. 5.12 Simulations of Example 5.5. (@) p; = p» =0.(b)p; =6,pr = 1

8(1) = p(1 = pE@®) — qI(1)) — BoSOI(1) — uS(1),
E(t) = w(pE@) + q1(1)) + BoS()I(1) — aE(t) — E(D),
(1) = aE(1) — gl(t) — pul(1) — po 1 (D),

R()) = gI(1) + po1(t) — pR(2),

(5(0), £(0).1(0), R(0)) = (S0, Eo. o Ro).
(5.27)
where p € [0,1] and g € [0, 1] represent vertical transmission via exposed and
infected individuals, respectively. The set

D(5.27) = {(S,E,I,R) € ]Ri S+E+I1+R= 1}

is the meaningful domain (which is positively invariant). The mode basic reproduc-
tion numbers are (from the case [140]):

RO pia . Yie., 5.28
O T wts i —p)t @) —pga’ o

which can be interpreted via a Taylor expansion of the transmission of diseases
through the generations of offspring in each mode [140] (where the authors
also present the endemic equilibria and stability results for the time-invariant
and uncontrolled version of (5.27)). Equation (5.27) admits a disease-free equi-
librium QS'FZ;) = (1,0,0,0) and mode-dependent endemic equilibria QSS'?) =
(S¥,E*, I*,R) where, for eachi € ./,
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Fig. 5.13 Flow of the switched SEIR system with vertical transmission and treatment (5.27).

The red lines represent the horizontal and vertical transmission and the blue line represents the
treatment strategy

1

S* = -
G20’
R,

Ef=1-S —I'—R},

(5.27).i
I = apRg 1 — 1/RG2Di
= (5.27).i (527),;‘( -1/ 0 )s
Bia + pu(g + i+ p)Ry """ + gpaRy
RGN .
R = a(g + piR; (1 — 1/RE2),

i = 527),i 5.27),i

Bia+ pu(g + i+ pIRY + quaR§>"

The flow of (5.27) is illustrated in Fig. 5.13. Eradication is established as follows.
Theorem 5.6 Ifo € Syyen and

(Bi + nq)a

m —(u+g), Vied, (5.29)

i
then QS'F257) is globally attractive in the meaningful domain; the disease is eradicated

by the switching treatment control.

Proof The proof proceeds similar to the proof of Theorem 5.5 by replacing the
Lyapunov candidate function with

V(E,]) =aE+ (a+ pn—pu)l

(adopted from one in [140]). Observe that V(0,0) = 0 and V(E,I) > 0 when
(E.I) € £2g \ {(0,0)} (where §2g; is defined in the proof of Theorem 5.5). The
time-derivative of V along trajectories of (5.27) is given by

Vison(t.S.E.1.R) = a(BoSI + ppuE + qul — aE — E)
+ (a+ p— ppu)(aE — gl — pol — pl),
= BoaSl — [(n + g + po) (1 + a— pu) — pqall,

= RGS = 1)(1t + & + po) (1 + a — ppu — pga)l.

Hence, if Rés'm’i < 1 for all i, then V(5,27)(t, S,E,I,R) < 0. The remaining part
follows by similar arguments to the proof of Theorem 5.5.
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Appropriate for a disease like AIDS [140], suppose that the assumptions on the
population dynamics and disease-induced mortality are relaxed; assume that the
birth rate is b > 0, the natural death rate is d > 0 and the disease-induced death rate
is o > 0. Applied to (5.24) yields the following dynamic system:

Se(D1:(1)

Sy =b— ﬁoW —dS,., (1)
Sc(H1.(t)
Ec(t) = Bo—F™ NG —aE(1) — dE.(1), (5.30)

ic(t) = aEc(t) - g]c(t) - dIc(t) - O[IC(I) _palc(t)»
Rc(t) = glc(t) +palc(t) - dRc(t)y

where S., E, I, R, represent the number of individuals in the susceptible, exposed,
infectious, and removed classes, respectively. The total population N = S, + E, +
1. + R, satisfies the differential equation

N(t) = (b — d)N(1) — al. (7).

Normalizing the equations via S = S./N, E = E./N,I = I./N, R = R./N yields
the following switching system:

S(1) = b — BoSO)I(t) — bS(t) + aS(D)I(1),
E(t) = BsS(0)I(t) — aE(t) — bE(t) + «E(D)I (1),
I(f) = aE(r) — gl(t) — bI(f) — al(t) — po1(t) + al*(7),
R() = gI() + poI(t) — bR() + aR()I(7),
(5(0), E£(0).1(0). R(0)) = (So. Eo. Io. Ro).

(5.31)

where the normalized variables satisfy S(t) + E(¢) + I(t) + R(tf) = 1. The initial
conditions satlsfy (So, Eo, Iy, Ry) € D(s 31y = D(s5.24y, which is invariant to (5.31);
{S+E+I+R}|S+I+E+R 1 = 0,859 =b>0,E|p_g = BiSI 20,1,y =

aE > 0 and R | k=0 = &I > 0. A consequence of the disease-induced mortality, the
terms aSI, aEl, IR, and al? act as positive feedback in the dynamic system. The
mode basic reproduction numbers are

NCEIN Bia . Vie#, 5.32
0 b+g+a+p)b+a ‘< 032

which reflect the time-invariant case [81]. Comparing (5.32) to (5.25) reveals a
reduction in the mode-dependent basic reproduction numbers; the disease-induced
mortality reduces the infectious period and therefore the rate of transmission. As in
the previously studied SEIR models, (5.31) again admits a disease-free equilibrium
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05 = (1,0,0,0) and m endemic equilibria Q55 ' = (S¥, EX, [*, R¥). Here, I}
satisfies the following cubic equation [81]:

o o Bi—o 5.31),i
1-— Ir l—-— T 1+ =2 —71*) =R )’, 5.33
( a+b’)( a+g+b+pi’)( T ) 0 639

foreachi € .Z.1f Rgs‘m’i > 1, then (5.33) admits a unique positive solution [81].
The other endemic equilibria states satisfy

SF = b
P b+ B —alr’
E#Eg+a+b+p,'—ali*ﬁ
l a 1

R =1-S'—E' -1,
for each i € .. Stability of the disease-free solution can be established using the
following lemma from [81].
Lemma 5.1 Let 2 = {(x,y) € Ri s x+y < 1} and h(x,y) = (a—b)x+(c—b)y+b,
where a, b, c > 0 are constants. Then it follows that
max{a(x,y) : (x,y) € 2} = max{a, b, c}.
Theorem 5.7 If o € Fywen and

o> P (teta) Vied, (5.34)
b+a

then QS;S]) is globally attractive in the meaningful domain. Moreover, the total
number of infected individuals approaches zero (i.e., lim,— o I.(t) = 0).
Proof Define the mapping V(E, I) = aE+ (a+b)I [81], which satisfies V(0,0) = 0
and V(E,I) > 0 for (E,I) € g \ {(0,0)} (where £2g; is outlined in the proof of
Theorem 5.5). The time-derivative of V trajectories of (5.31) is given by
Vison(t, S, E,I,R) = a(B,SI — aE — bE + aEI)
+ (a + b)(aE — gl — bl — al — p,I + al?),
= [BsaS—(a+b)(g+a+ b+ py) + aaE + a(a + b)I]I,
<[Boa(l—E—-I)—(a+b)(g+a+b+ps)
+ aaE + a(a + b)I1,
= [ho(E.I) — (@ + b)(g + o« + b + po)]L,
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where

h(E,I) = (xa — Bia)E + (a(a + b) — Bia)l + Bia, Vie #.
Applying Lemma 5.1 with the function /; and set 25, gives that

Visan) < [max{aa, Boa, a(a + b)} — (a+ b)(g + @ + b+ po)]I.

Then, since R{"" < 1 for each i € . by Eq.(5.34), it follows that V(s »7, < 0.
Note that V = 0 if (E,I) = (c,0) or if max{xa, Ba,a(a + b)} = (a+ b)(g + o +
b + p;), which implies RE)S‘SI)” = 1 (and is therefore not possible). It then follows
by similar arguments to the proof of Theorem 5.5 that lim,—, o, /() = 0. Recall that
I. = IN and

N(t) = (b— d)N(1) — al.(t) = (b—d — aI(t))N(2).

The case b < d is straightforward. The case b = d yields that N(t) = —aI(f)N(f) <
0, from which it follows that N is bounded for all 7 since / — 0. The case b > d
gives that N grows without bound since I/ — 0. Then, S, = SN and § — 1 implies
that S, — N. The fact that N = S, + E. + I. + R, yields the result.

Equations (5.26), (5.29), and (5.34) define mode-dependent critical control rates
for the SEIR model (5.24), SEIR model with vertical transmission (5.27), and SEIR
model with disease-induced mortality (5.31), respectively:

. a
P20t pia_ (uw+g)., Vie,

l

p+a
peen o Bitpda o o vic
p(l—p)+a
55,34),crit — Bia —(u+g+aw), Vie .
b+a

Observe that

(5.34),crit (5.26),crit (5.29),crit
D; =p =D;

= )

Vie #,

as expected; the disease-induced mortality effectively reduces the average infectious
period (making the disease easier to control and thus a decrease in the critical
treatment rates) while the vertical transmission has the effect of increasing the basic
reproduction number of each mode (hence an increase in the critical treatment rates).
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5.4 Screening of Traveling Individuals

In this part, we return to (4.21) and consider restricting the travel of infected
individuals as a control method for preventing epidemics. We consider the following
control strategy:

1.

2.

(O8]

Assume that ) € [0, 1] is the probability of successfully detecting an infected
individual entering city j € 4" = {1,...,n} by travel.

Assume that susceptible individuals are not falsely identified as being infected.
Denote infected individuals traveling to city j who are properly screened by Q.

. Assume that individuals who are being screened do not die or give birth.
. When the infected individuals are identified, assume that they will be isolated for

treatment.

. Assume that individuals in the screened classes recover at a switched rate qg) >0

in city j and enter the recovered population.

With the additional assumptions that the immigration rate is m? in city j and
the functions fi(’) and h?) having standard incidence rate structures, the controlled
version of (4.21) becomes the following switching system:

oSOV (r)

SO (N = v (i)S(j) () + a) g ()
N0 Z
)
_ Z (l)yé/)w’
le A\ NO®
. SO ()19 (1) o o o
Dy = g0 27 A D gy — DO G )
00 =050 ~ 8100 0100 + 10
4 SO 019 (1)
10} 1) 7O (14) (1
+ (=00 > a0+ Y by —om |
le N \G} le\{j}
Q(i)(t) — _qg)QU) + 00 Z ot(l’j)l(l)(t)
le G}
SO (r)
0 ()] (/)—
+ 6 Z ay) NOG@)
le M \{}
R(j)(l) — g(i)](i)(t) + qg)Q(f)(t) _ /LU)RU)(I) + Z a(l‘j)R(l)(t),

leN

(89(0).19(0). 09(0). R2(0)) = (5.1 0. RY)).
(5.35)

for all j € 4. The flow diagram for the model with screening is given in Fig. 5.14.
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s
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Fig. 5.14 Flow of the multi-city model with screening (5.35) with n = 2. The red lines represent
new infections (including from traveling individuals) and the blue lines represent the screening
process. The population dynamics in each city have been omitted here

The meaningful physical domain for this system is

Dis35) = {(S,1,Q,R) € RY : Y~V +19 + 0V + RV < N*},
jer

where

0.

For a given initial condition, the solution of (5.35) enters Ds 35, (in finite or infinite
time); Dys 35 is positively invariant to (5.35) (see Proposition 2.1 in [167]).

Let us next consider the existence of a disease-free solution of (5.35) with
10(t) = 0 for all j € .4": It is apparent that the screening class converges to zero,
and thus the recovered class (since 1) > 0 for each j € .4"). The limiting system
is given by

S(i)([) = m(j) — /,L(])S(])(l) + Z a(l’j)SU)(l), Vje N (5.36)
ley

Using the notation and methodology in [167], define the irreducible matrices A =
(@) 1<1j<n and U = diag{u®, ..., u™} and the vector m = (mD,...,m").
Then (5.36) is in vector form as

S(r) = m+ (A= U)S(1),
whose unique solution satisfies
S = (So+ (A—U) "'m)exp((A— U)t) — (A—U)"'m,
and

lim $(t) = —(A — U)"'m = §*,
1—>00
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where A — U is nonsingular and m has nonnegative components (i.e., (A — U) " 'm
has nonnegative entries). Hence, Eq. (5.35) admits the disease-free solution

O = (5*,0,0,0).

The basic reproduction number of (5.35) is, in general, the spectral radius of
an integral operator. It is possible to provide a threshold theorem involving an
approximation of the basic reproduction number, as follows.

Theorem 5.8 Let oy, = min{a™ : [,j € A, 1 # j}, omax = maxfa®™ : j €
N # G Opin = min{? 1 j € A}, gmin = min{g? 1 j € A and pmin =
min{u" : j € A} Foreachi € M, let B; = max{ﬁi(i) je N} and y =
max{yl‘(j) ] € JV} IfO' € fjﬂperiodic(a)) and

R,63%) = Yo (BiS* 4 (n = 1)(1 = Opin) Umax ¥iS™) T
@(gmin + Umin + (7 — 1) OninCtmin)

<1, (5.37)

then QSSSS) is globally attractive in the meaningful domain; the disease is eradicated
by the screening control.

Proof From Eq. (5.35) note that

SO (1) <m" — lth(j) (1) + Z a 59 (7).
ley

Consider the comparison system
Py (1 = m¥ — /L(i)x(i) (1) + Z a0 (1),
ley (5.38)
x(0) = (8,....8%) = 5,.

As remarked above, the solution of this system converges to —(A — U)~'m = §*.
Choose

(1 - li\()(iss))(w(gmin + Mmin + (n - 1)QminOlmin)
2 Z:n:l(/ng* + (l’l - 1)(1 - emin)amaxyi)ri ’

0<e=

By comparison theorem, there exists a time * > 0 such that S? (r) < x¥)(f) < S*+¢
for t > * and each j € .4 (i.e., by Theorem 1.10). Choose N € N as the smallest
integer such that Nw > t*. The following inequalities follow from (5.35) for each
jeN:
. LSOOIV o
(1) = ()R R VAN )} () PN )} (0]
PNCEDMI:X o~ 100 - 0100

JEN JEN
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- A A ) SOOI ()
10 Z a(ld)l(l)(t) +(1- 9(1)) Z a(ld)yé])NT(t)]’
le\{} le\G}

Y019 (1)
<Z

o~ sl O~ tal V@) =60 3 «100)

le A\

SO 6] 70 6)
1—® (IJ) Yo ———=].
o )IE/VZ\{/} NO® |

Since

33 a®s00 =3 3 g0 < 37 (1= 1)t SO19,

JEN leN\G} JEN leN\{} jeN

then
D50 = D [Bo(S* + €) — gmin — Mmin
jen jen
— (n = 1)OminQmin + (n — 1)(1 — emin)amaxy(r(S* + 6)]](1.) ®,

= Z [ﬁaS* + (n - 1)(1 - emin)amaxVUS*
JEN

+ e(Bs + (n—1)(1 = Omin)¥max Vo) — min — Hmin — (1 — ])gminamin]l(i) ®,

=dke Y 19(). (5.39)

JEN
where

Ai,e = ﬂiS* + (n - 1)(1 - Gmin)amaxyis*

+ 6(ﬁi + (I’l - 1)(1 - emin)amaxyi) — &min — Mmin — (n - l)eminamim
(5.40)

Equation (5.39) implies

gyWW+mm$ZNWww«iMw)

jeN jen i=1

= exp (2”': li,efi) Z 1"(Nw),
i=1

JEN
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from which it follows that Y~ , I9((N + D) < n Y 4 IV (Nw), where

m
n = exp (Z )L,;fr,') .
i=1
Note that 7 € (0, 1) since Ry < 1 and by the choice of € above. Thus,

Y1+ Do) <7 Y 1ONw) < Y 10 (Nw).

jeEN jeEN jeEN

Similarly, it can be shown that

DSTINWN+h+ Do) <y Y I9(N+ho), YheN,
jen jen

and so

Y NN +h+ Do) < ) 1PN + ho),

JEN JEN

< Y_ 1YW +h— Do),
jeN

<y 10We).
jeN

Therefore the sequence {Zie w1 DN + h)w)}52,, converges to zero as h — oo.
Since 19 (#) is bounded on # € [0, No] for each j and since ), I is bounded on
each interval [t) + (N + h)w, (N 4+ h + 1)w] for h € N U {0}, then it follows that /)
converges to zero as h — oo for each j. The limiting system is given by Eq. (5.36),

which converges to the disease-free solution QSSSS).

Requiring that Ry®3% < 1 in Eq. (5.37) defines a critical screening rate e that
guarantees disease eradication. More precisely,

Z:’;l(ﬁlS*m — &min — Mmin + (I’l - l)amaxyis*)fi

5.41
2?1:1 (max¥i) Ti + @Qmin ( )

ecrit =

Example 5.7 Consider (5.35) with 4~ = {1,2} and .# = {1,2}. Suppose that ¢
follows the seasonal switching rule outlined in (3.37) and the initial conditions are
given by (S, 1M oM R §@) 1@ o RPY) = (0.5,0.1,0,0,0.4,0,0,0) (ie.,
the disease begins in city 1). The following model parameters are used: g, = 4.5,
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Fig. 5.15 Simulations of Example 5.7. (a) () = @ = 0. (b) 8D = 0.95,6® = 0.9

Br=0.52D=15g%=12mY =0.1,m® =0.09, u¥ = 0.1, u® = 0.09,
y=1,a0D =04, a1 =04, a?? = —-0.3, «®D = 0.3. That is,

—0.4 0.3 .
A= [ 04 _0_3], U = diag{0.1,0.09}, m = (0.1,0.09),

giving that §* = (0.880,1.13). If 6V = 9(2/)\ = 0 then Ry = 1.47 (see
Fig.5.15a). If 9V = 0.95 and #® = 0.9 then Ry®* = 0.987 (see Fig. 5.15b); in
this case, the critical screening rate is given by 6.4 = 0.871.

5.5 Switching Control for Vector-borne Diseases

In this part we return to the vector-borne model (4.35) for control strategy analysis.
Switching cohort immunization is considered here: assume that a switching vac-
cination control is applied at a rate v, > 0 to the susceptible population (where
immunization immediately moves an individual to the vaccinated class, V). Assume
also that a switching treatment control is applied at a rate p, > 0. Motivated
by realistic difficulties and failures of a vaccine program, the probability that a
vaccinated individual can still become infected through transmission is assumed
to be nonzero (but reduced when compared to the susceptible individuals); let

d
EB,V (1) /O F@I( — wydu,

where £ € [0, 1], correspond to such a reduced transmission between vaccinated and
infected (i.e., £ is a measure of the vaccine efficacy). Applied to (4.35), the control
model is given by
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d
S(t) = p(1 = S(1) = ﬂnS(t)/O J@)I(t — u)du —vsS(1) + 6V (1),

d
I(5) = Bo (S(t) + EV(l))/O J@I(t — w)du — (g + i+ po)1(1),
R(t) = gl(1) + pol(1) — uR(1),
d
V(0 = 050 = V0 [ £ = 0= 0 + V),
(5(s).1(s). R(5). V(s)) = (So.lo(s), Ro. Vo), Vs € [—d,0].
(5.42)
The physical domain of interest for (5.42) is given by
Diay ={(S, LR, V) eRL :S+I+R+V =1},

and it is assumed that (So, 1o(0), Ry, Vo) € D(s.42). Equation (5.42) admits m disease-
free equilibria due to the time-varying vaccination rates:

Q04 = (SF.I* RF.V)) = ( w6 + ) v} )

pAv=60)""7"60+pn

for all i € .# . The movement of the population between compartments is illustrated
in Fig. 5.16.

In the absence of infection, the solution of (5.42) traverses between the disease-
free equilibria as the vaccination rates vary with respect to time. This observation
motivates studying convergence to a disease-free set: when I(r) = 0, the number
of individuals in the recovered class approaches zero exponentially and the reduced
model is given by

S = pn(1 = S1) — vsS(r) + OV (1),

. (5.43)
V() = veS@) — (u+ 0)V(2).

Fig. 5.16 Flow of the
vector-borne model with
treatment and

vaccination (5.42). The red
lines represent the horizontal
transmission and the blue
lines represent the treatment
and vaccination strategies.
Births/deaths are omitted here
for illustrative purposes
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Define vy, = min{v; : i € 4} and vy = max{v; : i € #}. Since S+ V = 11is
invariant to (5.43),

St <p — (& + Vvmin)S(@) + O(1 — S(1)),

v 0 (51 s,

so that $(£) < 0if 1 > S(£) > Smax Where

3 w+0
max M+Umin+9.

Similarly, if 0 < S(t) < Smin = (1 4+ 0)/ (1t + Vmax + 6), then S(r) > 0 since

S > — (1 + Vmax)S@) + 0(1 — S(1)),

=(i + Umax + 6) (?Et) — 1) S(t).

Further, V() < 0 whenever 1 > V(1) > Viax = Umax /(I + Vmax + 6) since

V(1) <vma(1 = V(1) = (1 + )V (D),

=(i + Vmax + 0) (“//“(‘;‘) - 1) V().

Finally, if 0 < V(¢) < Vinin = VUmin /(i + Vpin + 6), then V(t) > 0 since

V(1) Zomin(1 — V(1)) — (u + O)V(D).

Vmin
= min + 0 —1]V(@).
(1 + Vi + )(V@ ) 0
The solution of (5.43) converges to the set

{(Sv V) € Ri_ : gmin =§= gmaxv ‘_/min V= ‘_/max}v

which can be shown as follows: Consider the comparison system

(1 + Vmin + 6) (% - 1) (1), ifx(r) £ 0,
o, if x(1) = 0, (5.44)

(1) =

)C(O) = S().



168 5 Switching Control Strategies

The solution of (5.44) converges to Syax. By the comparison theorem,, for any € > 0
there exists t* > 0 such that S(f) < x(f) < Spax + € for all # > ¢*. Similarly, the
comparison system

o+ vma +6) (32 = 1) 2. i) £ 0,
1 — (1 + vma)x () + 0(1 — x(2)), if x(r) = 0, (5.45)

x(0) = So,

x(t) =

yields that lim,_ o0 S(f) > Smin, with similar arguments with respect to V giving the
desired result. Therefore, under the assumption that /(¢) = 0, the solution of (5.42)
converges to the disease-free convex set

Weohort = {(S,I,R, V) € Ri : gmin <§= Emax’l =0,R= O,Vmin =V= Vmax}-
Define the following constants:
Ai Eﬁi(gmax+Evmax)_(:u+g+pi), Vle.ﬂ

M- =fie M A <0}and #F ={i € .# : L > 0}. The idea here is that the
switched system is composed of a mixture of stable and unstable modes, where .# ~
and .#* denote the stable and unstable modes, respectively. To prove threshold
conditions for disease eradication, we focus on the set Wonore- Before proceeding,
we remind the reader of some switched systems notions: let 0 € -yl 2>t >0,
and let
Tt 2 = {re[t, ] :0() =i},
T, A= {reli.P:0() e 4T},
- =|{telt.Pl:00) .7},
NP = [{n e [i'.7) s o) = i},
N 2) = [{n e [i', )},
NP =[nelt.P) o) e a7}
Roughly, these are the activation time in the ith mode, set .Z™*, set .#~, and
the number of switches activating the ith mode, the total number of switches, and
the number of switches activating modes in the set .# T, respectively. Note that
UL, Ti(to, 1) = [to,7]. As an illustration, consider the switching rule in Fig.5.17,
which gives that
T:(0,5) = 2, 7T:(0,4) =1, 7,(3,3.5) = 0.5, 75(0,5) =2
N1(0,5) =2, N1(0,4) =1, N>(3,3.5) =1, N3(0,5) = 1.
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Fig. 5.17 Example of a 5 T
switching rule 0 € Fyen 45! _“(t)_
with switch times t; = 1,3, 4 ’

and .7 = {1,2,3} 4r 1

3.5} 8

2.5t 8

0.5} 1

Some necessary Halanay-like results are needed for the disease eradication
proofs and are reviewed here. In [174], Zhu used the following Halanay-like lemma
to study switched system stability.

Lemma 5.2 Assume that B, o > 0 and the function u : [ty — d, o0) — R satisfies
the following delay differential inequality:
w(t) < Bllulla — au(), Vi=to.

IfB—a >0, then

u(t) < Nlug llaexp((B — ) (t = 10)), Vi =1o.

If B—a < 0, then there exists a positive constant 1 satisfying n+ p exp(nd) —a < 0
such that

u(?) < |lug lla exp(=n(t — 1)), Vi =10,

where ||u;||q = sup_,<,<o u(t + ).

For completeness, an impulsive delayed version of a switching Halany-like result
is presented here without proof (see Proposition 1 in [142]).

Proposition 5.1 For i € #, let a;,b;, g;, h; > 0 be constants and assume that a
function u : [ty — d, +00) — R satisfies
() < bolluella — aou(®), — t#t, =1,

_ (5.46)
u(t) < gou(t™) + hollula, t=1t, keN,



170 5 Switching Control Strategies

for some 0 € Sywen(d) (i.e., ty — tr—1 > d for all k € N). Then, fort > t,,

N(t.1)

u@® < lluglla | TT 8 Jexo| D ATito. = > nTito.0) | (5.47)

Jj=1 icH+ i€ M~

where Ti(to, 1) = Ti(to,1) — Nito,1)d, A; = bimaxie 4{1/8:, 1} —a;, § = g +
hiexp(éd), € = max{§; : i € A}, & > 0 is chosen for i € A~ so that & +
b,-exp(é,-d)—a,- < 0, (%4_ = {l e A : )Li > O}, M = {l e M . li < 0}, and
n; > 0is chosen fori € .#~ so that n; + b; max;e_z{1/8;, 1} exp(n;d) — a; < 0.

Proposition 5.1 is placed into the following useful form for this section (set g; =
1,h; = 0,and §; = 1 foreach i € .#).

Proposition 5.2 Fori € .#, let B; > 0 and a; > 0. Assume that a function u :
[to — d, 00) — Ry satisfies the following switching delay differential inequality:

w(t) < Bollulla — asu(t),
and o € Lygen(d). Let #4T ={ic M X >0 and M~ ={ie M : L <0}
where A; = B; — «; for each i € M. For eachi € .#~, choose n; > 0 such that

ni + Biexp(nid) —a; < 0.

Then,

(@) < llugllaexp | Y ATilio.0) = Y nilTilto, ) = Nilto, d) |, Vi = to.
e+t IS/
(5.48)

Note that if ; = B; —a; < 0 for i € .# then it is always possible to choose
n; > 0 satisfying n; + B; exp(n;d) — o; < 0. Letting F;(x) = x + B, exp(xd) — «;,
F(0) = B; —a; < 0and F'(n;) = 1 4+ Bidexp(n:d) > 0. By continuity of F;, there
exists 77" > 0 such that F(n}) = 0 and 7, can be chosen as 0 < n; < .

Proposition 5.3 Assume that §; > 0 and o; > 0 for i € . Assume that a function
u: [ty—d, 00) — Ry satisfies the following switching delay differential inequality:

iw(t) < Bolluslla — ctou(®),

and 0 € Fperiodic(®). Let At ={ic M :Xi>0and #~ ={ie H: L <0}
where A; = B; — a; for each i € . For eachi € .#~, choose 1; > 0 such that

ni + Biexp(nid) —o; < 0.
Then, u is bounded on any compact interval and satisfies

ulty + jo) < |luyllax’, VjeN, (5.49)
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where
x=exp| > Ati— Y nit—d
je(%"r IS/

Proof The boundedness of u on any compact interval follows immediately from
Theorem 5.2. From Eq. (5.48), forj € N

u(to + jo)

<llugllaexp | D AiTilto, to +jw) = Y nilTilto, to + jeo) — Nilto, to + jeo)d) | ,
_ie(//["r €M~

= lupllaexp | Y AiiTilto. 1o+ @)= D nij(Tilto, 10 + @) — Nilto, to + w)d) | ,
_iE%+ i€~

= ”uto”dexp J Z Aiti—j Z Tli(l’,'—d):|,

L e+ i€~

= llus llax’,

since 0 € FSperiodic(w) implies that Ti(to,t0 + jw) = jTi(to,to + @) and
Ni(to, to + jow) = jNi(to, to + o).

We are now in a position to prove some eradication results.

Theorem 5.9 Foreachi e .#~, let n; > 0 satisfy

ni + ﬂi(gmax + g‘_/max) exp(nid) — (u + g + pi) <O.

Let AT =max{d;:i€ # yand A~ = min{n; :i € M }. Let 6 € Lyyen(d) such
that there exists M > 0 and t > 0 satisfying

t—71

sup ——= — <M (5.50)
=T (t,t) = N—(t,)d
If there exists g > 0 such that
TH(@ 1) < q(T~ @ 0) — N~ (7. 0)d)), (5.51)
gAt < A7, (5.52)

then the solution of (5.42) satisfies lim;— oo (S(2),I(f),R(¢),V(t)) € Weonors the
solution converges to the disease-free set and is therefore eradicated.
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Proof From the switched model of a vector-borne disease (5.42),

d
$(1) = 1 — BoS(0) /O FaI( — u)du — vyS() + OV (1),

< u(1=S8@) —vsS(1) + 0V (1),
< u(1 = S8@0) — vminS(1) + OV (0),
S pu4+0—(p+ 0+ vmin)S©),
since V(t) = 1 — S(t) — I(f) — R(f) < 1 — S(¢). Similarly,

d
V(1) = v,S(1) — SﬂoV(t)/o St —wydu—(n+ )V ().

=S — (k+ V@),
< UmaxS() — (1 + 0)V (1),
S Umax(1 = V(@) — (1 + Q)V(l‘),
5 vmax - (Umax + /L + O)V(t)
For any € > 0, there exists a time * > 0 for which S(f) < Sma + € and

V(t) < Vimax + € for all t+ > ¢*. Let [ be the smallest positive integer such that
t; > max{7, t*}. Then,

d
1) = Bo(SG) + EV() /0 F@)I — wdu — (i + g + po)l(0).

< Bmax(1 +8) sup I(s) = (1t + & + pmin) (1), V1 €[0.1).

—d<s<t
By inspection, I(t) < ||Io||s exp(nt) for all ¢ € [0, #;) where n > O satisfies
N+ Pmax (1 + §) exp(nd) — (i + g + Pmin) > 0
by Lemma 5.2. In general,

1) < Bo[(max + €) + & (Vinax + )] sup 1(s) = (1 + g +po)I(1),  (5.53)

t—d<s<t

forall 7 € [ty—1, %) and k — 1 > [, where I, € PC([—d, 0], R.). Define the constants
e = BilSmax +€) +E(Vinax + ] = (W + g +pi), Vied.

Foreachi € .4, let ;. > O satisfy

Nie + ﬁi[(gmax + E) + E(Vmax + 6)] eXP(ﬂi,ed) - (,LL + 8 +pi) <0.
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Proposition 5.2 thus implies that
10 <Ijexp| Y AieTitn) = D mie(Tit, ) = Ni(t,0d) |, (5.54)
et €M
forallt € [ti_1, 1), k —1 > I, where I} = ||Iv]la exp(nt;).

Define A} = max{A; : i € 4T} and A\ = {ni : i € .#"}. Then, by
definition,

Bil(Smax + €) + & (Vimax + )] exp(nied) — (u+g+pi) < —nie <—A, Vie M,
which can be rewritten as
Bi(Simax + §Vinax) exp(ied) — (1 + g +pi) + Gie < —mje < =A7, Vie M,
where
Gi = Bi(1 +§)exp(nicd). Vie M.
Also,
Bi(Smax + EVima) exp(nid) — (u + g +pi) < —mi < —A~, Vie ..

Therefore, there exists a constant F; such that —)Lj < —A~ + Fje. Letting v €
argmax{d; ;i € AT},

grt < gAt + Fae,
where
F = qBy(Smax + §Vima) — (1t + g +¢1).
Hence,
gA\f — A7 <gAT — A7 + (F) + Fa)e.

Since gAT — A~ < 0, there exists a positive constant § such that qu —A; <—-0.56.
Choose

.- 8(Fy + F»)
==

then g\ — A7 < —0.56.
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It thus follows from Eqs. (5.50), (5.51), and (5.54) that

10 <Iyexp | A} Y T =27 D (Ti(t.0) = Ni(t.0)d) | .
et €M

= I7expAS T (t;,0) = A (T (t5,0) — N~ (1, H)d)],
< Iy explgAf (T~ (11.1) = N~ (t,0)d) — A_ (T~ (t1.1) = N™ (1. 1)d)],
= Iy exp[(gA} — A7) (T~ (t1.1) = N™ (1, 1)d)],

(t—1)
M

< I exp |:(q)te+ —A7) :| , Vi=u.

Equation (5.51) guarantees that T~ (#;,1) — N~ (#;, t)d > 0. Therefore,
I(t) < I§ exp[—0.58(r — 1)], Vi>1.

It follows that lim,_,, R(f) = 0 and (5.42) reduces to system (5.43), from which
the result follows.

Intuitively, Egs. (5.51) and (5.52) describe the time spent in the unstable mode
AT, with corresponding worst-case growth rate AT, versus the time spent in
the stable modes .# ~, with corresponding most conservative decay rate A~. The
constant g characterizes said relationships. If Eq. (5.52) holds, then

q .max {,Bi(gmax + Evmax) - (:u' + 8 +pi)]}
€Mt
+ ién/}{n_{ﬁi(gmax + g‘_/max) exp(nid) - (:u + 8 +pi)} <0.
Letv € argmax{A; :i € .# 7} and ¢ € argmin{n; : i € .#}. Then
A’J’_ = ﬁv(gmax + é‘_/max) - (/’L + g +pV)
and
AT = ,Bz(gmax + S‘_/max) eXP(’?;d) - (/’L +8 +P{)-

Hence, (5.52) implies that

e (By + B exp(ned)) (Smax + §Vimax) <1

, (5.55)
20+ 2g + py + pe

=4q
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an approximation of the disease’s basic reproduction number. In fact, (5.52)
implies (5.55); (5.52) is a stricter requirement on the model parameters. Controlled
eradication under periodic variations can be established as follows.

Theorem 5.10 For eachi € 4™, let n; > 0 satisfy

Ni 4 Bi(Smax + Vimax) exp(mid) — (1 + g + p;) < 0.
IfG € tsﬂperiodic(a)) and
Achon = Y Miti— Y ni(ti—d) <0, (5.56)
ie//[+ €M~

then the solution of (5.42) satisfies lim;— o0 (S(2),1(t),R(¢),V(t)) € Weonors the
solution converges to the disease-free set and is therefore eradicated.

Proof Beginning from Eq. (5.53) in the proof of Theorem 5.9, choose the smallest
positive integer B such that Bo > max{7, *}. By Proposition 5.3, I((B + j)w) <
5o |48 for each j € N, where

§ =exp Z AieTi — Z Nie(ti —d)

ient+ ieH—

and ||/, |l4 < K for some constant K > 0. It follows from (5.56) and the arguments
in the proof of Theorem 5.9 that € > 0 can be chosen sufficiently small to guarantee
that 0 < § < 1. Thus, lim,,o I(f) = 0, from which lim,,o R(#) = 0 follows.
Equation (5.42) reduces to (5.43) and the result holds.

Equation (5.56) implies that

Z [,Bi(gmax + g:‘_/max) - (,u +g +pi)]Ti

i€e#t
+ D [BiSmax + EVima) exp(mid) — (1 + g + p)] (i — d),

€M~

< D [BiGSmax + EVaw) —(+ g +p)]ni+ Y (—n)(w — ),
et €M

= Z AiTi — Z ni(ti — d),
e+t /A

< 0.

That is, (5.56) implies that Ry~ < 1 where

R—O(5.42) _ Yieat Bi(Smax + EVmax)Ti + X ez~ Bi €xp(1id) (Smax + & Vimax) (v — d)
Yiew+r g +p)Ti+ Y (0 +g+p)(Ti—d)

(5.57)
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Table 5.1 Epidemiological parameters

Parameter | Description Value
Bo Average number of contacts per unit time | [8, 1.6]
" Natural birth/death rate 1

g Recovery rate 1.5

d Upper bound on the incubation time 0.1

The parameter values given in brackets represent the switching
value associated with 0 = 1 and 0 = 2, respectively

=542 . . . . .
RO( ) may be viewed as an approximate basic reproduction number and it should

be noted that the theorem condition is stricter than requiring R_0(5‘42) < 1. A
comparison of these switching control strategies (i.e., switching vaccination and
switching treatment) is reserved for Sect. 6.2.1.

The results of this section are illustrated with simulation. Consider the initial
conditions (Sy, Iy, Ro, Vo) = (0.9,0.1, 0, 0), baseline model parameters in Table 5.1,
and dwell-time satisfying periodic switching rule

1, ifrelkk+ 3),ke NU{0),
o= itrellk+ 7). ke NUL0} (5.58)
2, ifrefk+F.k+1),

which is motivated from seasonal variations in the model parameters. The period
of the switching rule is @ = 1 with 7; = 3/12 (modeling a winter season or rainy
season, depending on climate) and 7, = 9/12 (summer seasons or dry season). As
in [104], let

_exp(—u)
fluy = 1 —exp(—d)’
Let vy = 3, v = 2, p = 2, p = 0.5. For the susceptible cohort immunization

program, the model parameters give Smax = 0.3548, Vo = 0.7317, and A =
0.8948 (i.e., #t = {1}). Letting n, = 1 (i.e., 4~ = {2}) implies that

Acohort = —0.4263,

and convergence to the disease-free set Wonorx by Theorem 5.10 (Fig. 5.18).

5.6 Discussions

Cohort immunization (i.e., time-constant vaccination) has been implemented by a
number of countries, as discussed earlier. As mentioned, the predominant strategy
for measles immunization follow a recommendation of doses at 15 months of



5.6 Discussions 177

Fig. 5.18 Simulations of the Susceptible cohort immunization scheme
switching control T T T T T T T T —
scheme (5.42) with Susceptible
. 0.9 Infected [
parameters in Table 5.1 Recovered
0.8 Vaccinated []

age and approximately 6 years of age in many parts of the Western world [139].
For background studies in the literature on epidemic models with such a control
program, the reader is referred to [4, 69, 102, 138] and the references therein.
The control strategies considered in Sect. 5.1 assume immediate movement from
susceptible classes to the recovered class. This ignores the time involved to
obtain immunity by completing a vaccination program. Motivated by this, consider
the usual vaccination schedule for hepatitis B where individuals are given three
vaccinations separated by 1 month and 6 months [101]. The authors further note
that approximately 30-50% of individuals will gain anti-HB antibodies after the
first dose, 80-90% after the second dose, and virtually all 1 month after the final
dose. Based on their work on hepatitis B and measles in [101], the model (5.13) was
analyzed. The application of vaccination and treatment schemes to switched SIR
models in Sects. 5.1 and 5.2 are largely based on, and extend, the works in [94, 96].

Hepatitis B, Chagas’ disease, HIV/AIDS, and tuberculosis are examples of
diseases displaying latency periods [103, 140] and therefore appropriately modeled
by the SEIR model (5.22), which has been extensively studied in the literature (e.g.,
see [69,72, 80,81, 103, 134]). The SEIR model with vertical transmission (5.27) was
analyzed with switching because of the number of infectious diseases with latency
period that are transmitted by both horizontal and vertical modes (e.g., rubella,
herpes simplex, hepatitis B, Chagas’ disease [140]). The SEIR model with disease-
induced deaths (i.e., Eq. (5.31)) is an appropriate modeling choice for disease like
AIDS [140]. A summary of the critical control rates guaranteeing eradication in the
various theorems provided in Sects. 5.1, 5.2, and 5.3 is given in Table 5.2.

In the mathematical epidemic modeling literature, a time-constant entry/exit
screening strategy was studied by Liu and Takeuchi [100] consisting of a two-
city SIS model with transport-related infections and a screening process. Entry and
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Table 5.2 Critical control rates of the epidemic models with periodic switching

Control strategy Disease model| Critical control rate

Newborn vaccinations (5.4) pait = 1 — o+ g)/ie, Biti)

Susceptible vaccinations (5.8) Verit = 1 (X1 Biti/ (0(1 + 8)) — 1)
o . ) T B @(uFe)—1

o w01 = D

Treatment of infected (5.17) Paverage-crit = iy Biti/@ — (L + 8)

SIR with general FOI and treatments| (5.20) Pt = 10) — (u+g)

SEIR with treatments (5.24) Pt = Bia/(u+a) — (n + g)

Vertical SEIR with treatments (5.27) piit = % —(n+g

Disease-induced mortality SEIR (5.31) pit= Bia/(b+a)— (u+ g+ )

with treatments

m crit . . .
Note that payerage-crit = % The critical rates indexed by i are mode-dependent

exit screening were performed during the spread of SARS in 2003; temperature
screening using thermal scanning and questionnaires were given to assess symptoms
for possible exposure at mass transit centers [100]. More recently, global travel has
been a major factor in the spread of the HIN1 strain of influenza in 2009, Ebola
virus in 2015, and Zika virus in 2016. Motivated by this and the time-invariant entry
screening models investigated in [100, 147], screening strategies were considered
in Sect. 5.4. The formulation and analysis of the screening strategy for a switched
multi-city model in Sect. 5.4. In Sect. 5.5, Halanay-like switching results were used
to prove convergence to disease-free sets (and thus disease eradication). Halanay-
like inequalities have been generalized to include switching (for example, [164]),
time-varying parameters (for example, [120, 172]), and impulsive effects (for
example, [160, 163]). The works [142, 143] form the basis for the derivations and
results found in Sect.5.5. Other switching control strategies (e.g., reduced contact
rates) are detailed later in this monograph, while other possibilities (e.g., purposeful
shifts in population behavior) are theoretically unlocked by the findings here.
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