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This paper studies the nonnegativity and local and global stability properties of the solutions of a newly proposed SEIADR model
which incorporates asymptomatic and dead-infective subpopulations into the standard SEIR model and, in parallel, it incorporates
feedback vaccination plus a constant term on the susceptible and feedback antiviral treatment controls on the symptomatic
infectious subpopulation. A third control action of impulsive type (or “culling”) consists of the periodic retirement of all or a
fraction of the lying corpses which can become infective in certain diseases, for instance, the Ebola infection. The three controls
are allowed to be eventually time varying and contain a total of four design control gains. The local stability analysis around both
the disease-free and endemic equilibrium points is performed by the investigation of the eigenvalues of the corresponding Jacobian
matrices. The global stability is formally discussed by using tools of qualitative theory of differential equations by using Gauss-
Stokes and Bendixson theorems so that neither Lyapunov equation candidates nor the explicit solutions are used. It is proved that
stability holds as a parallel property to positivity and that disease-free and the endemic equilibrium states cannot be simultaneously
either stable or unstable. The periodic limit solution trajectories and equilibrium points are analyzed in a combined fashion in the
sense that the endemic periodic solutions become, in particular, equilibrium points if the control gains converge to constant values

and the control gain for culling the infective corpses is asymptotically zeroed.

1. Introduction

Relevant attention is being paid in the last two decades to the
study of mathematical epidemic models which are modelled
by integro-differential equations and/or difference equations.
Those models describe the evolution of the various subpop-
ulations considered as the disease under study progresses.
Typically, the models have three essential subpopulations
(namely, susceptible, infected, and recovered by immunity)
whose dynamics are mutually coupled. There are different
degrees of complexity in the statement of the models. The
simplest ones have only “susceptible” (S) and “infected” (I)
subpopulations and are referred to as SI-models. A second
degree of complexity adds a third one said to be the “recov-
ered by immunity” subpopulation and those models are said
to be SIR-models. A further complexity degree splits the

infected into two subpopulations (or compartments), namely,
the so-called “infected” or “exposed” (E) subpopulation
(those having the disease but do not present yet external
symptoms) and the “infectious” or “infective” subpopulation
(those having external symptoms). The generic acronym used
for this last category of models is SEIR, being referred to
as SEIR epidemic models. General description of epidemic
models and some mathematical analysis on them is given
in some classical books. See, for instance, [1-3] and for
more recent models, see, for instance, [4-11] and references
therein. The positivity of the solution is investigated in a
number of works. See, for instance, [6-9, 12] and some
references therein. The use of nonlinear incidence rates in
the models is also investigated in a number of papers. See,
for instance, [13-15]. The presence of perturbations is also
investigated in many models. See, for instance, [9, 15-17]
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to give some of them. Also, certain robustness studies of
stability and positivity under deviations of the equilibrium
points due to Wiener noise are performed in [9]. The stability
properties and the convergence of the solutions to equilib-
rium states are a major analysis tool in most of the works.
In particular, the asymptotic solution behaviors including
associated diffusion effects have been provided in [18, 19]
and some references therein. The use of vaccination rules to
improve the infection behavior has been also proposed in the
literature. See, for instance, [6-8, 11, 20-23] and references
therein. In particular, two control actions are proposed in
[20], namely, a vaccination action of the susceptible and a
therapeutic treatment of the infectious subpopulation with
constant and nonconstant controls and impulsive controls are
proposed in [22, 23]. The stability and optimal control under
a subpopulation of infective in treatment with vaccination
is investigated in [24] and a model with delay, latent period
and saturation incidence rate and impulsive vaccination is
proposed and discussed in [25].

On the other hand, it turns out as known due to medical
experience that there are individuals who are infective but
do not have significant external symptoms, that is, the so-
called the “asymptomatic” (A) subpopulation, [26]. This
occurs even in the common known influenza disease. If
such an asymptomatic subpopulation is considered in the
model, then it turns out that the exposed subpopulation
have different transitions to the symptomatic infectious
subpopulation and to the asymptomatic ones so that a part of
the exposed become subpopulation asymptomatic infectious
after a certain time while others become symptomatic infec-
tious. Finally, it is well known that in the case of Ebola disease,
the lying dead corpses are infective [27, 28] which causes
serious sanitary problems in third world tropical countries
with low or scarce sanitary means when an Ebola disease
spreads thoroughly specially when it is transmitted from rural
areas to high populated urban ones. The dead corpses can be
considered in the model as a new subpopulation “D.”

The paper is organized as follows. Section 2 defines the
SEIADR model with the six subpopulations (S, E, I, A, D, R)
under controls in terms of vaccination control on the suscep-
tible and antiviral treatment on the symptomatic infectious
subpopulation. The vaccination control possesses feedback-
independent (which can be constant, in particular) and
feedback linear terms while the antiviral treatment control
is implemented via proportional gain acting on the symp-
tomatic infectious population. There is also a third control
which consists of an impulsive control action of retirement
of corpses to reduce the risks of dead-contagion to the living
uninfected population. The three mentioned controls have
feedback information taken on line from their respective
subpopulations. The nonconstant control terms are based
on feedback information of the respective subpopulations.
Section 2 also discusses later on some nonnegativity and
stability properties of the model, under the various controls,
in a linked way in the sense that the nonnegativity of the
subpopulations, under nonzero initial conditions, and the
boundedness of the total population both together guarantee
the boundedness of all the subpopulations for all time as
a result. Section 3 deals with the disease-free and endemic
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equilibrium points and the periodic limit solutions of the
controlled epidemic model as well as the associated local
stability properties. The dependence of the resulting disease-
free and endemic equilibrium states is seen to be dependent
on the limiting vaccination control gains. On the other hand,
the global stability is also investigated by using qualitative
theory of stability of differential equations by using Gauss-
Stokes and Bendixson theorems while neither Lyapunov
functions nor the explicit solutions of the differential model
are invoked at this stage. Finally, some numerical examples
are given in Section 4 with attention to oscillatory behaviors
under periodic culling action of dead infectious corpses and
some conclusions end the paper.

1.1. Notation

R,={reR:r>0s5Ry, ={reR:r>0},
C is the complex plane,
V and A stand, respectively, for logic “or” and “and,”

C? and PC" are, respectively, the sets of continuous
and piecewise-continuous functions of domain I and
image X. The functions f : I — X in those sets
are denoted, respectively, by f € C°(I,X) and f €
PC’(1, X),

card(A) denotes the cardinal of the set A,

card(A) = N, indicates that the cardinal of a denu-
merable set A is infinite as opposed to card(A) = oo,
denoting the infinity cardinal of a nondenumerable
set A,

I, is nth identity matrix,
8(t) denotes the Dirac distribution at t = 0,

m=1{1,2,...,m}

2. The SEIADR Epidemic Model: Some
Results on Nonnegativity, Stability, and
Equilibrium Solution Trajectories

The proposed SEIADR model is an extended SEIR model with
the following characteristics and novelties:

(a) Apart from the classical subpopulations of “suscepti-
ble” (S), “exposed” who are infected but not yet infec-
tive (E), “symptomatic infectious” (I), and “recov-
ered” (R) subpopulation, it has two extra additional
subpopulations, namely, “asymptomatic infectious”
(A) and “dead-infective” (D). The so-called asymp-
tomatic are a group of infective individuals (which
are modelled as a distinct group of the I-infective
subpopulation), characterized by small or null level
of infection, with acquired immunity, but who can
transmit the infective disease to others. The so-called
dead-infective subpopulation are dead individuals
(spread corpses in the distribution disease habitat)
which transmit the illness because of lack of good
sanitary performance or practice in certain infective
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illnesses (e.g., the Ebola disease) as it is a common
situation in some third world countries with scarce
technical and economic means.

(b) It incorporates three combined control actions which
can be of a feedback nature as follows: (1) the
standard vaccination control V' of the susceptible
which consists of two terms, one of them being a
nonfeedback gain and another feedback term with
a gain being proportional to the susceptible, (2)
the antiviral treatment & of the infective subpopu-
lation with a proportional gain on the symptomatic
infectious subpopulation, and (3) the dead-infective
culling which has a feedback impulsive nature mod-
ulated by a control gain in the sense that it is not
applied at all time but at certain periods where either
voluntary or civil-servant staff can become involved
on this duty. The three controls contain together
four, eventually time varying, design control gains
which is a novel contribution of the paper related
to the background literature while another novelty is
the global stability analysis outlined from qualitative
theory of differential equations.

It has been pointed out that the coexistence of an asymp-
tomatic infectious subpopulation, often known in some well-
known diseases as influenza, and a dead-infective subpop-
ulation (e.g., in the case of the Ebola) can occur. See, for
instance, a related UK medical report [29] and see also
[27]. Recent work on the incorporation of infective corpses
and asymptomatic infectious type as new subpopulation is
discussed, for instance, in [26, 28]. The epidemic SEIADR
model with vaccination and antiviral treatment together with
infective corpses culling is as follows:

St =by — (by+ BI () + BoA () + BpD (1)) S (1)
+nR(t) -V (1),

E(t)=-(b,+y)E(®)

+(BL®) + BaA (1) + BpD (1)) S (1), @
1) =~ (by+a+1) () +ypE®) -§(1), 3)
At)y=-(by+1)AM)+y(1-p)E(t), (4)
D(t)=-uD () +b,(I () + A1) +al (t)
—pp®DE) Y S(t-t), ()
t,elmpD
R(#) =~ +n) RO + 7 (I () + A1) + £ (t) ©
+V(t),
V() =V (t) + Ky () S(1), 7)
§() =K () 1(1); (8)
Vte Ry, (9)

with initial conditions satistying min(S(0), E(0), 1(0), A(0),
D(0), R(0)) > 0, where ImpD = {t € Ry, : D(t) # D(t")} =
Uter,, ImpD(t) is the total set of impulsive (“culling”) time
instants for removal of infective corpses (note that the
notation for f(t*) is simplified to f(t)). The vaccination
V(t) and (7) consist of feedback-independent term, which
can be constant, plus a linear feedback term injected on
the susceptible subpopulation while the antiviral action is a
linear feedback control applied to the symptomatic infectious
subpopulation. Besides,

ImpD (t7) = {o € ImpD : 0 < t},
ImpD (t) = {o € ImpD : 0 <t} = ImpD(t")
if t ¢ ImpD, (10)
ImpD (t) = {o € ImpD : 0 <t} = ImpD (¢") U {t}
it t € ImpD

and the (nonnegative) parameters and controls are the fol-
lowing:

b, is the recruitment rate.
b, is the natural average death rate.

B, BaPp are the various disease transmission
coefficients to the susceptible from the respective
symptomatic infectious, asymptomatic, and infective
corpses subpopulations.

1 is a parameter such that 1/# is the average duration
of the immunity period reflecting a transition from
the recovered to the susceptible.

y is the transition rate from the exposed to all
(i.e., both symptomatic and asymptomatic) infectious
subpopulation.

« is the average extra mortality associated with the
symptomatic infectious subpopulation.

7, is the natural immune response rate for the whole
infectious subpopulation (i.e., A + I), respectively;
p is the fraction of the exposed which become
symptomatic infectious subpopulation.

1 — p is the fraction of the exposed which becomes
asymptomatic infectious subpopulation.

1/uis the average period of infectiousness after death.

V(t) and &(t) are, respectively, the vaccination and
antiviral treatment controls and pp(t;)D(t;) is the
impulsive action of removal of corpses (or “culling”)
for all t; € ImpD with some piecewise continuous
pp(t) € [0,1]. The controls can be of different types
including constant and feedback actions. It turns out
that a well-posed epidemic model has to be positive
and with bounded solutions to be useful for potential
applications. The subsequent results are, respectively,
related to the nonnegativity under nonnegative initial
conditions and some smoothness conditions on the
controls and boundedness of the solutions of the



model. Note that the positivity of the trajectory
solutions as well as that of the equilibrium solutions
is a crucial “a priori” basic requirement for model
validation in many different biological problems. See,
for instance, [6-9, 12, 18, 30-32].

Theorem 1. The solutions of the SEIADR model (1) to (8)
are uniquely defined and if min(S(0), E(0),(0), A(0), R(0),
D(0)) = 0, Vy(t) € [0,b, +nR(1)], pp» Vi Ky, Kg € PC°(Ry,,
R,,) and pp : Ry, — [0, 1], then such solutions are, further-

more, nonnegative for any given nonnegative initial conditions
defined by:

S(t) = et [y (Ky(@)+B1(0)+ 4 Al0)+BpD(0)do) < $(0)

Lo
N L eli Ky O+BLOBAAOEDONO (1, | 1p (5) (1)

-V, (0))da>; vt € Ry,

E(t) = e &M (E ) + Jt e (B (o) + BoA (0)
0

(12)
+BoD(@)S(@)do )i Vi € Ry,
L(t) = e (rrormts Js Ke(0)do) ( 1(0)
, (13)
+ pr el Grretr Ke@NdO p () da); Vt €R,,,
0
A(t) = e &) <A 0)+y(1-p)
, (14)
: J eBE () da> ; Vit eRy,,
0
R(t) = e &™) (R ) + r e (1, (I (0) + A(0))
0
(15)
+ K (0)1(0) + V, (0) + Ky (0) S (0)) d0> ;
vVt € Ry,
D= (D) + [ ¢ [0y ra) 1 @)
L
+b,A(0)] da> ; (16)
Vt € [t;,t,1), Vt; € ImpD
with
D) =< (D)
(17)

N Jtm eﬂ(”_t") [(bz + OC) I(o)+ bzA (U)] dO')
t

i
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while
ti+1
D(t) =D() = | oo @D(@)8(0 1) do

i+l

=(1-pp(ti1)) D(t) = (1= pp (tis1))

& (D(t)

(18)

ti+l
+ J e [(by + &) I (0) + byA (0)] da),
t;
where T; = t;,, — t; Vt; € ImpD. Furthermore, S,E,I, A,R €
C°(Ry,,Ry,) are everywhere differentiable in Ry, and D €
PC°(R,,, Ry,) and it is time-differentiable in Ut etmpp (i tis1)-

Proof. The replacements of (7) into (1) and (8) into (3) yield
St)=b

— (by + Ky (t) + BI(t) + B2 A (1) + BpD (1) S(t)  (19)
+#%R ) - Vo @,

) =-(by+a+1+ K (1)) I(t) +ypE(t); (20)
vVt € Ry,. (21)

The solutions of (19), (2), (20), and (4)-(6) follow via direct
calculus and are unique and nonnegative resulting in (11)-
(18) for any given set of nonnegative initial conditions. Also,
S,E,I,A,R € C°(R,,,Ry,) since their first respective time
derivatives exist everywhere in R, from (1)-(4) and (6).
Furthermore, note from (5) and the fact that its impulsive
(“culling”) control p, : Ry, — [0,1] yields a unique
piecewise solution D € PC°(R,,,R,,) for each given
D(0). O

The boundedness of all the subpopulations for all time
and the asymptotic infection removal under a feedback, in
general, time-varying linear antiviral control law, is addressed
by the subsequent result.

Theorem 2. The following properties hold under the assump-
tions of Theorem 1I:

(i) lim sup, _,,I(t) < by/a, sup,eg I(t) < +00, sup,cg
N(t) < N(0) + b, /b, < +00; Vt € Ry, where N(t) =
S(t) + E(t) + I(t) + A(t) + R(t); Vt € Ry, is the total
alive population, and

max(supS(t) ,supE (t), supI(t), supA(t),

teR,, teR,, teR,, teR,,
supD(t), supR (t)) < supN (t) (22)
teR,, teR,, teR,,

< max(supN(t), supD(t)) < +00,

teRy, teRy,
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(ii) for any t € R, assume that K¢(t) = 0if I(t) = 0, and
the antiviral control gain is chosen to be

Ke (t) = §0) _ L[(oc+TO)E(t)+ocA(t)

I(t) I(t) (23)
+(BaA (1) + BpD () S®)] + BS (1) if I(t) #0.

Then, Ke(t) = O(I(t)), implying also that sup,g
K¢ (t) < +00, and the following limits exist:

lim (E(8) +1(5)+ A(®) + D(®) =0,

_ b (24)
lim (S(t) + R(¢)) = im N (¢) = im N (t) = =2,
t—00 t—00 t—00 b2

where N(t) = N(t) + D(t); Vt € R, is the total
population including infective corpses.

(i) If, furthermore, V(t) satisfies the most stringent con-
straint limsup,_,  (Vo(t) — b, — yR(t) + &,) <
0 for any fixed e,(< b — yR(t)) € R,, then
min(liminf, ,_ S(¢),liminf, ,_ R(t)) > 0.

t—00 t—00

Proof. Assume that limsup, , I(t) > b;/a and proceed by
contradiction. By summing up (1) to (4) and adding (6), one
gets N(t) = —b,N(t) + by — al(t); Vt € Ry, which concludes
that

lim sup (Jt e b= (al (o) —b)do+ N (t)> =0. (25
0

t—o00

Since limsup, , I(t) > bj/aand N € C°(R,,,R,,), which
is derived from the result of Theorem 1, it follows a contra-
diction to (25) since lim supt_m(J’Ot e 2 (al(0) - b))do +
N(t)) > 0. Therefore, lim sup,_,  I(t) < b;/a < +00. Also, the
boundedness of N(¢) follows directly since I(t) > 0; Vt € R,
from the standard comparison theorem for N(t) < N,(t) =
—b,N,(t)+b, leading to N(t) < e_bth(O) +(1 —e_lht)(bl/bz) <
N(0)+b, /b, < +00; Vt € R, provided that N;(0) = N(0) and
lim sup,_, . N(t) = b, /b,. From Theorem 1, all the subpopula-
tions are nonnegative for all time for any given nonnegative
initial conditions. Since the model is nonnegative for all
time then all the living subpopulations are bounded for all
time since N(t) < +o0o. From (17)-(18) the lying corpses
subpopulation is nonnegative and bounded for all time
since both the symptomatic and asymptomatic infectious
subpopulations are bounded for all time. As a result, the total
population is also bounded for all time as they are all the
subpopulations. Property (i) is proved. To prove Property
(ii), one gets from (2), (3), and (4) under the given antiviral
treatment control law that

EW+I)+A®)
=—b(EM)+1(t)+A(t)
+(BI(t) + BaA () + BpD (1)) S ()
—(a+1,) I (1) - E(t) —T,A(t)

5
=—(b+1y+a)(E)+I1)+A(®))
+(BL(®) + BaA (1) + BpD (1) S (1)
+(a+79) E(t) + aA(t) - Ke () I (1)
=—(b+1+a)(E@)+1(1)+A(1);
Vt € R,,
(26)

so that it exists the limit lim, , (E(t) + I(t) + A(t)) =
e &+t N(E(0) + 1(0) + A(0)) = 0. Thus, lim, , E(t) =
lim, , I(t) = lim, ,  A(t) = 0 since the three sub-
populations are nonnegative for all time under any given
nonnegative initial conditions. This also implies as a result
that lim,_,(S(t) + R(¢)) = lim,  N(t) = lim,  N(t) =
b, /b, since from (16)-(18), lim,_,.,D(t) = 0. It remains to
prove that K¢(t) = O(I(t)) = O(max(I(t), S(t)) < +00). First,
note that I(t) is uniformly bounded since it is nonnegative
and the total population is uniformly bounded. Thus, to
prove that Kg(t) = O(I(t)) = O(I(£),S(¢)), it suffices to
prove, in view of (23), that I < max(o(E), 0(A), o(D)). Since
lim,_,  (E(t)+I(t)+ A(t)) = 0, then lim,_, . (E(t) + A(t)) = 0.
On the other hand, note from (13) that I(f) — Oast — ¢, for
any t, € Ry, implies fotl ¢ (Orar )=o)+ [ K@) B0y gy —
0 and E(t;) — 0. If, in addition I(0) > O then t;, — oo.
On the other hand, from (12) if E(t) — 0 ast — ©o, then
I(t), A(t), D(t) — 0ast — oo. Thus, E(t)/I(t) and A(t)/I(t)
cannot diverge as t — oo if E(t) — 0 ast — oo. Thus,
if I(t) — 0 then E(t), A(t), D(t) — 0 and if E(tf) — 0 or
A(t) — 0 (see also (14)), then I(t) — 0. Then, K(t) =
O(I(t)) = O(I(t), S(t)). Property (ii) has been proved. On the
other hand, if liminf, , (b, — &, + yR(t) — V,(t)) = 0 then
liminf, ,  S(t) > 0 from (11) which leads to lim inf,_,  R(¢) >
0 from (15). Hence, Property (iii) is proved. O

Remark 3. Note that the condition lim inf,_, . (b, —&,+nR(t)—
Vo (t)) = 0 for &, = 0 of Theorem 2(iii) is guaranteed if V;,(t) €
[0,b)); Vt € Ry,.

3. Disease-Free and Endemic Equilibrium
Points, Limit Periodic Equilibrium
Trajectories, and Local and Global Stability

Define the linearized error of the trajectory solution with
respect to any equilibrium x* by

X(@t)=x(t)-x"(t); VteRy, \ImpD, (27)

where x(t) is the linearized state-trajectory solution in
Rg+whose six components are defined by S(t), E(t), I(t),
A(t), D(t), and R(t) in this order. In particular, x};(t) =
xi = (850,0,0,0,R})" for any t € Ry, is the disease-
free equilibrium solution, which is an equilibrium point, and
x:nd(t) = (S:nd(t)’ E:nd(t)’le*nd(t)’Aan(t)’D:nd(t)’ R:nd(t))T
for any t € [0,Tp] is an equilibrium periodic trajectory of
period T, if pp(t) — pp € (0,1) and (t;,; — t;) — TSH(> 0)
as t;(e ImpD) — oo.If p; = 0 or cardImpD < y,



(i.e., the cardinal of impulsive time instants is numerable
finite), then x, ,(t) = x_ 45 Vt € Ry, (ie, the limit
periodic endemic solution is just an endemic equilibrium
point). The following result holds and is concerned with the
eventually periodic asymptotic behavior of the dead-infective
lying corpses subpopulation under constant limiting values
of the culling removal fraction and culling period. It is also
obtained the intuitively obvious result that if all the lying
infective corpses are removed by the culling control then
the dead corpses infective subpopulation is asymptotically
zeroed at the culling time instants.

Theorem 4. The following properties hold:
(i) Assume that (t;,, — t;) — TSH(> 0), Vi(t) = V; Vt €
Ry, and pp(t;) — ppe [0,1]) as t;(€ ImpD) — co.
Then, a periodic limit solution of period Tr, of the form
lim D (T} +6) =D (T, +6)

byt o) I 4 byA
_7[(2+“) uv+2 av] (28)
(1-pp) (1)
(-0 p)e™)

exists for the dead-infective corpses subpopulation,
where the subscript “av” stands for a mean value of the
corresponding subpopulation on the period [0, T)) with
existing right and left limits

D (Tp +6) = lim D (nTp, +6) = Jim D(t;+6);

0 *
-1+ |; VOe[0,T)]

Vo € [0.T5),
(29)

D* (T )=D(07) = lim lim D (nT}, + 6)

6—(~ n—00

= lim lim D(¢; - 6)

0—0" t;—00

possessing eventual discontinuities D*(T)) # D*(T}")

which satisfy
D" (Tp) = (1 - pp) D" (T, )
D* T*—
_ o HTp
- e (by+a) I’ + b,A" ].

W= (1= pp)er) |

(i) If T}, = +00, or if ImpD has a finite cardinal, then

D* () = i [(by+ Q) ', + b,A

(IV]

1 (3)
D" (Tp) =

]

Dby ) I+ by A
I

If, furthermore pp, = 1, then D*(Tp) = 0.
For the disease-free equilibrium, Dy;(Tp,) = Dy
(T}) = 0 irrespective of Ty, and p},.
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If, furthermore pr, = 0, then the endemic equilibrium
periodic solution is an endemic equilibrium point
D:nd = ((bZ + (X)I:nd + bZA:nd)/["'

(iii) The limit periodic solution D*(T[, + 6) for 6 € [0, T})
induces limit periodic oscillations of the susceptible and
immune which obey the relationships:

§°(0)

b, -V, +nR" (6)
+ BI* (0) + BoA* () + BpD* (6)”  (32)

T b 1K (0)

N ()

R (9)= m,

where
Nz (0) = (b, + BI" () + BoA" (6) + BpD" (0))
((r+ K (0)) I" (6) + 1,A" (6) + V; (6))

+ Ky 0) (o + K; (0)) I" (6) + 70A™ () + by) »

Dy (0) = (b, +7) (33)
(b, + BI" (0) + BoA™ (6) + BpD" (0))
+b,Ky, (0);
Vo € [0, T}

provided that Vy(nTp, + 6) — V;(0), Ky (nT}, +0) —
Ky(0), and Kg(nTp, + 0) — Kg (0) for any 0 € [0,Tp)]
asn(e Z,) — oo. If p/, = 0, V;(0) = V;, K,(0) =
Ky, and K¢(0) = Kg; VO € [0,Tp] then the endemic
equilibrium solution is an endemic equilibrium point.

Proof. Note from (18) that if (¢;,; — t;) — Tp and pp(t;) —
pp € 0,1] as t;(e ImpD) — oo then the right limits D(T}, +
0) = lim,_,,D(nTp, + 0) = lim, _, D(t; + 0) exist for 6 €
[0, Tp) as well as the left limits

D(Ty,) = limg_¢-lim,_,, D(nTp, + 6) = limg_¢-lim, _,
D(t; — 0) with eventual discontinuities D(Tj,) # D(T},). So,
we have in the steady state

D(ti,) = D(t;) = D(Tp) =

= (1-pp)e*™D(Ty,

T
. (J P e_.’"(TD 0)
0

so that, from the mean value theorem since the limit the
periodic oscillation is bounded, there is a mean value of
the symptomatic and asymptomatic infectious subpopulation
such that

[1- (1= pp) ™| D" (15) = (1- i)

1-e#D

(1= pp) D (t;,1)
)+(1_P1*)) (34)

(b, +a)I" (0) + b,A" (0)] da)

(35)
[(bZ + (X) Ia*v + bZA:V] ’
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D* (T3, +6) = e *°D° (T5) + [(by + &) I, + b,A",]

a

6 o e—y@
. (JO e_”( _0)d0'> = 7 [(bZ + (X) I:V + bZA:v]

. [(1 ) +e”6]
(1-(1=pp)e)

(36)

>

V0 € [0,Tp].
If p; = 0, one gets from (36) that

ti(Eln!lller)l)—)ooD (t;+0) = [(b, + ) I, + AL ]

t+Th _—
- lim J e HIpt0-9) g
t;(eImpD)—00 t

i

(37)
b I’ +bA"
=D*(TE+6)=(2+(X) av+ 2 av;
U

v € [0,T5)

so that D(t) — 0ast — oo if the disease-free equilibrium
point is globally asymptotically attractive and D(t) — D ; =
(b, + I 4 + bAL 4)/u if the endemic equilibrium state,
which is an equilibrium point, is globally asymptotically
attractive. The proofs of Properties (i)-(ii) are complete. To
prove Property (iii), the inspection of (1) and (6) at any
equilibrium yields that S and R have periodic oscillation if D
is periodic. So, we can get from (1) and (6) that if V() =
Vi (0), Ky(0) = Ky (60), and K¢(0) = Kg‘ (0), for any 0 €
[0, T, the relations

§*(0)

_ b, - Vy (6) + nR" (6)
b, + K, (6) + BI" (0) + BoA” (6) + BpD" (6)

>

(To + K; (9)) I"(0) + 1,A" (0) + Vyy (0)

o= b +n
Ky (6)
Yo @ (38)
(10 + K7 (0)) I" (B) + 1,A™ (6) + V; (6)
- by+n
K (0)
" b +1

' b, - V7 () + nR* (0)
b, + K, (0) + BI* (0) + B,A* (6) + BpD* (6)

lead to

<1
B Ky (0)n )
(by +1) (by + K5, (6) + BI* (6) + B4A* (6) + BpD* (9))

(39)
“R*(0) = bii-n [(To + KE* (6)) I"(0) + TA" (0) + V; (0)
2

. K5 6) (b~ V5 (©) ]
(6, + K, 0) + BI 6) + BAA" (6) + BoD" (©))

which may be simplified as R*(8) = Ny(0)/Dx(0); VO €
[0, T}5). Thus, Property (iii) follows. O

On the other hand, the linearized error of the trajectory
solution with respect to an equilibrium trajectory is defined

by
X(t) =A%),

E(ti) = (Is

-M")x(t;); (40)
Vt € [t;,t;,1), Vt; € ImpD,

where %(07) = X, and M* are R® x R® matrix taking account
of the impulses, where (M*)55 = pp, as pp(t) = ppast — 0o
and its remaining entries being zero. The following result,
concerning the disease-free and endemic equilibrium points,
holds if the control gains converge to constant values and

pp = 0.
Theorem 5. Assume that Vy(t) — Vi, Ky (t) — Ky, Ke(t) —
K and pp(t;) — pp = 0, and (ti,, —t;) — Tp as tt(€
ImpD) — oo. Then, the following properties hold:

(i) There is a unique disease-free equilibrium point satis-

fying
* . * * * * * * T
Xgp = limox (6) = (S Ejpo Iy Asyps Digs R )

t—00

(41)
* « \T
= (83-0,0,0,0, R}
with
S = b, (b = V) + by _ b +’7N;f —V
af b, (b, +n+K;) b+n+K;
* b2V0 + K\);bl _ K;N;f + VO (42)

G b (b+n+K)  b+n+ Ky

: KySir + Vo “ N _§*
STher NS

leading to an associated limit total population

Al ® ® * b
Ny = Njs =S+ Ry = é (43)
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under a vaccination disease-free limiting control Vd*f = (ii) There exists some large enough threshold f.,,, such that
Vo + Ky S5 and a zero antiviral treatment control. if B> Beena then there is a unique endemic equilibrium

point with all its components being positive such that

y(bz+y)(b2+ro)(b2+oc+10+1<€*)
>
ﬂ()’P (b, +79) (u+ Bp, (b, + @) +y (1= p) (bz ta+7+ KE) (Barpt + ﬁDrbz))

Ny >S,4= 0, (44)

" B(Cr+BaCat PCp) b+ Ky + B(Cr + BayCa+ Bp,Cp) Eyy
o ((ro + Ki) Cr+ 10Ca) Epppg + Vo + Ky Sty (46)
end b2 +7 >
. (TO+K§)I*nd+TOA*nd+VO K i X
ond = 22+;7 ’ +<1+bz—J:”1>Send+(CI+CA+CD+1)Eend, (47)
where B4, = BalB and Bp, = BplP are relative dis- Co- 1 (b, + ) yp by (1-p)
ease coefficient transmission rates of the asymptomatic D~ ; by+a+1,+K; * b, +1,
infectious and lying infective corpses with respect to the ¢
symptomatic infectious one, and (48)
YpP
Cr=—""—1,
b va+t,+ K
c. =7 (1-p) (iii) The disease-free and endemic equilibrium dynamics
AT vt matrices are, respectively, given by
[~ (b +K) 0 ~BSys ~BaSy —PoSas noo]
0 ~(b,+y) BSas BaSas  BoSiy 0
. 0 o —(Byra+T+K;) 0 0 0
0 y(1-p) 0 -(b+1) O 0
0 0 b+« b, -y 0
| Ky 0 7+ K§ T, 0 —(b+n)]
- (bZ + ﬁle*nd + ﬁAAan + ﬁDD:nd + K\);) 0 _ﬁS:nd _ﬁAS:nd _ﬁDSan n ]
ﬁle*nd + ﬁAA:nd + ﬁDD:nd - (bZ + y) ﬁsznd /';AS:nd ﬁDS:nd 0
0 yp - (b, +a+71y+K; 0 0 0
A:nd = ( ’ ’ E) (50)
0 y(1-p) 0 -(b+1) 0 0
0 0 b, +« b, -y 0
i Ky 0 7+ K§ T 0 —(b+n)]
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Note that the endemic equilibrium linearized dynamics
can also be described equivalently by
- (b + Ky) 0 ~(B+1)S5 ~(Ba+1)Ses —(Bo+ 1), ]
0 - (b, +y) (B+1) Sz (Ba+1)S0s  (Bo+1)Siu 0
e 0 - (b, +a+1y+K; 0 0 0
A = o (rern i) (51
0 y(1-p) 0 - (b, + 1) 0 0
0 0 b+a b, -y 0
| Ky 0 ) + K 7 0 —(b,+ 1)

(iv) If p5, € (0,1) then the endemic equilibrium steady
state x,, ,(0) for 6 € [0,Tp) is periodic of period Tf,
leading to a matrix of dynamics A, : [0,Tf) —
R with A’ (T}) = Al ,0) and A} (T)) =

A}, ,(07) # A} ,(0). Equations (45)-(47) and (50)-(51)

remain valid with the change x,,; — x., ,(0) and the

corresponding changes in the two first rows of (50) and

(51) for 0 € [0, T}).

If the limit control gains V (), Ky,(-), and KE*(') are periodic
functions of period T}, then the disease-free equilibrium state
has periodic susceptible and immune components defined as in
Property (i) with the replacements K, — Ky,(0) and Kg —
K; (0) for 6 € [0,T7,) and Al : [0, T7;) — R™ in (49). In this
case, the endemic equilibrium state, if it exists, is also periodic
of period Tr,.

Proof. The disease-free equilibrium point is obtained directly
from (1) to (7) from the constraints Ej; = I}, = A% = D} = 0
and it is seen to be trivially unique. The Jacobian matrix of
the linearized system at such a disease-free equilibrium point
is (49). The proof of Property (i) follows directly. To prove
the existence of an endemic equilibrium point (Property (ii))
some calculations are now performed to see the compatibility
of the model with the existence of an equilibrium with
exposed subpopulation E; ; > 0 implying the remaining
subpopulations to be nonnegative. Direct calculations by
zeroing in (3) to (5) the time derivatives of the subpopulations
by taking into account (7)-(8) yield

E, >0 1 ,=CE. >0,
E, >0 A, ;=CLE, >0, (52)
E ;>0 D, =CpE, ;>0

with the above constants defined in (48). From (2), one gets
if E; 4 > 0 implying that I’} ; > 0 that (44) holds since

E, >0

[(I:nd > 0) A (A:nd > 0) A (D:nd > 0)] = (53)
* _ b2 + Y E*

end B(Cr+ BaCa+ BpiCh) Elq end’

This proves the first part of Property (ii) since N; ; < Nj;.
Now, note from (44) that if < .4 for a small enough
threshold f.,q for some existing small enough threshold
Beena> then S 4 > N, from (44). This implies that S ; > 0
from (44) but E;_; < 0 (then either the endemic equilibrium
point does not exist, since it has negative components, or it
coincides with the disease-free one) since (46) leads to E;, ; >
0and S, ; > 0implies R} ; > 0 and R, ; < 0 with S ; > 0 if
andonlyifE ; < 0. Therefore, E; ;>0 & (N, > S. ;> 0)
ifand only if 8 > f..,4. Now, summing up (1), (2), and (6), by
taking into account (7)-(8) at the endemic equilibrium point
yield (45)-(47) since
b2 (S:nd + R* )

end
=b + [(To + Ks*) Cr+1Cy—b, - Y] Ei g

CKySiatVo (10t KE) I+ ToAb

R; =
end b, +1 b, +1
(T0+K;)CI+T0CA i
- bz +7 end> (54)
Nend = R:nd + S:nd + (Ie*nd + A:nd + D:nd + E:nd)

B (r+K;) I

end

*
+ 1A gt Vo

b, +n

K\j * *
+ <1 + b, +’1>Send+(CI+CA+CD+ 1)E; 4
which completes the proof of Property (ii). The proof of
Property (iii) is direct by taking the respective Jacobian matri-
ces at the disease-free equilibrium point and the endemic
equilibrium. The respective Jacobian matrices are (49) and
(50). The use of (51), replacing (50), as the matrix of
linearized dynamics around the endemic equilibrium point
is legitimated via the identity:

(Blend + BaAeng + PoDend) Send
I*
end (55)

= [ﬁsend ﬁASend ﬁDSend] Aend .
D*

end
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Property (iv) follows directly from Property (iii) and Theo-
rem 4 with the replacement x, ; — x. ;(0) and C; = C;(6)
and C, = Cp(0) in (48) for 6 € [0,T}) and, eventually,
Sy — Sir(0) and Ry — R3(0) if the control gains converge
to periodic values of period Tj,. O

Theorem 5 is useful for the study under linearization of
the solution trajectories around the disease-free equilibrium
point if p5, = 0 under limit gains of the other controls.
However, if the above limit gain is nonzero and less than one,
then the trajectory solutions are asymptotically periodic. It
is also proved the existence and uniqueness of the endemic
equilibrium point if the coeflicient transmission rates exceed
a certain minimum threshold f_. 4. It is also deduced from
the disease-free equilibrium expressions that the susceptible
disease-free equilibrium numbers can be decreased, and cor-
respondingly the immune equilibrium numbers increased,
by increasing the constant vaccination and/or the linear
vaccination gains.

A constraint for the endemic equilibrium solution, if it
exists, is discussed and given in the subsequent result. The
existence constraints are easy to test under the form S, ;(0) <
b, /b, =V, (0), VO € [0,T}), or some equivalent constraints,
where T}, is the limit interculling action period.

Theorem 6. Assume that (t;,, —t;) — Tp, pp(nThH) — pp €
[0,1), Vo(nT}, + 6) — V;(0), Ky(nTj, + 60) — Ki,(0) and
Ke(nTp, + 6) — KE*(Q) asn — 00, V0 € [0,Tj] ast — oo,
t;(e ImpD) — oo, and n(e Z,) — oo. Then, the following
properties hold:

(i) The endemic equilibrium state x,,, = x, ,(0) for
0 € [0,TS], being a point if p;, = 0, equivalently if
cardImpD < N, (ie., it is finite), and a periodic

limit oscillation if p;, € (0,1] has the subsequent

components:
* B,B; (0)B
S* (0) = APT E
end ) Bf + Bafa(®)+ Ppfp©0)
b+y

" B(Cr®)+ BaCa + frrC 0)
E},,(0) = BB, (6)C, (6)

- (Ba (837 0) = 85,4 ©)) + K5, (0)S5)
1;,,6)=C(0)E,,, () = fC, ()

- (Br (83 0) = 5,4 0)) + K5, 0) S5 (6)).
A 0) = CAE;,; () = fC, (6)

- (Br (i (0) = 85,4 (6)) + K5, ()i 9))
D, (0) = Cp (0) E,,; 0) = £ () C, (6)

- (Br (Sy (0) = S5, 0)) + KyS3, (9)),

Discrete Dynamics in Nature and Society
Rt (0) = (Siy ©) = 53,4 (6)

+ (R, 0 - (B @)+ £01,®);
2
VO € [0, Tp].
(56)
Being real constants if pj, = 0, where
B, =b, + 1

By (0) = b, + 15 +a+ Ky (0),

Br=b, + 1

By =b, +y,

f=ypBas
f4®) =y(1-p) B ®), -
fo® = (Bf1 @)+ (b + ) f)

=L G- BO+p(r+ ) By,
b
C, () = 2 ;
0 b,B,B; (0) (y + Bg) + nufp (6)

Vo € [0.T5),

where C; = C(0) and C, = Cp(0) in (48) since
K; = Kg(@) for 0 € [0,Tp). If S,,,0) < ((Bg +
Ky(0))/Bg)Sy(0) = (1 + Ky (68)/(by + 1))S5,(6); VO €
[0, Tp,), then the endemic equilibrium state exists, while
being distinct of the disease-free equilibrium state. This

existence condition of the endemic equilibrium state is
equivalent to S}, ,(0) < b, /b, -V, (0); VO € [0, T}).

IfS,,40) > (1 + Ky (0)/(b, + m)S;¢(6); VO € [0,T)
then the endemic equilibrium state does not exist in

the sense that it has some negative components. On the
contrary, the opposed condition

Ky 0 -
b, +n )Sdf ©

_ by (b - Vi (0)) + by .
by (b, +1) ’

yields the existence of such an endemic equilibrium
state. In the case when the limit control gains are
constant, the disease-free equilibrium state is an equi-
librium point. If, in addition, py, = 0 then the endemic
equilibrium solution, if it exists, is also an equilibrium
point.

(ii)

NC)RS <1 +
(58)

00,15

* * b
N, 0) <Ny = El (59)
2
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and the dependence on 6 € [0,T},) is removed in the
case that the endemic equilibrium state is an equilib-
rium point.

Proof. The values of the components of the endemic equilib-
rium state follow by direct elementary calculations form (45)
and (48) and have been verified under symbolic calculation
with the Mathematica package. Note that in the general case
when the control gains converge to periodic functions of
period Tj, both the disease-free and endemic equilibrium
solutions are periodic with such a period [see Theorem 5(iv)].
The endemic equilibrium exists while it is distinct from the
disease-free one if (58) holds. To prove Property (ii), note by
zeroing (1) to (4) and (6) while summing them up and the use
of (7) at the disease-free and endemic equilibrium states that

Ne*nd (6) = S:nd (6) + R:nd (0) + E:nd (0) + Ie*nd (6)
+ Agpg (0) < Ny = S+ Rygs (60)

VO € [0.T5)

since N(t) = —-b,N(t) + b, — al(t); Vt € R, . Thus, since
(E;40) + I 4(0) + AL 4(0)) > 0; VO € [0,T}) implied by
E; 40) > 0,V0 € [0,Tp) if the endemic equilibrium state
exists then N 4(0) < Njs; VO € [0,Tp). Property (ii) is
proved. O

Note from the components of the endemic equilibrium
expressions given in Theorem 6(i) that the equilibrium num-
ber of the endemic susceptible increases while correspond-
ingly those of all the infective subpopulations decrease as the
limit antiviral control gain K increases. This is an interesting
tool to control the infection in the case that the endemic
equilibrium exists and the disease-free one is unstable so
unreachable in practice if the coefficient transmission rate is
large enough exceeding the threshold f.,4 of Theorem 5.

Remark 7. Note that we can write the linearized equation
around the endemic equilibrium state as

X(6) = [A56) + (AL () - A5 (6))] X (6)

= [A50) + (A4 (0) - A3 (0))] % (0); (61)
Vo € [0,Tp)
with
x(0)=%(Tp) = (1-pp)%(Tp ). (62)
where

A (0) - A5 (6
00 —a;0) —a,0) —a;50) 0
=100 a;0) a,0) as@) 0

04><6

(63a)

11
with
a3 (0) = (B+1)S.,4(0) - BSy (0,
14 (0) = (BBar + 1) Sena (0) = BBaSa (6).
(63b)
a15 (0) = (BBp, +1) Scua (0) — BBp,Sa (6)
Vo € [0,T})
since
Alg 0)x0g (6) = Appg (6) x0ng (6)
= [AL O + (AL 0 - A3 (0)] x5 0); (64)
V0 € [0,T})

by using (49)-(51) and (55). If Aj{(6) is nonsingular then

A 0) = ALO)I + A} O)NA, ,(0) — AL(0))] is also
nonsingular if

[&20 ©) - AL O = 2[a2 0) + a, (6) + a; (6)] .

<1; VOe[0,Th).

Therefore, if A}(0) is a stability matrix (then, nonsingular)

and (65) holds then K:nd(G) and A} ,(0) are stability matrices.

The following results give easily testable sufficiency-type
local instability and local stability tests for the endemic
equilibrium point based on the stability properties of the
disease-free matrix of dynamics of the linearized system
about the disease-free equilibrium. The extension to the case
of oscillatory periodic endemic equilibrium solution would

follow “mutatis-mutandis.”

Theorem 8. Assume that the control limits V', Ky, K¢, and
pr, = 0 exist and define the amounts

A

| bz(b1_Vo)+”lb1[ Ky,
L by (b +1+Ky)

o3y

Z:ﬂd B Atif'll >

1

(66)

Ko = ||A’;} bz +1

- Bmax (1B o) +1]

The following properties hold:

(i) The endemic equilibrium point exists and it is unstable
if Ay is instability nonsingular matrix (i.e., it has at
least one eigenvalue in Re s > 0) and kg < 1/2.

(ii) The endemic equilibrium point, provided that it exists,
is locally asymptotically stable ifA’;f is a stability matrix
and kg < 1/2.

Proof. Elementary calculation yields Z:nd
—1,5*

Ay (A no

is instability matrix then A, , is also instability matrix if

= Allg +

end — Aup)] if A% is nonsingular. If, furthermore, A%,
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*

1> ||Az;1(zend—Azf)||l,which isequivalenttoxg < 1/2,from

Banach’s Perturbation Lemma [33], since Z;d is nonsingular
and the eigenvalues are continuous functions with respect

to any matrix entry thus Z:nd is instability matrix. In the
same way, if A is a stability matrix (then nonsingular) and

kg < 1/2 then Z:nd is nonsingular and then stable by similar
reasoning.

It has to be pointed out that Theorem 10, which is stated
and proved later on, establishes that both equilibrium points
cannot be simultaneously stable. As a result, one concludes
via Theorem 8(ii) that if A% is a stability matrix and xg < 1/2
then the endemic equilibrium point does not exist. By linking
this observation with Theorem 6(i), one concludes as well that
Si 4> (1+ Ky /(b, +1))S; and the only existing equilibrium
point is the disease-free one which is globally asymptotically
stable. O

Theorem 8 can be reformulated for the use of £, -norms
by using the identity:

| o |Sena + B (Sena = Sio)l
+ [Sena + BBar (Sena = Si)| (67)

+[Sea + BBor (Sena — Sap)|

and for the use of ¢,-norms by using the square root of the
sum of the squares of the three right-hand-side terms in
the above identity as replacement of it. A simple sufficient
condition for the local stability of the disease-free equilibrium
follows.

—k

A

*
Adf

end —

Theorem 9. Assume that [3 is small enough according to B <
Beas with respect to the threshold:

1+ﬁAr+ﬁDr[

S* b2 +min (Y’ K\t - 11)]
daf

ﬁcdf =

B b, (b, +n+Ky,) b
= 7 B+ o) [ 5y~ Vo) ] 2

+min (y, Ky - 7)).

Thus, the disease-free equilibrium point is locally asymptoti-
cally stable provided that

(68)

o<
K;>11—b,

b, € (max(n—K;>K;+2To + Ky —wy(1-p) ©

* -«
—To,yp—oc—TO—KE,O), 5 )

Proof. Note from (49) that A} is a stability matrix since
diag(A}) is a stability matrix and A} is diagonally row
dominant if (68)-(69) hold. ]

Note that Theorem 9 can be combined with Theorem 5
in practical situations in the following sense. If the threshold
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B < Bear < Peend then the disease-free equilibrium is locally
asymptotically stable and no endemic equilibrium point
exists. If B > B.gr = Peeng then the endemic equilibrium
point is locally asymptotically stable while the disease-free
one is unstable. This local result has a global stability version
as discussed in the following. The subsequent global stability
result is proved in Appendix and it is based on the qualitative
theory of differential equations in the sense that Lyapunov
equation candidates are not used. The solution explicit
formulas are not invoked to construct the proof but only the
trajectory separating properties of eventually existing stable,
semistable, or unstable limit cycles around equilibrium points
are addressed and used.

Theorem 10 (global uniform asymptotic stability). Assume
that pp(t) — pp, = 0 as t(e€ ImpD) — oo. Thus, the following
properties hold:

(i) If the disease-free equilibrium point is locally asymptot-
ically stable while the endemic equilibrium state does
not exist then the epidemic model is globally uniformly
asymptotically stable and all the solution trajectories
converge asymptotically to the disease-free equilibrium
point.

(ii) If the disease-free equilibrium point is unstable and the
endemic equilibrium state exists then the system is glob-
ally uniformly asymptotically stable and all the solution
trajectories converge to the endemic equilibrium point.

(iii) The disease-free and the endemic equilibrium states
cannot be simultaneously either stable or unstable.

4. Numerical Simulations

It is now presented a set of numerical simulation work. The
parameters of the model are obtained from real data from
a study of Ebola disease [29]. The recruitment rate and the
natural average death rate are b, = b, = 1/(70x365) x daysf1
while the disease transmission coefficients are 5 = 0.16, 8, =
0.05, and B, = 0.5 (xdays ™), respectively. The average dura-
tion of the immunity period reflecting a transition from the
recovered subpopulation to the susceptible subpopulation is
determined by 1/5# = 1000 days, the average transition rate
from the exposed to both infectious subpopulations is y =
1/15.8 x days ', the average extra mortality of the symp-
tomatic infectious is = 1/13.3 x days™", the natural immune
response is 7, = 1/12 x days™’, the fraction of the exposed
subpopulation becoming symptomatic infectious one is p =
0.9, and the average duration of infection is 1/¢ = 20 days.
The initial conditions are given by S(0) = 1000/1050, E(0) =
10/1050, I(0) = 30/1050, A(0) = D(0) = 0, and R(0) =
10/1050 so that the initial total living population is normal-
ized to unity, N(0) = S(0) + E(0) + I(0) + A(0) + D(0) +
R(0) = 1. Figure 1 displays the natural evolution of the disease
in the absence of any external action. It is observed that the
number of infective and infectious subpopulations increases
implying an increase of infective corpses as well. The result
of the natural evolution of the epidemics is the dead of
individuals so that the total living population decreases with
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FIGURE 2: Natural evolution of the total alive population.

time as Figure 2 shows. After 250 days, the total living
population is only 56.47% of the initial one. Three control
mechanisms of fighting against Ebola have been considered
in the previous subsections. The effect of these control poli-
cies is now illustrated through simulation examples. Initially,
corpse culling (impulsive action on D) is considered as the
only action to modify the natural behavior of the disease.
Figures 3 and 4 show the effect of corpse culling on the system
with different culling rates. In this way, Figure 3 considers the
case when corpses are removed once daily at arate of pp, = 0.1
(i.e., 10% of corpses are removed daily) while Figure 4 shows
the behavior of the system when the daily culling rate is pj, =
0.8.
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FIGURE 3: Evolution of the subpopulations with a daily culling rate
of pp = 0.1.
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FIGURE 4: Evolution of the subpopulations with a daily culling rate
of pp = 0.8.

It can be deduced from Figures 3 and 4 that corpse culling
has a high impact on the evolution of the disease since all
the infected populations reduce their peak values due to the
application of culling. The direct consequence of this fact is
that the number of casualties is reduced as Figures 5 and 6
reveal for the total living population. Therefore, when the
culling rate is p, = 0.1, the total living population after 250
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FIGURE 5: Evolution of the total alive population with a daily culling
rate of pp = 0.1.

0.95
0.9
.S‘ 0.85
=
= 08
a,
1)
075
o0
=l
£ 07
g 0.65
Ho !
0.6
0.55
0.5 1 1 1 1
0 50 100 150 200 250
Time (days)

FIGURE 6: Evolution of the total alive population with a daily culling
rate of pj, = 0.8.

days is 62.10% of the initial one while when pj, = 0.8 the total
living population after 250 days is 86.07% of the initial one.
On the other hand, Figures 7 and 8 show the effect of culling
when applied every other day instead of daily.

If we now compare Figures 6 and 8 it can be noticed
that the spacing of the culling action reduces the total
living population after 250 days of epidemics. Thus, from
Figures 5, 6, and 8 it is obtained the intuitive conclusion
that it is recommendable to perform culling as frequently as
possible with the highest possible rate. Hence, the proposed
mathematical model (1)-(6) captures and illustrates the effect
of culling in reality. Figures 9, 10, and 11 display the culling
effort corresponding to the cases considered in Figures 3, 4,
and 7, respectively. The culling effort is higher during the
first time instants for a higher culling rate while decreases
afterwards. Thus, a greater number of corpses are removed
initially, fact that reduces the number of deaths caused by the
infection, which in turn reduces the number of new corpses.

Discrete Dynamics in Nature and Society

0.5}
0.4}

Subpopulations

0.3}

250

Time (days)

---D
-—-R

FIGURE 7: Evolution of the subpopulations with an every other day
culling rate of p,, = 0.8.

0.95 |
09
0.85
0.8
0.75 |
0.7 |
0.65 |

Total living population

0.6

0.55

0.5

0 50 100 150 200 250
Time (days)

FIGURE 8: Evolution of the total alive population with an every other
day culling rate of p,, = 0.8.

As a consequence, the number of corpses to be removed
reduces as time goes by. On the other hand, a smaller culling
rate causes a peak in the culling effort during the evolution of
the disease, as Figure 9 shows.

Furthermore, vaccination can also be used in addition
to culling to fight against disease. In this way, Figures 12—
15 show the effect of a constant vaccination on the system
when a culling rate of p, = 0.1 is also applied. The constant
vaccination is expressed in both cases as a multiple of by, being
of V.=V, = 0.2b, for Figures 12 and 13 and V' = V;; = 0.8},
for Figures 14 and 15.

It can be noted from Figures 5, 13, and 15 that the
proposed constant vaccinations do not alter significantly the
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FIGURE 9: Culling effort p, D(¢) with a daily culling rate of p,, = 0.1.
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FIGURE 10: Culling effort p,, D(t) with a daily culling rate of p, = 0.8.

behavior of the system where the culling action has been
applied. This result points out that it may be difficult to
tune the constant vaccination term Vj, in order to obtain an
appropriate behavior of the controlled system. The proposed
feedback vaccination given by (7) in Section 2 contributes to
solving this tuning problem since it relates the vaccination
effort to the actual evolution of the system in such a way
that the amplitude of vaccination is calculated based on the
current value of susceptible. Thus, Figures 16 and 17 show
the system evolution when a feedback vaccination with a
constant of Ky, = 0.002 is applied along with the constant
vaccination term.

From Figures 12 and 16 we conclude that the feedback vac-
cination law calculated from the value of susceptible modifies
significantly the behavior of the system while Figures 13 and
17 reveal that the total living population is largely improved
by the action of feedback control. As a consequence, the main
recommendation related to vaccination campaign design is to
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FIGURE 11: Culling effort p,D(¢) with an every other culling rate of
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FIGURE 12: Evolution of the subpopulations with daily culling rate of
pp = 0.1 and constant vaccination of V = V; = 0.2b,.

dynamically calculate the amount of vaccines to be applied
by using the proposed feedback law (7). The vaccination
control action is shown in Figure 18 while the culling effort
corresponding to this case is depicted in Figure 19. It can
be observed in Figure 19 that the culling action vanishes as
a direct consequence of D(t) tending to zero asymptotically.
Therefore, the combination of culling and feedback vaccina-
tion allows stopping the mortality associated with the disease.
Finally, we can also add antivirals to fight against Ebola.
Antiviral action is given by (8) which is a feedback control law
based on the symptomatic infectious subpopulation. In this
case, we consider the constant linear value of &(¢) = K I(t) =
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FIGURE 14: Evolution of the subpopulations with daily culling rate of
Pp = 0.1 and constant vaccination of V' =V = 0.8b,.

0.01I(t) to show its effect on the system. Figures 20 and 21
show the combined effect of the three external actions.

From Figures 17 and 21 it is observed that the total living
population is improved thanks to the use of antivirals while
the deaths associated with the disease are stopped due to the
use of the proposed approach. Moreover, it is now worth
comparing the behavior of the natural system without any
kind of external action with the evolution of the system when
culling, vaccination, and antivirals are applied, especially
Figures 2 and 21. After 250 days of epidemics, the total living
population without any external action is of 56.47% while it is
of 98.74% when the proposed dedicated policies are applied.
These values show the great success in the application of
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FIGURE 16: Evolution of the subpopulations with daily culling rate of
pp = 0.1 and feedback vaccination of V' = 0.2b; + 0.002S5(¢).

control measurements to lessen the impact of epidemics in
society. Moreover, Figures 22, 23, and 24 show the control
efforts associated with each one of the therapies. It is shown
that the culling and antiviral actions vanish asymptotically so
that they are only applied for a limited period of time while
vaccination needs to be maintained since it converges to a
positive constant.

Figures 25-28 show the behaviors of the asymptomatic
and lying infective corpses under a culling rate of p, = 0.1.
The oscillatory nature of the solution due to the impulsive
culling action on infective corpses is better figured out in
Figure 28 which is ran on longer observation time intervals.
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rate of pp = 0.1 and feedback vaccination of V' = 0.2b; + 0.0025(¢).
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FIGURE 18: Vaccination function V' = 0.2b; + 0.0025(t) when a daily
culling rate of p, = 0.1 is also applied.

5. Conclusions

A new epidemic model is proposed with six subpopulations
by incorporating the asymptomatic infectious and the dead
corpses into a basic SEIR model of four subpopulations. The
model is driven by three simultaneous controls in terms of
a vaccination control on the susceptible which is based on
linear time-varying feedback plus a constant term, an antivi-
ral treatment on the symptomatic infectious subpopulation
with infection feedback information, and a culling action of
impulsive type on the infective dead corpses. The vaccination
controls are combinations of feedback-independent (which
can be constant, in particular) and feedback time-varying
linear terms and the antiviral treatment control is of a time-
varying linear feedback nature. There is also an impulsive
time-dependent control action consisting of the retirement
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FIGURE 19: Culling effort p;, D(¢) when a daily culling rate of p, = 0.1
and vaccination law V' = 0.2b, + 0.002S(t) are applied.
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FIGURE 20: Evolution of the subpopulations with daily culling rate of
pp = 0.1, feedback vaccination V' = 0.2b; + 0.002S5(¢), and antiviral
treatment &(t) = K¢I(t) = 0.011(t).

of corpses so as to reduce the risks of dead-contagion to the
living uninfected population.

Anidentification and analysis of the endemic and disease-
free equilibrium points and equilibrium oscillations are
performed in the case that the control gains are constant.
The equilibrium oscillations arise as a generalization of the
equilibrium points when the dead corpses recovery action has
a periodic nature. The parameterizations of those mentioned
steady-state solutions are investigated as being dependent on
the control gains as they converge to constant values. The
local stability properties of the steady states and the global
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FIGURE 21: Evolution of the total alive population with daily culling
rate of p, = 0.1, feedback vaccination V' = 0.2b, + 0.0025(¢), and
antiviral treatment §(t) = K¢I(t) = 0.011().
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FIGURE 22: Vaccination function V' = 0.2, + 0.0025(t) when a daily
culling rate of p, = 0.1 and antiviral treatment &(t) = K I(t) =
0.011(t) are applied.

stability are investigated. The main novelties of the paper
are (a) the incorporation of the asymptomatic infectious
subpopulation and dead corpses as extra subpopulations
with study of their steady states being either equilibrium
points or oscillations; (b) the design of three distinct controls
on the above proposed extended SEIADR model which
can be time varying and with feedback information on the
susceptible, symptomatic infections and dead corpses; (c)
the performance of the global stability analysis based on
qualitative theory of differential equations rather than on
the analysis of Lyapunov functionals; and (d) the emphasis,
supported within a variety of performed simulations, that
the infection evolution might be very sensitive to the corpses
culling action (impulsive control) parameters.
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FIGURE 23: Culling effort p,D(t) when a daily culling rate of p,, =
0.1, vaccination law V' = 0.2b; + 0.0025(¢) and antiviral treatment
&(t) = K¢I(t) = 0.011(¢) are applied.
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FIGURE 24: Antiviral action when a daily culling rate of p, = 0.1,
vaccination law V' = 0.2b; +0.002S(¢), and antiviral treatment &(¢) =
KeI(t) = 0.011(t) are applied.

Appendix

Proof of Theorem 10. Rewrite (2) equivalently as

E(t) = (BI(t) + BoA(t) + BpD (1)) S (t)
=F (E(t),I(t)+A(t)) = F (E(t),0) (A1)

=—(b,+y)E(t)



Discrete Dynamics in Nature and Society

0.012 -
0.01
0.008
0.006 +
0.004 +

0.002 H

0 1 1 1 1 1 1 1 1 )
0 100 200 300 400 500 600 700 800 900 1000
Time (days)
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daily culling rate of p,, = 0.1.
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while one gets from (3), (4), and (8)
T@6)+ A+ (a+ K +Ke (1) 1(0)
=F (E(t),I1(t)+A(t) (A.2)

=yE(t) - (b + 1) I (t) + A(t)),

where I?E(t) = K(t) - Kg. Note from (A.1)-(A.2) that
F,(E(t),0) and F,(E(t),I(t) + A(t)) are continuous with
continuous partial derivatives with respect to their arguments

in any simply connected region C,,,, of R?

OF, (E(t),0)
OE (1)

OF, (E(t),1(t) + A(t))
oI (t)+ A1)

(A3)
=-(2b,+y+1y) <0; VteR,.

Any such region C;;, cannot contain a closed trajectory C
(limit cycle) from Gauss-Stokes theorem since then

f]gc [FL (E(®),0d(I(t)+A®) - E(E®),I(t)+A(t)dE (t)]

OF, (E(t),I(t) + A(1))

(A.4)

(e

intc

from (A.3) if Gy, is the interior of the set defined by the
simple curve C, a contradiction, (Bendixson’s criterion of
nonexistence of limit cycles [34] or Bendixson’s first theorem,
implies that the above integral has to be null for closed

trajectories) then it should hold F, (t)dF, (t)—F, (t)dF,(t) = 0
along the orbit C and this is impossible from (A.4), where

1_:1 ®)
= E(t) - E(0)
- [ 10+ ra(@) + oD @) S (0 do
t
—-+7) [ E@ o
_ 0 (A5)
F, (1)
I+ A@t)-1(0)—A(0)
- jt (a+Kf + K¢ (0))I(0)do
0

t
0

- [ 0@ -+ 1) 1@+ A@))do

from (A.1)-(A.2). Since Kg(t) — 0ast — oo one has from
(A.1) and (A.2) and (A.4) that

lim [I(t) +A(t)+((x+K§)I(t)
e (A.6)
~E(EW®,10)+A®)] =0,

oI () +A()

)dE ) d(I(t)+ A1) < 0;

lim [E(#) = (BI(#) + BaA (£) + BpD (1) S (1)
(A7)
~F (E(t),0)] =0.

Taking Laplace transforms in (A.6) by neglecting initial
conditions and using (48), one gets from (A.6) that E(s) =
ﬁz(s)/((CI + Cy)s + (a + Kg*)cz)’ where the superscript
“hat” denotes the Laplace transform in the Laplace argument
“s” of F,(-). Since F,(t) is not asymptotically periodic the
Laplace antitransform of E(s), that is, E(t), is not asymptot-
ically periodic from the above expression. Since E(t) is not
asymptotically periodic then I(t) and A(¢) and D(t) are not
asymptotically periodic (note the assumption p;; = 0). On
the other hand, one gets from (6) to (8) ast — 0o, since
Ky (t) — Ky, and K¢ (t) — Kg ast — oo that

R(t) + (by +n) R(t) -V, - K S (t)
(A.8)
=10A (1) + (7o + K7 ) I (£)

while summing up (1) and (6) by taking into account (2) and
(48) yields

St)+R(t) +b,(S(t) + R(t))
=-E(t)+b (A.9)

+(TOCA+(T0+Kg)CI—(b2+y))E(t).
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FIGURE 26: Zoom on the evolution of the asymptomatic subpopula-
tion with a daily culling rate of p, = 0.1.

Subtracting (A.8) from (A.9) and rewriting (A.9) in an
equivalent form yields

SH+E@) +(by+y)E®)-b +V,

(A.10)
= F;(S(t),R(t)) =~ (b, + Ky,) S (1) + R (1),
SH+RE)+E(t)-b
+(by+y-1Ca - (1o + K{ ) C;) E() (A1D)
=F; (S(t),R () =-b, (S() + R (1)),
OF; (S(t),R(t))  OF,(S(t),R(1))
S (t) OR (1)
(A.12)

=—(2b, + Ky,) < 0;
Vt € R,.

Since sign((0F;(S(t), R(¢)))/0S(t) + (OF,(S(t), R(t)))/0OR(t))
is constant along state-trajectory solutions in R?, one has
again that no closed trajectory (then no limit cycle) can exist
surrounding any region with Poincaré’s index +1. In view of
(A.11)-(A.12), the functions S(t)+E(t)+(b,+y) E(t)~b; +V, and
S(t)+R(t) +E(t)—b, + (b, +9-1,C4 — (1 +KE*)CI)E(t) are not
asymptotically periodic. Since E(t) and E(t) have been proved
to be nonasymptotically periodic then S@® +R®)), $t), R(¥),
and then their time-integral solutions are not asymptotically
periodic either.

The above arguments, together with the property of
uniform boundedness of the total population and that of
the nonnegativity of the solution, conclude that if only
the disease-free equilibrium point exists while it is locally
asymptotically stable then it is globally asymptotically stable
as well since no limit cycle can exist around it in any plane
in R}, associated with any two of the state variables. On
the other hand, assume that the endemic equilibrium state
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FIGURE 27: Evolution of the infective lying corpses with a daily
culling rate of p,, = 0.1.
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FIGURE 28: Zoom on the evolution of the infective corpses with a
daily culling rate of p,, = 0.1.

is not a stable attractor while the disease-free is unstable.
Then, an unstable limit cycle around it cannot exist from the
above discussion (which excludes both stable and instable
limit cycles) and, due to the nonnegativity of the solution and
to the uniform boundedness of the whole population, then
the trajectory converges asymptotically to it so that it is a
stable attractor.

If the disease-free equilibrium point is unstable and the
endemic equilibrium exists then the endemic equilibrium
point is a stable attractor and the system is globally asymp-
totically stable with any state-trajectory solution converging
to it.

Two other possible stability/instability combinations of
the stability of both equilibrium states are excluded as follows
leading to Property (ii):

(1) The case that both equilibrium states are simulta-
neously locally stable is excluded. Since there is no
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closed trajectory solution then there is no semistable
limit cycle separating the domains of attraction of
both equilibrium states within the first orthant of R®.

(2) The case that both equilibrium states are simultane-
ously unstable is excluded as well since the system is
globally stable if it is positive.
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