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This paper discusses a generalized time-varying SEIR propagation disease model subject to
delays which potentially involves mixed regular and impulsive vaccination rules. The model
takes also into account the natural population growing and the mortality associated to the
disease, and the potential presence of disease endemic thresholds for both the infected and
infectious population dynamics as well as the lost of immunity of newborns. The presence of
outsider infectious is also considered. It is assumed that there is a finite number of time-varying
distributed delays in the susceptible-infected coupling dynamics influencing the susceptible and
infected differential equations. It is also assumed that there are time-varying point delays for
the susceptible-infected coupled dynamics influencing the infected, infectious, and removed-by-
immunity differential equations. The proposed regular vaccination control objective is the tracking
of a prescribed suited infectious trajectory for a set of given initial conditions. The impulsive
vaccination can be used to improve discrepancies between the SEIR model and its suitable
reference one.
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1. Introduction

Important control problems nowadays related to Life Sciences are the control of ecological
models like, for instance, those of population evolution (Beverton-Holt model, Hassell
model, Ricker model, etc. [1-5]) via the online adjustment of the species environment
carrying capacity, that of the population growth or that of the regulated harvesting quota
as well as the disease propagation via vaccination control. In a set of papers, several
variants and generalizations of the Beverton-Holt model (standard time-invariant, time-
varying parameterized, generalized model, or modified generalized model) have been
investigated at the levels of stability, cycle-oscillatory behavior, permanence, and control
through the manipulation of the carrying capacity (see, e.g., [1-5]). The design of related
control actions has been proved to be important in those papers at the levels, for instance, of
aquaculture exploitation or plague fighting. On the other hand, the literature about epidemic
mathematical models is exhaustive in many books and papers. A nonexhaustive list of
references is given in this manuscript compare [6-14] (see also the references listed therein).
The sets of models include the following most basic ones [6, 7]:

(i) SI-models where not removed-by-immunity population is assumed. In other
words, only susceptible and infected populations are assumed,

(ii) SIR-models, which include susceptible, infected, and removed-by-immunity popu-
lations,

(iii) SEIR models where the infected populations are split into two ones (namely,
the “infected” which incubate the disease but do not still have any disease
symptoms and the “infectious” or “infective” which do exhibit the external disease
symptoms).

The three above models have two possible major variants, namely, the so-called “pseudo-
mass action models,” where the total population is not taken into account as a relevant
disease contagious factor or disease transmission power, and the so-called “true mass action
models,” where the total population is more realistically considered as being an inverse factor
of the disease transmission rates. There are other many variants of the above models, for
instance, including vaccination of different kinds: constant [8], impulsive [12], discrete-time,
and so forth, by incorporating point or distributed delays [12, 13], oscillatory behaviors [14],
and so forth. On the other hand, variants of such models become considerably simpler for
the disease transmission among plants [6, 7]. In this paper, a mixed regular continuous-
time/impulsive vaccination control strategy is proposed for a generalized time-varying SEIR
epidemic model which is subject to point and distributed time-varying delays [12, 13, 15—
17]. The model takes also into account the natural population growing and the mortality
associated to the disease as well as the lost of immunity of newborns, [6, 7, 18] plus
the potential presence of infectious outsiders which increases the total infectious numbers
of the environment under study. The parameters are not assumed to be constant but
being defined by piecewise continuous real functions, the transmission coefficient included
[19]. Another novelty of the proposed generalized SEIR model is the potential presence
of unparameterized disease thresholds for both the infected and infectious populations.
It is assumed that a finite number of time-varying distributed delays might exist in the
susceptible-infected coupling dynamics influencing the susceptible and infected differential
equations. It is also assumed that there are potential time-varying point delays for the
susceptible-infected coupled dynamics influencing the infected, infectious, and removed-
by-immunity differential equations [20-22]. The proposed regulation vaccination control
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objective is the tracking of a prescribed suited infectious trajectory for a set of given initial
conditions. The impulsive vaccination action can be used for correction of the possible
discrepancies between the solutions of the SEIR model and that of its reference one due,
for instance, to parameterization errors. It is assumed that the total population as well as the
infectious one can be directly known by inspecting the day-to-day disease effects by directly
taking the required data. Those data are injected to the vaccination rules. Other techniques
could be implemented to evaluate the remaining populations. For instance, the infectious
population is close to the previously infected one affected with some delay related to the
incubation period. Also, either the use of the disease statistical data related to the percentages
of each of the populations or the use of observers could be incorporated to the scheme to have
either approximate estimations or very adjusted asymptotic estimations of each of the partial
populations.

1.1. List of Main Symbols

SEIR epidemic model, namely, that consisting of four partial populations related to the
disease being the susceptible, infected, infectious, and immune.
S(t): Susceptible population, that is, those who can be infected by the disease

E(t): Infected population, that is, those who are infected but do not still have
external symptoms

I(t): Infectious population, that is, those who are infected exhibiting external
symptoms

R(t): Immune population

N (t): Total population

7(t): Function associated with the infected floating outsiders in the SEIR model
P(t): Disease transmission function

A(t): Natural growth rate function of the population

u(t): Natural rate function of deaths from causes unrelated to the infection
v(t): Takes into account the potential immediate vaccination of new borns

o(t), y(t): Punctions that o7!(t) and y~!(t) are, respectively, the instantaneous
durations per populations averages of the latent and infectious periods at
time ¢

w(t): the rate of lost of immunity function

p(t): related to the mortality caused by the disease

ug(t), ur(t): Thresholds of infected and infectious populations

hi(t), he(t), hi(t), hv.(t), h%/,- (t): Different point and impulsive delays in the epidemic
model

V(t), Vo(t): Functions associated with the regular and impulsive vaccination
strategies

fi(t, 1), fvi(t,t): Weighting functions associated with distributed delays in the SEIR
model.
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2. Generalized True Mass Action SEIR Model with
Real and Distributed Delays and Combined Regular and
Impulsive Vaccination

Let S(t) be the “susceptible” population of infection at time ¢, E(t) the “infected” (i.e., those
which incubate the illness but do not still have any symptoms) at time ¢, I(t) the “infectious”
(or “infective”) population at time ¢, and R(t) the “removed-by-immunity” (or “immune”)
population at time ¢. Consider the extended SEIR-type epidemic model of true mass type

o ~ ~ B(H)S(t) P rhit) . ~
S(t) = A(t) —put)S(t) + w(t)R(t) N (; 4[0 filt,H)I(t —T)dT
t=hyi(t)

fvi(z, f)V(t)dT>—v(t)g(f)V9(f)S(f)< D 6(t- ti)>+12(t),

t,eIMP

q
+v(H)N(t) <1—Zf
i=1

t=hvi(t)=hy,;(t)
(2.1)

o BOSO) (& >
E(t) = (T, DI (t-7)d
=B <sz0 fitr, D1~ 7)d

Pt = he(t)ke(t - he(t))
N(t - he(t))

S(t = he(t)I(t - he(t)) — (u(t) + o(£)) E(t) + ue(t) —n(t),
(2.2)

Co P(t — he(t))ke(t — he(t))
1(8) = ~(u(t) + Y1) + 0 () + e

x S(t = he(t)I(t - he(t))

Pt —he(t) = he(8)ki(t = he(t) - hi(t))
N(t - hg(t) - hy (1))

x I(t = he(t) —hi(t)) —ue(t) +us(t),

2.3)
S(t - he(t) — hy(t))

R(t) = =(pu(t) + w(t))R(t) +y(t) (1 - p(t)) I (t)
(HON() <i fhw(t) (7,0)V (t)d >
+7v i(T, T
i=1 ¥ t=hvi(t)=hy,(t) fV

N P(t — he(t) — hi(t))k;(t — he(t) — hi(t))
N(t = he(t) = hi(t))

x S(t = he(t) = hi(£))I(t - he(t) — hi(t)) —ui(t)

(2.4)

+v(t)g(t)ve(t)5(t)< > 6(t—ti)>,

t;eIMP

P rhi(t) _
n(t) = p(t)lf% <Z J'O filr, by (1t =7) = T(t - T))dT> <0, (2.5)
i=1
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for all t € Ry, subject to initial conditions S(t) = ¢@s(t), E(t) = @e(t), I(t) = ¢r(t), and
R(t) = @r(t), forall t € [—E,O] with ¢s, 9E, @1, ¢r - [—E,O] — Ry which are absolutely
continuous functions with eventual bounded discontinuities on a subset of zero measure of
their definition domain and

h = sup h(t); h(t) := sup 'Irila_xi<hi(T),hE (T) + hi(7), hyj(T) + Hy; (T)) ; VteRp,  (26)

teR, 0<T<t 1€P;1€9

is the maximum delay at time f of the SEIR model (2.1)-(2.4) subject to (2.5) under
a potentially jointly regular vaccination action V' : Ro. — Rg, and an impulsive
vaccination action v(#)g(#)Ve(t)S(t)(X;.cpmp 0(t — ti)) at a strictly ordered finite or infinite
real sequence of time instants IMP := {t; € Ros}icz,cz,, wWith ¢, Vo : Roy — R
being bounded and piece-wise continuous real functions used to build the impul-
sive vaccination term and Z; being the indexing set of the impulsive time instants.
It is assumed

Him (¢ = hi(t) = +oo, Vi€p, lim (t=he(t) - (1) = +oo, (2.7)

and limy _, 4o (£ — hyi(T) — h'vl.(T)) = +oo, for all i € g which give sense of the asymptotic limit
of the trajectory solutions.

The real function 7(t) in (2.5) is a perturbation in the susceptible dynamics (see, e.g.,
[18]) where function I : R, U [—E, 0) — Ry., subject to the point wise constraint I(t) >
I(t), forall t € Ro, U [—E,O), takes into account the possible decreasing in the susceptible
population while increasing the infective one due to a fluctuant external infectious population
entering the investigated habitat and contributing partly to the disease spread. In the above
SEIR model,

(i) N(t) := S(t) + E(t) + I(t) + R(¢) is the total population at time ¢.
The following functions parameterize the SEIR model.

(i)A : Ro+ — R is a bounded piecewise-continuous function related to the
natural growth rate of the population. A(t) is assumed to be zero if the total
population at time ¢ is less tan unity, that is, N(f) < 1, implying that it becomes
extinguished.

(ii) g : Roy — R, is a bounded piecewise-continuous function meaning the natural
rate of deaths from causes unrelated to the infection.

(iii) v : Ro+ — R, isabounded piecewise-continuous function which takes into account
the immediate vaccination of new borns at a rate (v(t) — p(t)).

(iv) p : Ropx — [0,1] is a bounded piecewise-continuous function which takes into
account the number of deaths due to the infection.

(v) w : Rox — Ry, is a bounded piecewise-continuous function meaning the rate of
losing immunity.

(vi) p : Rox — R, is a bounded piecewise-continuous transmission function with the
total number of infections per unity of time at time .



(vii)

(viii)

(ix)

()

P(t — he(t) — hy(t))ki(t — he(t) — hi(t))
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,[3(1&)(S(t)/N(1E))(Z'f:1 gi(t) fi(T,t)I(t — T)dT) is a transmission term accounting for
the total rate at which susceptible become exposed to illness which replaces
(B/N(t))S(t)I(t) in the standard SEIR model in (2.1)—-(2.2) which has a con-
stant transmission constant f. It generalizes the one-delay distributed approach
proposed in [20] for a SIRS-model with distributed delays, while it describes a
transmission process weighted through a weighting function with a finite number
of terms over previous time intervals to describe the process of removing the
susceptible as proportional to the infectious. The functions f; : Ry;i(t) xRo. — [0,1],
with Rp;(t) := [0,hi(t)], t € Ry, foralli € p := {1,2,...,p} are p nonnegative
weighting real functions being everywhere continuous on their definition domains
subject to Assumption 1(1) below, and h; : Ros — Ry, foralli € p are the
p relevant delay functions describing the delay distributed-type for this part of
the SEIR model. Note that a punctual delay can be modeled with a Dirac-delta
distribution 6(¢) within some of the integrals and the absence of delays is modeled
with all the h; : Rox — Ry. functions being identically zero.

0,7 : Ropy — R, are bounded continuous functions defined so that ol (t) and }f‘l (1)
are, respectively, the instantaneous durations per populations averages of the latent
and infective periods at time .

ug,ur : Row — Ry are piecewise-continuous functions being integrable on any
subset of Ry, which are threshold functions for the infected and the infectious
growing rates, respectively, which take into account (if they are not identically zero)
the respective endemic populations which cannot be removed. This is a common
situation for some diseases like, for instance, malaria, dengue, or cholera in certain
regions where they are endemic.

The two following coupling infected-infectious dynamics contributions:

P(t — he(t))ke(t — he(t))
N(t - hg(t))

S(t—he(t)I(t - he(t)),
2.8)

(xi)

NG =T o) S(t = he () = hi )1t~ he(t) = ha (1))

are single point-delay and two-point delay dynamic terms linked, respectively,
to the couplings of dynamics between infected-versus-infectious populations
and infectious-versus-immune populations, which take into account a single-
delay effect and a double-delay effect approximating the real mutual one-stage
and two-staged delayed influence between the corresponding dynamics, where
kg, ki, he, hr @ Row — R, are the gain and their associate infected and infectious
delay functions which are everywhere continuous in Ry,. In the time-invariant
version of a simplified pseudomass-type SIRS-model proposed in [21], the constant
gains are kr = e and ky = e Y e (hethi)

fvi © [t = hvi(t),t] x Roy — [0,1], foralli € g in (2.1) and (2.4) are g
nonnegative nonidentically zero vaccination weighting real functions everywhere
on their definition domains subject to distributed delays governed by the functions
hyi,hy,, : Ro. — Rg., foralli € g where V : [~hy,0) URe. — [0,1],
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with hy = SUP(<;.., MaXicp (t — hvi(t) — hy,;(t)) is a vaccination function to be appro-
priately normalized to the day-to-day population to be vaccinated subject to V (t) =
0, for all t € R_. As for the case of the transmission term, punctual delays could be
included by using appropriate Dirac deltas within the corresponding integrals.

(xii) The SEIR model is subject to a joint regular vaccination action V' : Ry, — R, plusan
impulsive one v(t) g (t) Vo () S(t) (X.epvp 6 (1)) at a strictly ordered finite or count-
able infinite real sequence of time instants{t; € Ro, };c 7,7, - Specifically, it is a single
Dirac impulse of amplitude v(t) g(t) Vo (t)S(t) if t = t; € IMP and zero if t ¢ IMP. The
weighting function g : R+ — Ros can be defined in several ways. For instance, if
g(t) = N(t)/S(t) when S(t) #0, and g(t) = 0, otherwise, then g(f) Vo (£)S(t)6(t-t;) =
Vo(t)N(H)6(t — t;) when S(t) #0 and it is zero, otherwise. Thus, the impulsive
vaccination is proportional to the total population at time instants in the sequence
{ti}icz,- If g(t) = 1, then the impulsive vaccination is proportional to the susceptible
at such time instants. The vaccination term g(t) Vo (t)S(t) (X cpvp O(t — £i)) in (2.1)
and (2.4) is related to a instantaneous (i.e., pulse-type) vaccination applied in
particular time instants belonging to the real sequence {t;},., if a reinforcement of
the regular vaccination is required at certain time instants, because, for instance, the
number of infectious exceeds a prescribed threshold. Pulse control is an important
tool in controlling certain dynamical systems [15, 23, 24] and, in particular,
ecological systems, [4, 5, 25]. Pulse vaccination has gained in prominence as a result
of its highly successfully application in the control of poliomyelitis and measles and
in a combined measles and rubella vaccine. Note that if v(t) = j(t), then neither the
natural increase of the population nor the loss of maternal lost of immunity of the
newborns is taken into account. If v(t) > u(t), then some of the newborns are not
vaccinated with the consequent increase of the susceptible population compared to
the case v(t) = pu(t). If v(t) < u(t), then such a lost of immunity is partly removed
by vaccinating at birth a proportion of newborns.

Assumption 1. (1) S5 ("D fi(z,ydr = 1; 3V, (M9 (7, t)dT < +o0, for all t € Ry,
(2) There exist continuous functions #g : Roy — Roy, 2 : Roy — Roy with 2(0) =
#1;(0) = 0 such that 0 < [{" ug(7)dr < e (T) < g < +o0; 0 < [/ wy(7)dr < ur(T) < Ty < +oo

t
for some prefixed T € Ry, and any given t € Ro,.

Assumption 1(1) for the distributed delay weighting functions is proposed in [20].
Assumption 1(2) implies that the infected and infectious minimum thresholds, affecting to
the infected, infectious, and removed-by-immunity time derivatives, may be negative on
certain intervals but their time-integrals on each interval on some fixed nonzero measure is
nonnegative and bounded. This ensures that the infected and infectious threshold minimum
contributions to their respective populations are always nonnegative for all time. From
Picard-Lindeloff theorem, it exists a unique solution of (2.1)-(2.5) on R, for each set of
admissible initial conditions ¢s, ¢, @1, Yr : [—E, 0] — Rp; and each set of vaccination
impulses which is continuous and time-differentiable on (Ujcpvp(ti, tis1)) U (Ros \ [0, 1))
for time instant t € IMP, provided that it exists, being such that (Z, ®) NIMP = 0, or
on (Uyemp(ti tiv1)), if such a finite impulsive time instant t does not exist, that is, if the
impulsive vaccination does not end in finite time. The solution of the generalized SEIR
model for a given set of admissible functions of initial conditions is made explicit in
Appendix A.
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3. Positivity and Boundedness of the Total Population
Irrespective of the Vaccination Law

In this section, the positivity of the solutions and their boundedness for all time under
bounded non negative initial conditions are discussed. Summing up both sides on (2.1)-(2.4)
yields directly

N(t) = (v(t) = p(H)N (1) + A(H) - y(Op(OI(B); Yt € Ro, (3.1)

The unique solution of the above scalar equation for any given initial conditions obeys the
formula

N(t) = ¥(t,0)N(0) + f; W(t, 7)u(r)dr = ¥(t,0)N(0) + f; W(r,0)u(t—1)dr; Vi€ Rys,
(3.2)

where ¥(t, ty) = el O HENMT i e mild evolution operator which satisfies W(t, t) = (v(t) -
u(t))W(t, to),Vt € R, and u(t) = A(t) — y(t)p(t)I(t) is the forcing function in (3.1). This yields
the following unique solution for (3.1) for given bounded initial conditions:

t t t ] ’ /
N (t) = eh?O=+®)dr N (0) + f el TN (\ (1) —y(T)p(7)I(7))dT; VEERp. (3.3)
0

Consider a Lyapunov function candidate W(t) = N?2(t), forallt € Ry, whose time-
derivative becomes

WO - NONE) = NOI® + (60 - gO)ING - OpOIO)] e
= (v(t) = w(E)W(E) + (M) =y (Dp(BI(H) W2 (B);  VEE Ry,
Note that W (0) = N2(0) > 0, and
PO - NOLA© + (40) - k0)N© - 7©0)p(©)10)] s

= (»(0) = p(0)) W (0) + (A(0) = y(0)p(0)I(0)) W'/2(0) #0,

if 1(0) # (M(0) + (»(0) = u(0))N(0)) /y(0)p(0)-
Decompose uniquely any nonnegative real interval [0, t) as the following disjoint union of
subintervals

[0,t) := <U L> VteR,, (3.6)
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where J; := [T;, Tis1) and Jg, = [Tg,, t) are all numerable and of nonzero Lebesgue measure
with the finite or infinite real sequence ST := {T;},.  of all the time instants where the time
derivative of the above candidate W (t) changes its sign which are defined by construction so
that the above disjoint union decomposition of the real interval [0, ) is feasible for any real
t € Ry, that is, if it consists of at least one element), as

Tp=0; T :=min(t € R, : (T>Ti)A(sgn W(T) =—sgn W(T;); VT; € ST)); Vi(<0)€Z,

0:={ieZ,:T;eST}eZ,, 6;,:={ieZ,:ST>T;<t}CZ,, VteR,.
(3.7)

Note that the identity of cardinals of sets card 6 = card ST holds since 6 is the indexing set of
ST and, furthermore,

(a) the sequence ST trivially exists if and only if I(0) # (L(0) + (»(0) — u(0))N(0))/
¥(0)p(0). Then, [0,t) = (UieQ; JHu (Uie@; Ji), for all t € R, with at least one of
the real interval unions being nonempty, 8,6, C Z;, are disjoint subsets of 6;
satisfying,

1 <max card(6;,6;) < card 6, (3.8)

and defined as follows:

(i) for any given ST 3 T; < t, i € 6; if and only if W(T;) > 0,
(ii) for any given ST 3 T; < t, i € 6; if and only if W(T}) < 0, and define also
0t = UteRg+ 9t+/ 0" = UtERU+ 9;,

(b) 1 < card 6; < card 6 < oo, for all t € R, where unit cardinal means that the time-
derivative of the candidate W (t) has no change of sign and infinite cardinal means
that there exist infinitely many changes of sign in W (¢),

(c) card 0; < card O < oo if it exists a finite t* € R, such that Wt )W (t* + 7) >
0, for all 7 € R4, and then, the sequence ST is finite (i.e., the total number of
changes of sign of the time derivative of the candidate is finite) as they are the
sets 0;,0,,0%,07,

(d) card 6 = oo if there is no finite t* € R, such that W(t*)W(t* + 1) > 0, forall T €
Ro., for all t € R, and, then, the sequence ST is infinite and the set 6* U 0~ has
infinite cardinal.

It turns out that

Wy _wo. [

==+ | (6@ = p@E)WE) + (4r) - y(Dp@) L)W (r) ) dr

0

Tin
ALY J‘T,- (@) = @)W (D) + AD) -y @pI@W A (D))dr (5

icO+
i€o;

Ti1

(»(7) = p(T))W () + (M) = y(T)p(7)I(7) )WV (1) |dT; Vt€E Ry

-2

i€o;

i
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The following result is obtained from the above discussion under conditions which guarantee
that the candidate W (t) is bounded for all time.

Theorem 3.1. The total population N (t) of the SEIR model is nonnegative and bounded for all time
irrespective of the vaccination law if and only if

Tin
0< >, L_ <(V(T) - u(0))W(T) + (M) - y(T)p(T)I(T))W1/2(T)>dT

ic0;

Ti
- Z J.T. (v(7) = p(r))W(r) + (M(T) - Y(T)p(T)I(T))Wl/Z(T)|dT <+oo; VteR,.

[=Ch

(3.10)

Remark 3.2. Note that Theorem 3.1 may be validated since both the total population used in
the construction of the candidate W (t) and the infectious one (exhibiting explicit disease
symptoms) can be either known or tightly estimated by direct inspection of the disease
evolution data. Theorem 3.1 gives the most general condition of boundedness through time
of the total population. It is allowed for N(t) to change through time provided that the
intervals of positive derivative are compensated with sufficiently large time intervals of
negative time derivative. Of course, there are simpler sufficiency-type conditions of fulfilment
of Theorem 3.1 as now discussed. Assume that N(f) — +ooast — +ooand I(t) >
0, for all t € Rgy. Thus, from (3.4):

% = NON(®) = [(v() = () N (1) + MOIN (1) =y ()pB TN (1)
(3.11)

< [(v(1) = ()N () + AOIN ()

leads to limsup, ,, W(t) = - oo < 0if limsup,_,  (v(t) — u(t)) < 0, irrespective of A(t)
since A : Roy — R is bounded, so that W (t) and then N (t) cannot diverge what leads
to a contradiction. Thus, a sufficient condition for Theorem 3.1 to hold, under the ultimate
boundedness property, is that lim sup, _,,  (v(t) —pu(t)) < 0 if the infectious population is non
negative through time. Another less tighter bound of the above expression for N () — +co
is bounded by taking into account that N2(¢)(> N(t)) — +oo ast — +oo since N2(t) = N(t)
if and only if N(t) = 1. Then,

WO < oy - ey + 20 N2, (3.12)

what leads to limsup, , W (t) = —co < 0if lim sup, _,_ (v() — p(t) + A(t)) < 0 which again
contradicts that N(t) — +oo ast — +oco and it is a weaker condition than the above one.

Note that the above condition is much more restrictive in general than that of
Theorem 3.1 although easier to test.
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Since the impulsive-free SEIR model (2.1)-(2.5) has a unique mild solution (then

being necessarily continuous) on Ry, it is bounded for all finite time so that Theorem 3.1
is guaranteed under an equivalent simpler condition as follows.

Corollary 3.3. Theorem 3.1 holds if and only if

Ti
053 [ (0 - W)W + (o) - 1P HDW () )

ief*

(3.13)
Tin1
- > L (v(7) = u(r))W () + (AM(T) - Y(T)p(T)I(T))Wl/z(T)|dT < +00,
ic0- ¥ Li
and, equivalently,
Tis
lim sup (Z L (@) = p(@)W(x) + (A7) = ¥ (D)p(D) (7)) W(7) ) dr
t—+oo N\ jeg; 7 Ti
Tin
-2 L ((7) = (@) )W (7) + (M(7) - Y(T)p(T)I(T))W”Z(T)|dT> < +oo,
ied; 7 Li
(3.14)

Ti+]
litr3+i;}f< [ (0 -y + (0@ - yop1@)W o) dr
ied; ¥ Li

Z J‘Ti-ﬂ
Ti

i€,

(v(1) = p(x))W () + (A7) - r(r)p(r)f(r))w1/2<r>|dr> > 0.

Corollary 3.3 may also be simplified to the light of more restrictive alternative and
dependent on the parameters conditions which are easier to test, as it has been made in
Theorem 3.1. The following result, which is weaker than Theorem 3.1, holds.

Theorem 3.4. Assume that

(1) there exists po € Ry such that fé(v(’r) —u(7))dt < —pot,
(2) and

f (M) = y()p(T)I(r))*dT < Ke >, (3.15)
0

for some constants K, p,e € Ry, for all t(> t,) € Ry, and some prefixed finite t, € Ro,.
Then, the total population N(t) of the SEIR model is nonnegative and bounded for all

time, and asymptotically extinguishes at exponential rate irrespective of the vaccination
law.
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If the second condition is changed to
' 2
[ am-y@pmrmyar < i) e R, (3.16)
0

then the total population N (t) of the SEIR model is nonnegative and bounded for all time.

The proof of Theorem 3.4 is given in Appendix B. The proofs of the remaining results
which follow requiring mathematical proofs are also given in Appendix B. Note that the
extinction condition of Theorem 3.4 is associated with a sufficiently small natural growth rate
compared to the infection propagation in the case that the average immediate vaccination of
new borns (of instantaneous rate(v(t) — p(t))) is less than zero. Another stability result based
on Gronwall’s Lemma follows.

Theorem 3.5. Assume that py € R, exists such that

t t
fo(;m-) —v(r))dr > pot jo(m) Y (Mp(MI(T)dT; V(> 1) € Ros, (3.17)

for some prefixed finite t, € Ro.. Then, the total population N (t) of the SEIR model is nonnegative
and bounded for all time irrespective of the vaccination law. Furthermore, N (t) converges to zero at an
exponential rate if the above second inequality is strict within some subinterval of [t,, oo) of infinite
Lebesgue measure.

Remark 3.6. Condition (3.17) for Theorem 3.5 can be fulfilled in a very restrictive, but easily
testable fashion, by fulfilling the comparisons for the integrands for all time for the following
constraints on the parametrical functions:

u(t) = v(t) + po > v(t) + A(t) = v(); VE€Ry,, (3.18)

which is achievable, irrespective of the infectious population evolution provided that A(t) <
po, for all t € Ry,, by vaccinating a proportion of newborns at birth what tends to decrease
the susceptible population by this action compared to the typical constraint p(t) = v(t). See
Remark 3.2 concerning a sufficient condition for Theorem 3.1 to hold. Another sufficiency-
type condition, alternative to (3.17), to fulfil Theorem 3.5, which involves the infectious
population is

() = po

1023 o

i£1() >0, A1) > po, Y(Dp(t) > 0;  A(H) < po if y(O(HI(E) = 0. (3.19)

Note that the infectious population is usually known with a good approximation (see
Remark 3.2).
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4. Positivity of the SEIR Generalized
Model (2.1)-(2.5)

The vaccination effort depends on the total population and has two parts, the continuous-
time one and the impulsive one (see (2.1) and (2.4)).

4.1. Positivity of the Susceptible Population of
the Generalized SEIR Model

The total infected plus infectious plus removed-by-immunity populations obeys the
differential equation

E(t) + I(t) + R(t) = —p(t) (E() + I(8) + R(¢)) = ug(t) + V() + V5 (t)

= —u(t)(E(t) + I(t) + R(t))

s (4.1)
N(t) <Z f fi(T, )I(t - T)dT)
—w(®BRE) -y ()pMI(E) + (1) + V() + Vs(t),
where
upir(t) 1 = —p()(N(t) = S(t)) = (N (t) = S(1)) + V() + Vs(t)
hi(t)
- w)R(t) - ﬁ(]g(igt) <z”1: O t f,.(T,t)I(t—T)dT> (4.22)
— |n®)] +yHp®OI®),
t=hvy;(t

V() =v(H)N(b) (Z L o fVi(T,t)V(t)dT>, (4.2b)
Vs(t) =v(t)g(t)Va(HS(H)6(t - t;). (4.2c)

The non-negativity of any considered partial population is equivalent to the sum of the other
three partial populations being less than or equal to the total population. Then, the following
result holds from (3.3) and (4.1) concerning the non negative of the solution of the susceptible
population for all time.
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Assertion 1. S(t) >0, for all t € Ry, in the SEIR generalized model (2.1)-(2.5) if and only if

N() = e K4 (N (0) - S(0) + f e 1 (ug () = V(1) = V(1) ) dr
0

—e [t p(rydr <€Jﬁ v(r)dr _ 1) N@©) +e [ 'u(T)dTS(O)

(4.3)
t
- _[: u(rhdr' j:_ v(t)dt' 1 _ I _ V _ V
+ JO e (=™ (A(r) = y(@)p(I(7))) + sk (r) - V(7) - V(7))
xdt >0; VteRo,.
4.2. Positivity of the Infected Population of the Generalized SEIR Model
The total susceptible plus infectious plus removed obeys the differential equation
S(t) +1(t) + R(t) = (v(t) — p(1)) (S() + I(t) + R()) + A(t) =y ()p()I(t) - usir(t)
= (v(t) = u(®) (S(t) + I(t) + R()) + A(t) + (v(t) + o () E(t)
=y (OpOI(E) —uc(t)
. (4.4)
] - POSG (5 (M0 .
)] - = D (; L fitt,)I(t -7)dr
P(t = he(t)ke(t - he(t))
N o) S eI = he(w),
where
usir(t) 2 = (1)) + up(t) = (v() + o (H)E(®)
pHSEH) (& (M
NG <21] fo fi(r, )I(t-7)dr (45)
P(t — he(t))ke(t — he(t))
NGy St B O~ he(0)

Then, the following result holds concerning the non negativity of the infected population.

Assertion 2. E(t) >0, for all t € Ry, if and only if

) t
eh@-1®)1rE () 4 J‘ eﬁ(”(T')*"(T/WT'uSIR(T)dT >0; VteRy,. (4.6)
0
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4.3. Positivity of the Infectious Population of the Generalized SEIR Model

The total susceptible plus infected plus removed population obeys the following differential
equation:

S(t) + E(t) + R(t)
= (v(t) = pu(1)) (S(t) + E(t) + R(1)) + A(t) = y(t)p() I () — user(t)
=—pu(5)(S(t) + E(f) + R(£)) + v(H)N(F)
+ M) - o(E®) +y (1) (1 - p(1)) I(t) +up(t) —ur(h)

Pt = he(®)ke(t - he(h))
N(t - hg(t))

N p(t — he(t) — hy(t))kr(t — he(t) — hi(t))
N(t = he(t) = hi(t))
= (v(t) = pu®))N @) + (ut) +y(t) (1= p(1)))I(t)

P(t — he(t))ke(t — he(t))
N(t - he(t))

N P(t — he(t) — hy(t))ki(t — he(t) — hi(t))
N (t = he(t) - hi(t))

S(t=he(t)I(t = he(t))

S(t = he(t) = hy(£))I(t — he(t) — hi(t))

+A(t) —o(DE(t) +up(t) —us(t) - S(t = he(t)I(t - he(t))

S(t —he(t) = hi(H)I(t = he(t) - hi(t)),
4.7)

where

user(t) 1 = o(E() = (v(£) +y () I(E) + ur(t) — ug(t)

Pt — he(t))ke(t - he(t))
N(t - he(t))

Pt —he(t) = he(8)ki(t - he(t) - hi(t))
N(t = he(t) - hi (1))

S(t = he(0)I(t - he(t))

S(t = he(t) — hy(£))I(t — he(t) — hi(£)).
(4.8)

Thus, we have the following result concerning the non negativity of the infectious population.

Assertion 3. I(t) > 0, for all t € Ry, in the SEIR generalized model (2.1)—(2.5) if and only if

) t
eh @11 ) 4 J‘ eﬁ(”(T')*"(T,))dT'uSER(T)dT >0; VteRy,. (4.9)
0
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4.4. Positivity of the Removed by Immunity Population of
the Generalized SEIR Model

The total numbers of susceptible, infected, and infectious populations obey the following
differential equation

S(t)+ E(t) +I(t)
=—u(t)(S(t) + E(t) + I(t)) + A(t) — y(£)I(t) + w(®)R(t) + us (t)

Pt = he(t) — hi($)ki(t - he(t) — hi (1))
N (t = hge(t) - hi(t))

S(t = he(t) - h()I(t - he(t) - hi(£))

+ (N () - V() - Vs(b)
= ((t) — ()N () + A(t) = y(DI(#) + (u(t) + w(B))R(E) + s (£)

Pt = he(®) - hi(8)ki(t - he(t) - hi (1))
N (t = he(t) - hi(t))

S(t = he(t) = hy(8))I(t — he(t) — hi(t))

- V() - Vs(t)
= N(#) - y(t) (1 - p(t))I(t) + (pu(t) + w(t))R(E) + ur (t)

Pt = he(t) - hi(®)ki(t - he(t) - h (1))
N (t - hg(t) - hy (1))

(4.10)

S(t = hg(t) = hi(£))I(t — he(t) — hi(t))

—V(t) - Vs(t)
= (v(t) = u()) (S(t) + E(t) + I (1)) + A(t) = y()I(t) + (v(t) + w(t))R(t) +us(t)

P(t — he(t) — hy(t))ki(t — he(t) — hi(t))
- N OETO) S(t—he(t) —hy(8))I(t — he(t) — hr(t))

~V(t) - Vs(t)

= (w(t) — p(t)) (S(t) + E(t) + I(t)) + M(t) = y () p()I (t) — usi(t) = V() = V5(t),
where

usgi(t) 1 = —(v(t) + w(t))R(t) —ur(t) + y(t) (1 - p(t) ) I (t)

L P he®) —hi @)k (t — he(t) - hi (1))
N(t - he(t) - hi (1))

S(t = he(t) = hy(£))I(t - he(t) — hi(1)).
4.11)

Then, the following result holds concerning the non negativity of the immune population.

Assertion 4. R(t) > 0, for all t € Ry, in the SEIR generalized model (2.1)-(2.5) if and only if

t
h@-kEATR () 4 f el IO (V (1) + Vi (7) + uspa () ) dT 2 0. (4.12)
0
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Assertions 1-4, Theorem 3.1, Corollary 3.3, and Theorems 3.4-3.5 yield directly the
following combined positivity and stability theorem whose proof is direct from the above
results.

Theorem 4.1. The following properties hold.

(i) If Assertions 1-4 hold jointly, then, the populations S(t), E(t),I(t), and R(t) in the
generalized SEIR model (2.1)—(2.5) are lower bounded by zero and upper bounded by
N(t), for all t € Ro,. If, furthermore, either Theorem 3.1, or Corollary 3.3, or Theorem 3.4
or Theorem 3.5 holds, then S(t), E(t), I1(t), and R(t) are bounded for all t € Ro.

(ii) Assume that

(1) for each time instant t € Ry, any three assertions among weakly formulated
Assertions 14 hold jointly in the sense that their given statements are reformulated
for such a time instant t € Ry, instead for all time,

(2) the three corresponding inequalities within the set of four inequalities (4.3), (4.6),
(4.9), and (4.12) are, furthermore, upper bounded by N(t) for such a time instant
te R0+/

(3) either Theorem 3.1, or Corollary 3.3, or Theorem 3.4 or Theorem 3.5 holds, then S(t),
E(t), I(t) and R(t) are bounded for all t € Ro,.

Then, the populations S(t), E(t), I(t), and R(t) of the generalized SEIR model (2.1)—(2.5) are lower
bounded by zero and upper bounded by N (t) what is, in addition, bounded, for all t € Ro..

4.5. Easily Testable Positivity Conditions

The following positivity results for the solution of (2.1)—(2.4), subject to (2.5), are direct and
easy to test.

Assertion 5. Assume that min(S(t), E(t), I(t),R(t)) > 0, forallt € [—E, 0]. Then, S(t) >

0, for all t € Ry, if and only if the conditions below hold:
(@) [(S(t) >0AVyp(t) <1/ (v(t)g(t))) Vv S(t) = 0;for all t € IMP] and
(b)
S(t) =0 for t € Ry, \ IMP

::{[anzam+aﬁﬂ%ﬂ+WQNU)

q  pt=hyi(t)
x <1 - ZJ fvi(T, t)V(t)dT> - |n| > o]

T J thyi()-H,, ()
v [S(t’) = A(t) + w(t)R(¥) + ()N (F)

9 t'=hvi(t)
X<1 - ZJ fi(T, f')V(t)dT> —|n(¥)| >0; Ve (tt +E)] }

i=1 ¥ t'=hyi(t')=hy,(t')
(4.13)

for some sufficiently small € € R..
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Remark 4.2. The positivity of the susceptible population has to be kept also in the absence of
vaccination. In this way, note that if Assertion 5 holds for a given vaccination function V' and
a given impulsive vaccination distribution Vp, then it also holds if those vaccination function
and distribution are identically zero.

Assertion 6. Assume that min(S(t), E(t),I(t), R(t)) > 0, forall t € [-h,0]. Then, E(t) >
0, for all t € Ry, if and only if

E(t)=0, forteRy;:

N(t - he(t)) p#)S(t)
P(t = he(t))S(t = he(t)I(t - he(t))  N(#)

= { [0 <kpg(t-hg(t)) <

P rhi(t)
x <Z . fi(r, I (t - T)dT + up(t) + |q(t)|>]
i1

N(t - he(t)) BE)S(t) (4.14)
P’ = he(t))S(H - he(t)I(t' - he(F)) N(¥)

v [0 <kp(t —he(t)) <

x <g’ J‘:i(t,) fi(r, )I(t - 1)dTr +up(t') + |n(t') |>;

YVt € (t—he(t),t — he(t) +§)] }

for some sufficiently small € € R,.

Assertion 7. Assume that min(S(t), E(t),I(t),R(t)) > 0, forallt € [—E,O]. Then, I(t) >
0, for all t € Ry, if and only if

I(t) =0, forte Ry,

- { [o < kit = hi(t) — by (1))
< N (t - he(t) — hy(t))
P(t — he(t) — hy(t))S(t — he(t) — hy(t))I(t — he(t) — hi(t))

N (ﬂ(f — he(t))ke(t — he(t))
N(t - hg(t))

S(t — he(E)I(t — he(t)) + 0 (D) + (1) - uE(t)>]

v [o <ki(t—he () - hi(¥))
3 N(t - he(t') - hy(t'))
= B - he(t') — h(t))S(# = he(t') — hi(#)I(# — he(t) — hi ()

y <ﬂ(t' —he(t')ke(t' — he(t))
N(t —he(t))

St —he(t)I(t' = he(t)) +o(t)E(Y)

L

+ur(t') - uE(t')>; Vt' € (t—hp(t) — hi(t),t — he(t) — hi(t) +¥)

(4.15)

for some sufficiently small € € R..



Advances in Difference Equations 19

The following result follows from (2.3) and it is proved in a close way to the proof of
Assertions 5-7.

Assertion 8. Assume that min(S(t), E(t), I(t),R(t)) > 0, forall t € [—E,O]. Then, R(t) >
0, for all t € Ry, for any given vaccination law satisfying V : Rop — Ros and Vp : Rp. — Ros
if

R(t) =0, forte Ry,

N(t = he(t) - hi(t))
P(t — he(t) — hy(t))S(t — he(t) — hi(t))I(t — he(t) — hi(t))

= { [kl(t —he(t) — hi(t)) >

q  pt=hyi(t)
x (u;(t) -y (1= pE)I(t) - v(t)N(t) <Z f fvi(T, t)V(t)dT> >]
i=1

t-hyi (1)~ (1)

\Y [k](t’ - hE(t,) - h[(t,))

S N(t - he(t') - hy(t))
T P —he(t') - hi(t")S{H — he(t') — hi(t")I(t' — he(t') — hi(¥'))

. <u1<t'> K- pENIE) - (ON(E)

q  ~t'—hy(t')
. <ZI Fuilr, t/)V(t')dT>>;
i=1 7 t'=hvi(t')~hy,(¥')

Vt'€ (t = he(t) — hi(t),t — he(t) - hi(t) + 5)] }
(4.16)
for some sufficiently small € € R,.

The subsequent result is related to the first positivity interval of all the partial
susceptible, infected, infectious, and immune populations under not very strong conditions
requiring the (practically expected) strict positivity of the susceptible population at t = 0, the
infected-infectious threshold constraint #;(0) > ug(0) > 0 and a time first interval monitored
boundedness of the infectious population which is feasible under the technical assumption
that the infection spread starts at time zero.

Assertion 9. Assume that

(1) the set of absolutely continuous with eventual bounded discontinuities functions of
initial conditions ¢s, ¢, @1, ¢r : [-h,0] — Ry. satisfy, furthermore, the subsequent
constraints:

N(t) > S(t) = s(t) = S(0) = ps(0) >0, Ve [—E,O],E(O) = £(0) = I(0) = ¢;(0) =0,
(4.17)
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(2) ur(0) > ug(0) > 0,0 ¢ IMP and, furthermore, it exists T; € R, such that the
infectious population satisfies the integral inequality,

fo(y(r)(l —p(1))I(T) —u(1))dr >0; Vte[0,Ti]. (4.18)

Then, N(t) > S(t) > O,N(t) > E(t) > O,N(t) > I(t) > 0, and N(t) > R(t) >
0, for all t € [0, T7] irrespective of the delays and vaccination laws that satisfy 0 ¢
IMP (even if the SEIR model (2.1)-(2.5) is vaccination free). Furthermore, N (t) >
S(t) >0, N(t) > E(t) > 0, N(t) > I(t) > 0, for all t € (0,T;] irrespective of the
delays and vaccination law even if the SEIR model (2.1)-(2.5) is vaccination-free.

Note that IMP(t*) = IMP(t), that is, the set of impulsive time instants in [0, f] is
identical to that in [0, t) if and only if t ¢ IMP and IMP(t*) := {t; € IMP : t; < t} includes
t if and only if t € IMP. Note also that R(t") = R(t) if and only if v(¢)g(t)Va(t)S(t) = 0, in
particular, if t ¢ IMP. A related result to Assertion 9 follows.

Assertion 10. Assume that the constraints of Assertion 9 hold except that E(0) = 0 is replaced
by (ug(0)+|7(0)])/ (u(0)+0(0)) > E(0) > 0. Then, the conclusion of Assertion 9 remains valid.

A positivity result for the whole epidemic model (2.1)—(2.5) follows.

Theorem 4.3. Assume that the SEIR model (2.1)—(2.5) under any given set of absolutely continuous
initial conditions s, P, Y1, PR : [—E, 0] — Ry, eventually subject to a set of isolated bounded
discontinuities, is impulsive vaccination free, satisfies Assumptions 1, the constraints (4.14)—(4.16)
and, furthermore,

0< Sup V(t) <1;  A(t) > |n(t)

tecl Roy

; VEE Ry, (4.19)

Then, its unique mild solution is nonnegative for all time.

Theorem 4.3 is now directly extended to the presence of impulsive vaccination as
follows. The proof is direct from that of Theorem 4.3 and then omitted.

Theorem 4.4. Assume that the hypotheses of Theorem 4.3 hold and, furthermore, Vo(t) <
1/(v(t)g(t)), for all t € IMP such that S(t) #0. Then, the solution of the SEIR model (2.1)—(2.5) is
nonnegative for all time.

5. Vaccination Law for the Achievement of a Prescribed Infectious
Trajectory Solution

A problem of interest is the calculation of a vaccination law such that a prescribed suitable
infectious trajectory solution is achieved for all time for any given set of initial conditions
of the SEIR model (2.1)—(2.5). The remaining solution trajectories of the various populations
in (2.1)—(2.4) are obtained accordingly. In this section, the infected trajectory is calculated so
that the infectious one is the suitable one for the given initial conditions. Then, the suited
susceptible trajectory is such that the infected and infectious ones are the suited prescribed
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ones. Finally, the vaccination law is calculated to achieve the immune population trajectory
such that the above suited susceptible trajectory is calculated. In this way, the whole solution
of the SEIR model is a prescribed trajectory solution which makes the infectious trajectory
to be a prescribed suited one (for instance, exponentially decaying) for the given delay
interval-type set of initial condition functions. The precise mathematical discussion of this
topic follows through Assertions 11-13 and Theorem 5.1 below.

Assertion 11. Consider any prescribed suitable infectious trajectory I* : [-h,0] UR, — Rg,
fulfilling I* € PCY (Ry,, R) and assume that the infected population trajectory is given by the
expression:

B(t — he(t))ke(t — he(t))
N*(t - he(t))

P(t — he(t) — hi(t)) ki (t — he(t) — hi(t))
N*(t - he(t) — hi(t))

E*(t) = o*1<t>{1'*<t) + () + YOI () -

x S(t — he(H)I* (t - he(t)) + (5.1)

XSt hi(t) — hy ()T (¢t~ he(8) — hi (1)) + ug (1) —u1<t>}; VtER.,

which is in PC(O)(R0+, R) for any susceptible trajectory S : [—E,O] UR, — Ry, under initial
conditions @s, ¢, ¢} (t) = ¢1(t), ¢r : [-h,0] — Ro,, where the desired total population N (t)
is calculated from (3.3) as the desired population N*(f) is given by

t t t ' ' '
N*(t) = eh@O-+®)d7 N () + f el TN () (1) — y () p(T) (7)) dT (5.2)
0

with initial conditions being identical to those of N(t) = ¢s(t) + @e(t) + @i(t) + @r(t), t €
[—E,O]. Then, the infected population trajectory (5.1) guarantees the exact tracking of the
infectious population of the given reference infectious trajectory I(t) = I*(¢), for all t € R,
which furthermore satisfies the differential equation (2.3).

Assertion 12. Assume that o, (4 +v), (Bke), (ug —ur) € pC©® (Ros, R) and that kg : Rpy — R,.
Consider the prescribed suitable infectious trajectory I* : [—F, 0] UR; — Ry, of Assertion 11
and assume also that the infected population trajectory is given by (5.1). Then, the susceptible
population trajectory given by the expression

N*(t)
B (S o' fux,HIr(t - 7)dr)

B(t — he(t))ke(t — he(t))
N*(t = he(t))

S*(t) =

x {E*(t) + S*(t - he ()" (t - he(t)) (5.3)

+(ut) + o) E*(t) —up(t) - |n@)| }; vVt e R,
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isin PC(l)(R0+,R) under initial conditions ¢s, ¢} = @E, 9] = @1, @R : [—E,O] — Rp; with N* :
R. — Ry, being given by (5.2) with initial conditions N*(t) = N (t) = ¢s(t) + @we(t) + @r(t) +
@r(t), t € [~h,0]. Then, the susceptible population trajectory (5.3), subject to the infected
one (5.1), guarantees the exact tracking of the infectious population of the given reference
infectious trajectory I(t) = I*(t), for all t € R, with the suited reference infected population
differential equation satisfying (2.2).

Assertion 13. Assume that \, o, (u+Y), (Bke), (Bk1), (ug—ur), f; € PCO(Ro,,R), for alliep
and that kg : Ry, — R, fulfils in addition hy € PCY (Ros, R). Assume also that

q  pt=hyi(t)
f fv(t,t)ydr > f >0, VteRy,. (5.4)
i=1 ¥ t=hyi(t)=h,.(t) -

Consider the prescribed suitable infectious trajectory I* : [-h,0] UR, — Ry, of
Assertions 11-12 under initial conditions ¢s, 97 = ¢r, @] = @1, ¢r : [-h,0] — Ro, with
N : R, — Ry, being given by (5.2) with initial conditions. Then, the vaccination law

1

t—hyi(t
v(t)N*(t) < ?zl t—h\‘:,-((t))—h'v,-(t) fvi(z, t)dr>

V() =

x * _ QG _ * _ﬂ(t)s*(t) 4 ) g * _
{)L(t)+v(t)N (F) = $* () — (1) S*(t) N <ZJ0 fi(r, I (t - T)dT

t t
—|n®|+w(t) [e‘ftiW(TW(T”dTR* (&) + j o I @)+ () dr’
1
ti

X [Y(T)(l - p(T))I* (1) — ur(t) + v(T)N(7)

q  r-hyi(1)
x <Z f fvi (T’,T)V(T)dT'>

i=1 7 T=hyi(1)=h,;(7)

N B(t — he(t) — hi(7))ki (T = he(T) = hi (7))
N*(t = he(t) = hi (1))

xS*(t — he(t) — hy (7)) I* (T — he(T) - h[(T))] dT] };

Vt € [t,’, tl‘+1), Vt;, tiv1 € IMP such that (t,’, tl‘+1) NIMP = 0,
(5.5)

R*(t*) - R*(t) .
P N A f *
Vott) = | vgsp T OFONEEIME) -

0 otherwise,
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makes the immune population trajectory to be given by the expression

p()S*(t)

R*(t) = w™(t) x {S*(t) — M) + p(t)S*(t) + N

P rhi(t)
x (ZJ’ fi(T,t)I*(t—T)dT> —v(H)N*(t)
i=1 70

(5.7)
9 pt-hyi(t)
+v(HN*(f) (Z fvi(z, t)dT>V(t) +|n(t)] };
i=1 7 t=hvi(t)=hy,(t)
vt R, \ IMP,
R*(t") = R*(t) + v(£)g(t) Vo (t)S*(t), Vt € IMP, (5.8)

which follows from (2.1) and (A.8), such that R* € PCO(Ry,R) and R* €
PC(1>(Uti€IMP(ti, tis1),R). Then, the immune population trajectory (5.7)-(5.8), subject to the
infected one (5.1) and the susceptible one (5.3), guarantees the exact tracking of the infectious
population of the given reference infectious trajectory I(t) = I*(t), for all t € R, with the
infected, susceptible, and immune population differential equations satisfying their reference
ones (2.1), (2.3), and (2.4).

Note that the regular plus impulsive vaccination law (5.5)-(5.6) ensures that a suitable
immune population trajectory (5.7)-(5.8) is achieved. The combination of Assertions 11-13
yields the subsequent result.

Theorem 5.1. The vaccination law (5.5)—(5.6) makes the solution trajectory of the SEIR model (2.1)—
(2.5), to be identical to the suited reference one for all time provided that their functions of initial
conditions are identical.

The impulsive part of the vaccination law might be used to correct discrepancies
between the SEIR model (2.1)—(2.5) and its suited reference solution due, for instance, to an
imperfect knowledge of the functions parameterizing (2.1)—(2.4) which are introduced with
errors in the reference model. The following result is useful in that context.

Corollary 5.2. Assume that (|t — max(t; € IMP(t))| > &imp) A (S*(t) #0) for some t € Ry, and any
given €g, €imp € Ry. Then, R(t) = R*(t*) (prescribed) if Vo(t) = (R*(t") — R(t))/(v(t)g(t)S*(t))
with t € IMP so that IMP(t*) = IMP(t) U {t}.

Note that |t-max(t; € IMP(t))| > &imp > 0 guarantees the existence of a unique solution
of (2.1)—(2.4) for each set of admissible initial conditions and a vaccination law. Corollary 5.2
is useful in practice in the following situation|R(t) — R*(t)| > er due to errors in the SEIR
model (2.1)-(2.5) for some prefixed unsuitable sufficiently large ez € R.. Then, an impulsive
vaccination at time ¢ may be generated so that |R*(#*) — R(t)| < €g.
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Extensions of the proposed methodology could include the introduction of hybrid
models combining continuous-time and discrete systems and resetting systems by jointly
borrowing the associate analysis of positive dynamic systems involving delays [15, 16, 26—
28].

6. Simulation Example

This section contains a simulation example concerning the vaccination policy presented in
Section 5. The free-vaccination evolution and then vaccination policy given in (5.5)-(5.6)
are studied. The case under investigation relies on the propagation of influenza with the
elementary parameterization data previously studied for a real case in [7, 29], for time-
invariant delay-free SIR and SEIR models without epidemic threshold functions. In the first
subsection below, the ideal case when the parameterization is fully known is investigated
while in the second subsection, some extra simulations are given for the case where some
parameters including certain delays are not fully known in order to investigate the robustness
against uncertainties of the proposed scheme.

6.1. Ideal Case of Perfect Parameterization

The time-varying parameters of the system described by equations (2.1)—(2.4) are given
by: u(t) = po(l + 0.05 cos(2rft)), o(t) = o0o(1 + 0.075 cos(2rft)), w(t) = wo(l +
0.1 cos(2r ft)), y(t) = o(t), p(t) = Po(1 + 0.15 cos(2xr ft)), v(t) = 0.8A(t), A(t) = Ao(1 +
0.05 cos(2or ft)), which represent periodic oscillations around fixed values given by fy =
0.085(days)_1, 1/po = 25550 days, Ao = 11.75 py (the natural growth rate is larger than the
natural death rate), 1/0p = 2.2 days, 1/wy = 15 days, yo = 0o, and vy = 0.8y, which
means that the 80% of newborns are immediately vaccinated. The frequency is f = 2o /T,
where the period T, in the case of influenza, is fixed to one year. The remaining parameters
are given by: ke(t) = ki(t) = e™®, p = 5.107° per day, ur = 2.24 per day, u; = 3 per
day, 7(t) = -1 (a constant total contribution of external infectious is assumed), and the
delays hg = 5 days, h; = 4 days, hy = 3 days, h = 2 days, hy; = 1 days, and hj,; = 2
days. The weighting functions are given by f1 = f, = 04, fy1 = 0.1, g(t) = 1. The initial
conditions are punctual at t = 0 with E(0) = 678, S(0) = 9172, R(0) = 0, and I(0) = 150
individuals and remain constant during the interval [-5,0] days. The population evolution
behavior without vaccination is depicted in Figure 1 while the total population is given by
Figure 2.

As it can be appreciated from Figure 2, the total population increases slightly with time
as it corresponds to a situation where the natural growth rate is larger than the combination of
the natural and illness-associated death rates. As Figure 1 points out, the infectious trajectory
possesses a peak value of 2713 individuals and then it stabilizes at a constant value of 1074
individuals. The goals of the vaccination policy are twofold, namely, to decrease the trajectory
peak and to reduce the number of infected individuals at the steady-state.

The vaccination policy of (5.5)-(5.6) is implemented to fulfil those objectives. The
desired infectious trajectory to be tracked by the vaccination law is selected as shown
in Figure 3. Note that the shape of the desired trajectory is similar to the vaccination-
free trajectory but with the above-mentioned goals incorporated: the peak and the steady-
state values are much smaller. The partial populations are depicted in Figure 4 when the
vaccination law (5.5)-(5.6) is implemented.
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Figure 1: Evolution of the populations without vaccination.
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Figure 2: Evolution of the total population.

On one hand, the populations reach the steady-state very quick. This occurs since the
desired infectious trajectory reaches the steady-state in only 10 days. On the other hand,
the above-proposed goals are fulfilled as Figure 5 following on the infectious trajectory
shows.

The peak in the infectious reaches only 607 individuals while the steady-state value is
65 individuals. These results are obtained with the vaccination policy depicted in Figure 6.

The vaccination effort is initially very high in order to make the system satisfies the
desired infectious trajectory. Afterwards, it converges to a constant value. Moreover, note
that with this vaccination strategy, the immune population increases while the susceptible,
infected, and infectious reduces in comparison with the vaccination-free case. However, since
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the total population increases in time (Figure 2), the number of susceptible and infected
individuals would also increase through time as the infectious population remains constant.
In order to reduce this effect, an impulse vaccination strategy is considered. The vaccination
impulses according to the law (5.6) are injected in order to increase the immune population by
100 individuals while removing the same number of individuals from the susceptible. Figures
7 and 8 display a zoom on the immune and susceptible populations when the impulsive effect
is considered. The vaccination law is shown in Figure 9.

Note that the impulsive vaccination allows to improve the numbers of the immune
population at chosen time instants, for instance, in cases when the total population increases

through time while the disease tends to spread rapidly.

Individuals
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Figure 3: Desired infectious trajectory.
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Figure 4: Populations under vaccination.
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Figure 5: Comparison between real and desired trajectories.
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Figure 6: Vaccination law.

6.2. Simulations with Uncertainties

This subsection contains some numerical examples concerning the case when small
uncertainties in some of the parameters of the system are present. In particular, the new
values for the parameters are: 1/py = 22500 days, vg = 0.4 Ao, ug = 10 day‘l, ur=1 day‘l,
and especially, the modified delays are: hg = 3, h; =5, hy =4, hy =1, hy1 =4,and h{,; =3
days. Furthermore, a small uncertainty in the initial susceptible and infected populations is
considered with S(0) = 9150 and I(0) = 172 instead of 9172 and 150, respectively, taken
as initial nominal values. The following Figures 10, 11, and 12 show the ideal responses for
the infectious, infective, and immune and the ones obtained when the real system possesses
different parameters (i.e., system with uncertainties).
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Figure 7: Inmune population evolution with impulse vaccination.
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Figure 8: Susceptible population evolution with impulse vaccination.

As it can be deduced from Figures 10, 11, and 12, the proposed vaccination strategy is
robust to small uncertainties in its parameters, especially in the delays. Also, the impulsive
vaccination possesses the same effect as in the example of the ideal case, that is, it increases
the immune by 100 individuals at each impulsive instant and could be used to mitigate
any potential deviation of the immune population due to the parameters mismatch. More
technical solutions could be made for the case of presence of uncertainties, as for instance,
the use of observers to estimate the state and the use of estimation-based adaptive control for
the case of parametrical uncertainties.
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Figure 9: Vaccination law with impulses.
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Figure 10: Infectious evolution in the presence of small uncertainties.

7. Concluding Remarks

This paper has dealt with the proposal and subsequent investigation of a time-varying
SEIR-type epidemic model of true mass-action type. The model includes time-varying point
delays for the infected and infectious populations and distributed delays for the disease
transmission effect in the model. The model also admits a potential mortality associated
with the disease, a potential lost of immunity of newborns at birth, the presence of threshold
population residuals in the infected and infectious populations as well as the contribution to
the disease propagation in the local population of potential outsiders taking part of a floating
population. A combined regular plus impulsive vaccination strategy has been proposed to
remove the disease effects, the second one being used to correct major discrepancies with
respect to the suitable population trajectories. The main issues have been concerned with the
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Figure 11: Infected evolution in the presence of small uncertainties.
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Figure 12: Inmune evolution in the presence of small uncertainties.

stability, positivity, and model-following of a suitable reference strategy via vaccination. Also,
an example for the influenza disease has been given.

Appendices
A. Explicit Solutions of the SEIR model

A close discussion to that used to obtain the total population (3.3) from (3.1) applies for
several of the remaining formulas for the nonimpulsive time instants or to the left of such
instants. Assume that t;,t;,; € IMP are two consecutive impulsive time instants, that is,
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(ti, tis1) NIMP = @. Direct calculations of the solutions of (2.1)—(2.4), subject to (2.5) and some
admissible set of functions of initial conditions, yield

S(t) = e DTS (1)

+ f e~ fru@rar [/\(T) + w(T)R(r) + »(T)N(7)

ti

T—hyi(T)

q
x <1 - fVi(T',T)V(T)dT'>
i=1 Y T=hvi(1)=h,,(T)

S P rhi(r)
_ﬁ(Jir)(T()T_) <Z oS DI( - T')dr'> - |11(T)|:|d7','

i=1

Vt € [ti, ti+1), Vti, tis1 € IMP,

(A1)

S(t,1) = (1 = v(tis1)g(tis1) Vo(tis1))S(tiv1), Vi, tiyg € IMP, (A2)

i+l

E(t) = e he0o@arp i)
t oo L P rhi(r)
+ J e~ @ dr 4y (7) 4 n(T)| + p)S(r) > J‘ fi(r,r)I(r - 7")dr
t; N(T) i=1 Y0

_P(7 = he(7)ke (7 - he(7))

S(z = he(r)I(7 - hE(T))] dr;

N(7 - hg(7))
Vt € [ti, ti+1), Vti, ti1 € IMP,

(A.3)

E(t,,) = E(ti1), Vi, tia € IMP, (A4)
I(t) = e—ff,-(ﬂ(T)+Y(T))dTI<t;r)
t
- [ (u(e) vy (7)) e B B(t — he(7))ke(T = he(T))
+ Li e ATy o(T)E(T) + ur(7) —up(7) + Nz~ e (7))
x S(t — hg(t))I(T — hg(T))
(A5)

_ Pt = he(7) - (7)) ki (7 = he(T) - hi (7))
N(7 = he(t) - hy (7))

xS(T = he(1) = hi (1)) I(T — he(T) — hi (7)) | dT;
Vt € [ti, tiv1), Vi, tiq € IMP,

I(t+ ) = I(ti+1), Vt,’, ti1 € IMP, (A6)

i+1
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R(t) = e~ Mo R

+ f e S rw(e)dr [Y(T) (1-p(T))I(7) = ur(t) + v(T)N(T)

ti
q  ~T—hyi(T)
x <Z I fvi(7, T)V(T)dT'>

i=1 7/ 7-hvi(T)-h,(T)

(A7)
N P(t = he(r) — hi (7)) ki (7 — he(T) — hi (7))
N(7 = he(7) — hi (7))
xS(T — hg(t) = hi(T)I(T - he(T) - hI(T))] dr;
Vt € [t tis), Vit tin € IMP,
R(t,1) = R(tis1) + v(tis1)g(tiv1) Vo(tiv1)S(tiv1),  Vhi, tis € IMP. (A.8)

B. Mathematical Proofs

Proof of Theorem 3.4. Assume with no loss in generality, since t, is finite, that £, = 0. Note
from (3.4) thatif N(t) = 0 forsomet € Ry, so that N(t) = W(t) = W(t) =0, then I(t) = 0 for
t € Ry, since A(t) is zero if N(t) < 1. This implies that N(7) = 0, for all 7(> t) € Ro.. Thus,
the continuity of N () everywhere in Ry, implies that N (t) < 0is impossible if N (0) > 0 since
if t; € Ry, is the first time instant, if any, for which N(t,) = 0, then N(t;) = 0, for all ¢ > t,.
Thus, the total population is nonnegative for all time for any bounded nonnegative initial
value. The combined triangle and Schwartz’s inequalities used in (3.3) yield

0 1/2
0 <N(t) < efo(V(T)—H(T))dTN(O) +

Ji (ehowr-utwar >2dT]
(B.1)

<[ )~ y(mp(o 1)) ar]

, 1/2
< e MN(0) + VKe ™ <f e‘2907d7'> < e PIN(0) + ﬂ%e'“; Vt € Ros, (B.2)
0 0

and N(t) converges to zero at an exponential rate less than any number larger than
max(—pg, —€). The second part follows from (B.2) for € = 0 leading to

[K
0< N(t) <e P N(0) + 90 < +o0; VtERy;. (B.3)
0
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Proof of Theorem 3.5. Note from (3.17) and (3.3) that

ehG@-nEdT < p=pit, yp(> ) € Ry,

, - (B.4)
N(t) = eh®®-1mdr N (o) + J‘ el (@) —p(r))dr’ (A(T) = y(7)p(D)I(7))dr,
0
for some prefixed finite t, € Ry.. First, rewrite (3.3) as follows:
t t t
N(t) = efo(V(T)fﬂ(r))drN(O) +I efT(v(T’)—p(T’))dT'g(T)N(T)dT
0
t
< e PIN(0) + f e P o(T)N(1)dT < e ' N(0) (B.5)
0

t
+f e PUDE(r)N(T)dT;  VH> ta) € Ros,
0

At) —yOpOIE) _AE) - yOpBIE)

g(t) = N < .

<) = MO - yOpOIE); Vi 1) €Ro.
(B.6)

provided that N(t) > ¢ > 1 and g(t) = g(t) = 0if 0 = I(t) = N(t) < 1 — &, for some real
constant g € (0,1], since then A() = 0 by hypothesis. Define N,(t) := e/* N (t) leading to

t
Nq(t) £ N(0) +I 2(T)Ng(T)dT. (B.7)
0
Then, Gronwall’s lemma yields after using (B.7) that N,(t) < N (0)e/ 84T 56 that
N(t) < e~ ®t-hA@Y@p@IENIN(0); Vi € Ry, (B.8)
which is bounded for all time provided that
t t
[ v o> [ (0 - yop@IE)dn W) R (B9
0 0

Furthermore, N(f) converges exponentially to zero if the second constraint is strict within
some subinterval of [t,, o0) of infinite Lebesgue measure. O
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Proof of Assertion 1. The unique solution of (4.1) for given initial conditions and vaccination
function is calculated by an analogous expression to (3.3) with the replacements p(t) —v(t) —
u(t), N(t) — E(t) +I(t)+R(t),and A(t) =y (t)p()I(t) — V (t) + V(t) — ugr (t) for the forcing
terms, for all t € Ro,. Note for any ¢ € Ry, that

S(t) >0 & E(t) + I() + R(t) = N(¢) - S(t)

t (B.10)
= e~ li DT (N (0) - 5(0)) + f e~ o n)ar (V(T) + V(1) - uEIR(T)>dT < N(b).
0

Substituting in the above equation the solution (3.3) of N (t) and the equality E(t)+I(t)+R(t) =
N(t) — S(t), for all t € Ry, for any initial conditions E(t) > 0, I(t) >0, R(t) >0, forallt €
[~h, 0], it follows that S(f) > 0, for all € Ry, for any S(0) > 0 and S(t) =0, for all t € R_ if
and only if (4.3) holds. O

Proof of Assertion 2. It follows from the solution (3.3) for the total population and the solution
of (4.4) of N(t)—E(t) = S(t) +I(t) + R(t), for all t € Ry, which is obtained in a similar way as
(3.3) by replacing N (t) — S(t)+I(t)+R(t) and A(t)—y(t)p(t)L(t) — A({t)-y(E)p(H)I(t)—ugir(t),
under any initial conditions S(t) >0, I(t) >0, R(t) >0, for all t € [~h,0], it follows directly
that

E(t) 20 & S(t) + I(t) + R(t)

_ efé(v(T)—ﬂ(T))dT(S(O) +1(0) + R(0))

+ f t e NI () (1) — (1) p(1)I(T) — usr (7)) dT
0

t t t ’ ’ !
= OO (N (0) - E(0)) + f eF TN (U (7) — Y ()p(7)](7) - s (7)) dT
0
t t t ’ ’ !
< N(t) = eh @7 N () +f el TN (V) —y(1)p(r)](7))d,
0
(B.11)

for any t € Ry, and it follows that E(t) > 0, for all t € Ry, for any E(0) > 0 and E(t) =
0; for all t € R_ which holds if and only if (4.6) holds, for all t € Ry.. O

Proof of Assertion 3. From the solution (3.3) for the total population and the solution of (4.7)
of N(t)-1I(t) = S(t)+E(t)+R(t), for all t € Ry,, which is obtained in a similar way as (3.3) by
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replacing N (t) — S#)+E(®#)+R(t) and A(t)—y(®)p(H)I(t) — A({E)—y()p(H)I(t)—usgr (), under
P & y{t)p —y)p
any initial conditions S(t) > 0, E(t) >0, R(t) > 0, for all t € [-h, 0], it follows directly that

I(t) > 0 &< S(t) + E(t) + R(t)

_ ejé(v(T)—y(r))dT(S(()) + E(0) + R(0))

¥ f el HENT (V) — y (1) p(r)](T) — user (7)) dr
0

= ehM=1m)dT (N (0) - 1(0)) (B.12)

N J‘ 0@ (M) = y(T)p(T)I(7) - user (7)) dT
0

< N(t) = @1 N )

t
[ e (@) - ympm (),

0

for any t € Ry, and it follows that I(t) > O, for all t € Ry, for any I(0) > 0 and I(t) =
0, for all t € R_ which holds if and only if (4.9) holds, for all t € Ry.. O

Proof of Assertion 4. Note that R(t) >0 & S(t) + E(t) + I(t) < N(t), for all t € Ro,. From (3.3)
and the solution of (4.10) for any initial conditions S(t) > 0, E(t) > 0, I(t) > 0, forall ¢t €
[-h,0], it follows that the above inequality holds if and only if

eh @@= (5(0) + E(0) + 1(0))
+ j ' vt e (M@) = y()p()1(7) - usua(7) = V(1) = V(7)) dr
0
= ehM=1™)dr (N (0 - R(0)) (B.13)

+ f el TN (A (7) = y(1)p(1) (7) = usm(7) ~ V(7) = V() ) d
0

t t t ’ ] !
< N(#) = eh@-1m)dr N (0) + f el TENAT () (7) — y () p(7)I (7)) dT,
0

so that R(t) > 0, for all t € Ry, for any R(0) > 0 and R(t) = 0, for all t+ € R_ if and only if
(4.12) holds, for all t € Ry,. O

Proof of Assertion 5. (a) If t € IMP and Vp(t) < 1/(v(t)g(f)), then S(t) > 0 = S(t*) = (1 -
v(t)g(t)Ve(t))S(t) > 0 from (2.1).

If t € IMP, then S(t) = 0 & S(t*) = S(t) = 0. Sufficiency of Conditions (a) has been
proven. (b) Assume that t € Ry, \IMP. Then, S(t) = 0AS(t) > 0 = S(t+¢) > 0, for all € € (0,¢*)
for some sufficiently small e* € R,. Also, S(t) =0AS(t+¢) >0, forall € € [0,€) = S(¥) >
0, for all t' € (¢t + €) for some sufficiently small € € R,. Asaresult, S(t) =0 = S(t+ ¢€) >0
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for some interval of time of nonzero measure and this conclusion result can be extended to
the whole Ry. by the continuity of the solution of (2.1)—(2.5) for any set of admissible initial
conditions. Sufficiency of Conditions (a)-(b) has been proven. Necessity follows directly by
contradiction as follows. Assume that (a) fails for some t € IMP or (b) fails for some ¢ €
Ro; \ IMP. Then,

1 +
[(Vg(i’) > Wg(t) AS(t) >0 some t € IMP) = S(t") <0

g pt=hyi(t)
\Y [<S(t) =0ALAE) +w()R(t) +v(£)N(t) <1 - ZI fvi(T, t)V(t)dT> (B.14)

t=hvi(t)=hy,(t)

—|n(t)| <0 some t € R, \ IMP) = S(¥') <0 for some R, >t > t].

O

Proof of Assertion 6. Since E(t) > 0, forall t € [—E,O] and E : Ry, — R is continuous, it
suffices to prove that if [t,t + €*) for some t € Ry, then E(t +¢) > 0, for all € € [0, *) for some
sufficiently small &* € R,. This holds from (2.2) if and only if either E(t) > 0 (guaranteed
by the first part of the logic “or” of (4.14), or E(t) > 0 on some interval (¢, t + &) of nonzero
measure, guaranteed by the second part of the logic “or” of (4.14), that is, if (4.14) holds.
Then, E(t + T) > 0 for 7 € [0, 1), some 1y € R.. The necessity follows by contradiction since
E(t) = 0 and E(t) < 0 on some interval (t,t + £) of nonzero measure implies the existence of
R; 5t >t such that E(¢') < 0. O

Outline of Proof of Assertion 7

Similar to the proof of Assertion 6 by using (2.3) with I(t) > 0 and replacing E(t) — I(f).
This guarantees I(t) > 0 at a time instant ¢ or I(t) > 0 within an open interval containing ¢ if
I(t) = 0. Then, I(t) is nonnegative for some interval (¢, ¢ + ¢) if (4.15).

Outline of Proof of Assertion 8

Similar to the proof of Assertion 6 by using (2.4) with R(t) > 0 and replacing E(t) — R(f).
This guarantees R(t) > 0 at a time instant ¢ or R(t) > 0 within an open interval containing
t if R(t) = 0. Then, R(t) is nonnegative for some interval (¢t + ¢) if (4.16) holds for the
given regular vaccination rule. Also, R(t*) is always nonnegative since R(t*) > R(t) for any
impulsive vaccination law (see (B.22) in Appendix B).

Proof of Assertion 9. Since S(0) > 0, R(0) = ¢gr(0) = N(0) - S(0) > 0, E(0) = ug(0) +
1) > 0, 1(0) = u;(0) — ug(0) > I(0) = 0, and 0 ¢ IMP, it exist from continuity
arguments T € R, such that S(t) > 0, E(t) > 0, I(t) > 0, forallt € (0,T;] and S(t) >
0,E(t) > 0,I(t) >0, forallt € [0,T7] and [0,T;] N IMP = (. All the partial populations of
susceptible, infected and infectious are upper bounded by N(t), for all t € [0, T;] since they
are nonnegative provided that R(t) is nonnegative; for all t € [0, T]. It remains to prove that
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R(t) > 0, for all t € (0, T;]. It follows directly by directly calculating the unique solution of
(2.4) on [0, T1] for each given set of admissible initial conditions as follows:

R(t") = R(t) + v(t)g(t:) Va(t) S(t)

t . , , ,
> R(t) = e hemrwmdrR o) 4 f e TN (v (1) (1 = p(1))I(1) - us (7)) dT

T—hyi(T)

f o~ 1@ (e ”(T)N(T)<ZI
0

+Ite [H(p(r)+w(r)dr’ P(t — he(T) = hi (7)) ki (T — he(T) — hi (7))
0 N(7 = he(t) - hi(7))

fvi(T, T)V(T)dr’) dar

~hyi(t)- hv, (7)

x S(t — he(t) = hi(1))I (7 — he () - hy(1))dT

+ Z v(t:)g (k) Vo (t:)S(t:) <e_ ffi (#(T’)+w(f’))dr’>

tEIMP(f)

t
> f el @A (v (p ) (1= p(t— 7)) I(t—T) —us(t - 7)) dT
0

> ft yt-1)(1-pt-1)I(t-7)—u;(t—7)dr >0; Vte[0,T],
’ (B.15)

since all the coefficient functions which parameterize the SEIR model (2.1)-(2.5) and all the
delay functions are bounded and either everywhere piecewise continuous or continuous on
Ry, where IMP(t) := {t; € IMP : t; < t} C IMP(t") C IMP is the set of impulsive time instants
up till time ¢. The above expression follows from (2.4) in a direct, but involved, way by taking
into account the following facts:

(a) IMP(t) ¢ MP(t*) with IMP(t) = MP(¢") if and only if t € IMP,

(b) the solutions of (2.4) are calculated as the homogeneous solution plus the forced
one for each given initial conditions in the same way as it has been made before to
obtain (3.3) from (3.1) for the total population with the replacements (v(t)—pu(t)) —
(u(t) + w(t)) and the former forcing function by their current counterpart,

(c) the solution of the forced part of the solution associated with the impulsive actions
is calculated as follows R(t*) = R(t) + v(t)g(t) Vo(t)S(t), and

t
S (g tVa(t)S(1) [ e gy
0

HEIMP(f)

- 3w EVa()S(e) (),

LEIMP (1)

(B.16)



38 Advances in Difference Equations

Outline of Proof of Assertion 10

The constraint E(0) < (ug(0) +[17(0)])/(4(0) + 0(0)) together with the remaining valid ones of
Assertion 9 imply E(0) > 0 from (2.2) so that the proof of Assertion 9 remains valid.

The following result gives conditions for the impulsive-free vaccination SEIR model
(2.1)-(2.5) to be a positive dynamic system in the sense that any solution is nonnegative for all
time under bounded absolutely continuous initial conditions ¢s, @k, @1, ¢ : [—E, 0] — Ry,
eventually subject to a set of isolated bounded discontinuities.

Proof of Theorem 4.3. Several cases can occur, namely the following.

Case 1. Assume that {t € Ro, : SHEW)I({)R(H) = 0} = @ so that t* = min(t €
Ro. : S(HE()I(t)R(t) = 0) does not exist. Since the unique solution of (2.1)-(2.4),
subject to (2.5), is continuous on Ry, for each admissible set of initial conditions
©s, PE, P1, PR [—E,O] — Ry, it follows that infieg,, min(S(#), E(¢), I(t), R(f)) > 0 and
lim inf; .o, (min(S(t), E(t), I(t), R(t))) > 0. As a result, all the populations of the SEIR model
(2.1)-(2.5) are nonnegative for all time and the result is proved for this case.

Assume that t* = min(t € Ry, : S(H)E(t)I(t)R(t) = 0) exists with min(t € Ry, :
S(H)E)I(t)R(t) > 0), for all t € [0,t*) with the following potentially possible included cases.

Case 2. S(t*) = 0, S(t) > 0, for all t € [0,t*), infiepo) min(E(t),I(t), R(t)) > O, Then, from
(2.1), Assumption 1 and the above given hypotheses,

S(H*) = A(t) + w(t)R(E) + v()N ()

q  pt=hyi(t*)
X <1 - ZI fvi(T, t*)V(t*)dT> - |71(t*)

i=1 ¥ t=hyi(t*)=hy, (t*)

(B.17)
> w(t")R(t) 20,

since 0 < Sup,yg,, V() <1, M(t) > n(t)|, and infiejo) min(E(t), I(t), R(t)) > 0, for all t €
Ro;. Then, S(t) > 0, for all t € [t*,t* + Aty) for some At = Aty(t*) € R, and hence S(t) >
0; for all t € Ry, by constructively extending the above reasoning to decompose Ry, as a
disjoint union of real positive intervals of nonzero bounded measures, that is, Condition (b)
of Assertion 5 is guaranteed provided that infiep min(E(t), I(£), R(t)) > 0.

Case 3. E(t*) =0, E(t) >0, for all t € [0,#*), infic[o) min(S(t), I(t), R(t)) > 0. One gets from
(2.2)

(4 ()

U — he()ke(E —he() o (B.18)
S NE @) S BT = he(t))

+up(t) + |n(t*)| > 0; Vte [t 1"+ At}),

and some A t;. = A t; (t*) € R, if and only if (4.14) holds, that is, if and only if Assertion 6
holds so that E(t) > 0, for all t € [t*,t*+ At}). Then, E(t) > 0, for all t € [0,#*+ At}.) provided
that infie[o,+) min(S(t), I(t), R(t)) > 0.
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Case 4. 1(t*) = 0,1(t) > 0, for all t € [0,t"), infiejo+) min(S(¢), E(t), R(t)) > 0. If Condition
(4.15) holds for t = t*, then Assertion 7 holds and I(t) > 0, for all t € [0,t* + At}) for some
At} = Atj(t") € R,.

Case 5. R(t*) = 0, R(t) > 0, forallt € [0,t*), infie[os min(S(t), E(t), I(t)) > 0. If the
impulsive vaccination function is null and Condition (4.16) holds for t = t*, then Assertion 8
holds and R(t) > O, forall t € [0,t* + At}) for any positive continuous vaccination law
V :Ro;, — Ry, for some Aty = Aty (") € R,. 0

Proof of Assertion 11. Replace E(t) = E*(t) given by (5.1) in (2.3), forallt € R, with
©s, YE, 1, PR : [—E,O] — Ry, subject to ¢j(t) = ¢;(t), forall t € [—E,O]. Then, I(t) = I*(t)
on R, and satisfies (2.3), for all ¢ € Ry.. Assume on the contrary that it exists a time instant
t € Ro; such that I(t) # I*(t). Since I(t), S(t), and E(t) are everywhere continuous in Ry, it
exists an open real interval €; := (f — g, t + ¢) containing f such that E(t) + I(t) # E*(t) + I*(t)
for a given susceptible trajectory S(t) in such an interval satisfying (2.1) since one gets by
summing-up both sides of (2.2)-(2.3) that the combined infected-infectious trajectory satisfies
the differential equation

hi(t)
E(®) + 1) = —u() (E®) + 1(1)) + P30 ﬁf Y DI -mydr )y O1) + [n0)]
N(t) i=1 Y0

_ Pt —he(t) - hi(®)ki(t - he(t) - hi (1))
N(t = he(t) - hi(t))

S(t = he(t) — hi(t))

x I(t—he(t) = hi(t)) + us(t),
(B.19)

whose solution in Ry, is unique for given initial conditions and forcing function. Thus,
E* # E(t) in Q; which leads to a contradiction. O

Proof of Assertion 12. First, note that under the given differentiability constraints of the

parameterizing functions E* : [-h,0] UR, — Ry,, defined by (5.1), fulfills in addition
E* € PCY(Ry,, R). Then, the infected population trajectory given by the expression

hi(t) _ _
£ = 2O°0 <Zp1f Filr, It - T>dT> _ P he®)ke(t - he()
i=1 70

N(t) N(t - hE(t)) (B.ZO)

x S(t = he())I(t — he(t)) — (u(t) + o(t))E(t) + up(t) — n(t),

for all t € Ry.. Take (B.20) for I(t) = I*(t), provided that the prefixed I* : [-h,0]UR, — Ro.
in Assertion 11 satisfies I* € PCW(Ry,,R) and E(f) = E*(t) is calculated from (5.1) in
Assertion 11, for all ¢ € R, under given initial conditions ¢s, ¢} = @£, @] = @1, ¢r : [—E,O] —
Ros, with o, (4 + v), (Bke), (ug —ur) € PC(O)(R0+,R) what implies that E* € pc® (Ros, R).
Then, (B.20) becomes equivalently S(t) = S*(t), for all t € R, with the suited reference
infected population differential equation satisfying (2.2) by construction. O
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Proof of Assertion 13. First, note that E*, S* : [—E,O] UR; — Ry,, defined by (5.1) and (5.3),
respectively, fulfill E* € PCP(Ro,,R) and S* € PCY (Ro,, R). The vaccination law (5.5)-(5.6)
makes the immune reference trajectory (5.7)-(5.8) to be identical to the solution of (2.4) which
is obtained in a similar way as (3.3) has been obtained from (3.1) for the total population by
decomposing it in the solution of the homogeneous equation plus the solution of the forced
part. A correcting term for the solution is added for the impulsive vaccination at impulsive
time instants (see (A.7)-(A.8) in Appendix A). This leads to

t
R(t) = ¢ @ g ey f o )+ dr
1
£

q  7-hyi(T)
X [y(T) (1-p())I(7) = ur(r) + v(t)N(7) <Z f fv,-(T',T)V(T)dT'>
i=1

- hyi(r)Hy, (1)

, BT = he(r) — hi(0)ki (7 = hi(7) = hu (7))
N(7 = he(t) — hi (7))

xS(t — hg(t) — hi(1))I(T — hg(T) - hI(T))]dT}

Vt € [ti, ti+1), Vt;, tiv1 € IMP such that (ti, ti+1) NIMP = 0,
(B.21)

R(t) = R(t) + v() (Ve (H)S(t); Yt € IMP, (B.22)

under the same initial conditions ¢ = ¢s, ¢} = ¢, @] = @1, ¢, = ¢r : [-h,0] — Ro, with
N*: R, — Ry, being given by (5.2) after using Assertions 11-12. O

Proof of Theorem 5.1. The vaccination law (5.5)-(5.6) makes the immune population to track
the reference one which is the unique solution of (2.4) for a given set of admissible functions
of initial conditions. This one is achievable for all time by the reference susceptible population
which is achievable for all time by the reference infected one (Assertions 12-13) while
satisfying the differential equations (2.3), (2.4), and (2.1). The infected reference sequence
is achieved by the reference infectious one for all time (Assertion 11) while satisfying the
differential equation (2.2). The proof is complete from Picard-Lindeloff theorem for existence
and uniqueness of the solution of (2.1)—(2.5) for each set of admissible functions of initial
conditions. O
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