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Abstract: In this paper, a hybrid SEIAM model for infectious disease with a continuous age struc-
ture is established, where combined dynamic effects of media coverage and multi-staged infected
progression on threshold dynamics are discussed. Sufficient conditions for uniform persistence
of the solution are studied by using the basic reproduction number. By constructing appropriate
Lyapunov functions, the global stability analysis of endemic equilibrium is investigated based on
Lyapunov-LaSalle’s stability theorem. In order to minimize costs incurred due to applied controls
and infectious disease burden, an optimal cost-effective control strategy associated with disease treat-
ment and media coverage is discussed. Numerical simulations are carried out to show consistency
with theoretical analysis.
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1. Introduction

According to some recent epidemiological data collected in medical observations,
it is found that parasite levels in vectors or viral loads in an infected population have a
great influence on disease infectivity [1], and not all of the infected population behave in a
homogeneous way during the entire infectivity period [2-4]. Some infectious diseases with
a comparatively long infectivity period, such as HIV [1], bilharzia [2], HBV and HCV [3,4],
usually exhibit various infecting forces at successive discrete stages of infection. Some
staged progression models are proposed to depict disease progression with typical varying
characters in infectivity transmission [5-7]. For epidemic models with multiple infectious
stages and general distributions for the stage durations (exponential distribution [5] and
Gamma distribution [6] as special cases), it is shown that disease dynamics are determined
by the derived basic reproduction number. The global threshold dynamics and uniform
persistence of stage-processed disease models are discussed based on the basic reproduction
number in [7].

In recent decades, many research efforts have been made to discuss the potential
impact of age on disease progression, and some age-structured models have also been es-
tablished to depict the vaccination or latency phenomena in the studied epidemiology [8,9].
Although these mathematical models are usually composed of partial differential equations
and corresponding dynamical analysis is particularly challenging, global stability for some
type of age-structured models have been investigated by constructing Lyapunov functionals

Mathematics 2022, 10, 2712. https:/ /doi.org/10.3390/math10152712

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math10152712
https://doi.org/10.3390/math10152712
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0003-0085-9475
https://doi.org/10.3390/math10152712
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10152712?type=check_update&version=1

Mathematics 2022, 10, 2712

2 of 28

in [10-12] and the references therein. Complex bifurcation phenomenon stability analyses
are discussed in some multi-group epidemic models with age structure [13-16] and the
references therein. A novel multi-group SVEIAR epidemic model with ages of vaccination
and latency is formulated in [17], where the sufficient conditions for the occurrence of
backward bifurcation in epidemic models are investigated. In order to discuss the possible
effects of the variable infected population in each stage of disease dynamics, some epidemic
model multi-age structures are proposed in [18-20], and the uniform persistence of the
models and global stability analysis around the epidemic equilibrium are investigated.
In [21], the authors propose a reaction-diffusion SIR epidemic model with multi-group and
the nonlinear infectious force function is investigated, and global asymptotic stability for
disease-free and endemic equilibria is discussed by using the Lyapunov functions method.

It is well known that media coverage reduces the prevalence of infectious disease and
shortens the duration of infection [22]; public health alerts through social media and TV
advertisements play an important role in effectively communicating with people regarding
the spread of any infectious disease during a short period of time [23]. The impact of
public awareness and local behavioral response is studied in [24], and the awareness
among the infected population reduces the infectivity due to pharmaceutical interventions.
Since human behavior is usually changed toward the diseases through mass media, it
is constructive to prevent the spread of infectious diseases as the public relies on what
mass media projects to them [25,26]. By assuming the public health alert programs are
implemented proportional to the infected population, there has been recent progress
on cost-effective analysis for the social media coverage to promote vaccination against
infectious disease [27,28], and some recent studies were conducted to discuss the increment
in vaccination coverage due to social media and TV advertisements, such as [29-32], by
considering media alerts as a decreasing function of the infected population.

Recent theoretical research shows that vaccination and treatment are the most effective
as well as applicable preventive and control strategies during the outbreak of infectious
disease. In order to evaluate optimal strategies of social distancing and vaccination, an
age-structured dynamic system is established to describe the transmission mechanism of
seasonal influenza in [33]. By using Pontryagins’ maximum principle, the authors identify
the best way of reducing morbidity and mortality at a minimal cost. By choosing the
treatment (a pharmaceutical intervention) and constructive public health alerts (a non-
pharmaceutical intervention) as control tools, an optimal control problem is formulated
in [34], which is utilized to minimize the cost and disease fatality. In [35,36], the author
discusses the optimal distribution strategies of an infectious disease with the mixing of
two sub-groups under a resource-constrained environment. An optimal control strategy is
formulated [37] to explore cost-effective intervention strategies associated with vaccination
and water sanitation, which are designed for the prevention and intervention of cholera
epidemics. By considering information-induced vaccination and treatment as controls,
optimal control profiles for the applied controls are obtained in [38]. For some specific infec-
tious diseases (foot-and-mouth disease model in [39] and liver cirrhotic disease model [40]),
optimal vaccination and treatment measures are formulated.

To the author’s best knowledge, there are few results concerning mathematical model-
ing of the age-structured epidemic model with stage progression and media coverage. The
combined dynamic effects of multi-staged infected progression and public health alerts on
epidemiological dynamics have not been investigated before. The optimal control strat-
egy associated with treatment and media coverage has not been discussed in the related
references mentioned above.

2. Model Formulation

Based on the above analysis, some hypotheses are proposed as follows:
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Hypothesis 1 (H1). The total population at any time t is divided into the susceptible population
S(t), exposed population E(t), time and age-dependent infected population 1(t,a) and aware popu-
lation A(t). It is assumed that media campaigns induce behavioral changes among the susceptible
population, which form an isolated aware class fully protected from the infectious disease. A denotes
the constant recruitment rate of the susceptible population. dy, dp and d4 denote the per capita
death rate of S(t), E(t) and A(t), respectively. 6 stands for per capita transfer rate from the exposed
population to the infected population, c denotes the dissemination rate of awareness among the
susceptible population, hy represents the transmission rate of the aware to the susceptible population.

Hypothesis 2 (H2). In order to investigate the possible effects of multiple infectious stages and
variable infectivities in each stage on the epidemiological dynamics, the infection age in the k-th
stage is assumed to be characterized by its relationship to the corresponding adjacent stages. The
entire infectious period [0, +00) in this paper is assumed to be partitioned into (k + 1)-th stages
defined by infection age intervals (ay_q1,ar| (k = 1,2,--- ,n) such that 0 = ap < a3 < --- <
ay < Ay = 0.

Hypothesis 3 (H3). It is assumed that the susceptible population is vulnerable to the infectious
disease as well as public health alerts regarding social media advertisements and TV. yy(a) represents
the age-dependent transmission coefficient in the k-th infectious stage, which describes the varying
probability of infectiousness in the k-th stage. vi(a) denotes the age-dependent recovery rate. dyj.
stands for the per capita death rate of the infectious population at the k-th stage, By(a) denotes the
transmission rate of the infectious population from the k-th stage to the next (k + 1)-th stage.

Hypothesis 4 (H4). M(t) represents the cumulative number of social media and TV advertise-
ments at time t. It is plausible to assume that the cumulative number of social media and TV
advertisements proportionally increases with the number of infected individuals. It is also assumed
that the growth rate of social media and TV advertisements is proportional to the number of the in-
fected population with a decreasing function of the aware population. | represents the half-saturation
point for the impact of social media and TV advertisements on the susceptible population. My
and 1 represent the baseline number and diminution rate of social media and TV advertisements,
respectively. ri.(a) denotes the age-dependent growth rate of social media and TV advertisements.

Ok (a) denotes the age-dependent decay rate in social media and TV advertisements due to an increase
A(t)

in the aware population. wy(a) represents the half-saturation point as ry(a)0y(a)
half of its maximum value ry.(a)6(a).

Hypothesis 5 (H5). All constant parameters are nonnegative, and the age-dependent functions
are all nonnegative, bounded and integrable in their definition intervals.

Keeping all these Hypotheses (H1)—(H5) in mind, we formulate a multi-stage SEIAM
model for infectious diseases with media coverage and multi-staged infection progression,
which is governed by the following hybrid model with ODE and PDE,

B = A+ o] [ [ve(a) = pi@)S (1)) (e, )da — Y 4 hoA(E) — diS(8),
=yt [ ue(@)S(H) (e, t)da — (5 + d)E(H),
%(f’t)*a[ké?” (@) + (@) + Br(@) (@), a € (@] M)
dgtt) _ ch(rM(()) (ho —0—d4)A(9) »
= T [ rela) [1— HDAG Ti(a, t)da — n(M(E) — Mo),

fork=1,--- ,n+1withay=0,a,.1 =ocand B,,1(a) =0foranya € (a,,a,41).
The boundary conditions are

Ii(ag, t) = OE(t), Ipyq(ag,t) / Br(a)Ix(a,t)da 2)
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Foranyt >0,k =1,---,n+ 1 and initial conditions
S(0) = % E(0) = E°, It(a,0) = I} (a), A(0) = A°, M(0) = M°, (3)
such that S, E%, A%, M? € R>, I} € L} (0,00).

Remark 1. Recently, some epidemic models with media-induced nonlinear incidence and age-
dependent vaccination have been established in [41,42]. Uniform persistence and the sharp threshold
dynamics are investigated, and the efficacy of vaccines is discussed due to the variation in vaccination
reproduction number. However, the combined dynamic effects of multiple disease progressions and
public health alerts on epidemiological dynamics have not been investigated. Compared with the
work in [41,42], model (1) can not only describe infectious disease progression through multiple
stages but also assess the dynamic impact of social media and TV advertisements on the spread of an
infectious disease. The treatment measures generally minimize the serious consequences of infection,
and efficient media coverage act as a constructive public health alert, which reduces the infection
rate. With these proper control measures, the authorities may significantly reduce wealth loss and
mortality due to disease burden. Compared with recent references [33—40] concerning the optimal
control strategies for infectious disease, the treatment and diminution rate of media coverage are
first adopted as control variables in this paper. An optimal cost-effective control strategy is discussed
to minimize the costs incurred due to applied controls and infectious disease burden.

The rest of the sections of this paper are organized as follows. In the Section 2,
nonnegativity and the uniform persistence of the solution are studied by using the basic
reproduction number. By constructing the appropriate Lyapunov functions, the global
stability analysis of endemic equilibrium is investigated. In the Section 3, an optimal cost-
effective control strategy is discussed to minimize costs incurred due to applied controls
and infectious disease burden. In the Section 4, numerical simulations are provided to
support the theoretical analysis. Finally, this paper ends with a conclusion.

3. Qualitative Analysis of SEIAM Model

In this section, the combined dynamic effects of media coverage and multi-staged
infected progression on infectious disease dynamics are discussed. Sufficient conditions for
uniform persistence of the solution are studied by using the basic reproduction number.
By constructing appropriate Lyapunov functions, global stability analysis of the endemic
equilibrium is investigated based on the Lyapunov-LaSalle stability theorem.

3.1. Basic Reproduction Number and Endemic Equilibrium

In order to describe the age-specific survival probability of an infected person in the
age interval (a;_1,ai], we define

qu(a) = 0 akﬁ][Vk(T)'f‘d?,k(T)"F/gk(T)]dT’ a€ (g ya, k=1, ,n+1, (4)

and some mathematical notations are also defined fork =1,--- ,n+1,

g

Vk:/ﬂi Br(a)gx(a)da, Qk:/ﬂk i (a)gx(a)da, Uk:/ vi(a)ge(a)da.  (5)

k-1 k-1
Remark 2. It should be noted that Vi (k = 1,2,--- ,n + 1) represents the probability that an

infected individual survives during the k-th infection age and proceeds to the (k + 1)-th infection age.
% denotes the expected new infectious individual generated by an infected individual during the k-th

P dz)ﬁ;?{jf?})zéljdgo& )] is the fraction of individuals

surviving through the exposed stage and reaching the first infection age. QkH;.‘;lle stands for

infection age from (ay_q, ax). Furthermore, (

the part of secondary infections generated from the k—th infection age, when a typical infected
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individual contacts a susceptible individual. Hence, the sum of n + 1 terms Z"H QkH;c 11V]
denotes secondary infections from all n 4 1 infection ages.

By using Remark 2 and simple computations, it is easy to show the basic reproduction
number is as follows:

A (ho + dy) (1 + M) el
106+ &) Mo+ (o + A Mo)] o A1h=1Y (6)

Ro =

Based on system (1), if Ry > 1, then it follows from simple computations that the
endemic equilibrium P* = (§*, E*, I{(a),- - - (a), A*, M*) is as follows,

n+]

_ _A
5" = amy

_ _A 1
E* = 2 (1 _ R*O)
I} (ag) = 0E*, I (a) = I} (ag)gk(a)IT Ilcflv‘ k=2, n+1), o
Ar = A (q - dthi) T (Vi) e > + ) 1LI)Q

= T 4R, e ,
M+ = _Lotdy)Ar

= S —(hotdn)A "

3.2. Nonnegativity and Uniform Persistence of Solution
In order to facilitate the following proof, vector w is defined as follows,

T
s Up+1, W3, w4)

= (S,E L(at), -, Ipi(at), A, M) € R x Ll((o,+oo),R"+l)

w = (wllwzlul,' e

it is a solution vector, which is endowed with the following norm,

n+1
[wll = |S(6) + [E(t I+Z/k 1IIkatIda+|z‘1()l+ll\/1()\

Lemma 1. For system (1) with any nonnegative initial values, all of the solutions of system (1)
are nonnegative.

Proof. Based on the standard theory for age-structured models [43], boundary conditions
(2) and initial conditions (3), by integrating I;(a,t) on (aj_1,ai] it yields,
I(ag—r,t + apq —a)g(a), t+aq >a,
I (ﬂ t) = 0 g (ﬂ) ac (akfl, a]. (8)
{ L(a—t- ak—l)m, t+agq <a,

According to the classical existence and uniqueness results for functional differential
equations, by substituting (8) into system (1), it is easy to show that I (a, t) is nonnegative

for any nonnegative initial value, and there exists a unique solution for system (1).

If there exists t1 such that S(t;) = 0 and S(¢) > 0 holds for 0 < t < t7, then it implies
ds (fl)

that > 0and S(t) > 0 holds for t > 0. By using similar arguments, the nonnegativity
of other variables, E(t), R(t), A(t) and M(t), can be shown for any nonnegative initial
values. This completes the proof. [

In order to guarantee the existence of the semiflow solution for system (1), which
admits a compact global attractor, system (1) can be rewritten as the following Cauchy
problem defined on boundary condition (2),

dz
T Az + F(z), 9)
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where A : Dom(A) — R* x L}((0,+00), R"™) x R*"™! z = (w,0,---,0)T € R* x
L1((0,+00), R""1) x {0} take the following form,

—djw
—(da + 6)ws

- (a% +v1(a) +dzi(a) + B (‘1))“1

Az = | (@ vara(a) +duia () + Busa (@) )t 2
—u1(0)

, (10)

_un+1(0)
—(ho +dg)ws
—Hwy

with z(0) = zp € By, Dom(A) = {z € By |ux(-) € ZV[0,+o0),k=1,--- ,n+1}, ZM
represents a Sobolev space and B is defined as follows,

L= {R4 x Ll((o,+oo),R"+1) x {o}”“} N {Ri x L ((0,+00), R"F1) x R’fl}. (11)

Furthermore, F is defined as follows,
F R x LY((0,+00), R"1) x {03+ — R x L1((0, 400), R"*1) x R,

A+ T [ () — o pi(a) o, £)da — S0 4 hgaos
w1 2 8 (@) (a, t)da
OLl
OLl
571)2
Fl(z) = : . (12)

Sk Brla Mk(ﬂ t)da

fan Bn(a)un(a, t)da

ClUlZU4

I+wy

n+1 _ 9k()
Yl ak L Te(a) |1 uy(a, t)da 4+ yMy

wk(ﬂ)+w3

It follows from Theorem 2.1 and Theorem 2.2 in [44] that there exists a unique solution
semiflow Z(t) : By — B defined by system (9).
Let N(t) = S(t) + E(t) + L7 11 [* i(a,t)da+ A(t) + M(t), it follows from simple

Aje_
computations and system (1) that

dN(t) ( ) g dA(t)  dM(t)
e~ Tar " ar +Zdt</ )d>+ a T ar
< A+nMo—diS(t) — daE(t) — dsA(t) nil I (a, t)
n+1
0 [ )+ () (1 (@) — (o)l )i
< A+ Mo — aN(t), (13)

where & = min{dy,dy, ds, n,dsi(a) — vi(a) —ri(a)(1 —6k(a))} k=1,2,--- ,n+1).
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By using (13) and the comparison principle [45], it can be obtained that

limsup N(t) < w,

t—00 o

(14)

which reveals that all solutions of system (1) and the corresponding system (9) are uniformly
bounded. Hence, the solution semiflow Z(t) is point dissipative. According to Theorem
3.6.1 [45], it can be obtained that Z(t) is compact for all + > 0, and it is easy to show that
Z(t) has a compact global attractor in B, based on Theorem 1.1.3 [46]. Based on the above
analysis, Lemma 2 can be concluded as follows.

Lemma 2. System (9) has a unique solution semiflow Z(t) : By — B... Furthermore, there exists
a compact global attractor for Z(t).

Lemma 3. The subset 97 is positively invariant under the semiflow {Z(t) }4>o and Z(t)0Z C oZ.
When t is large enough, Z(t)v — @ holds for each x € dZ, where Z, 0Z and 0 are defined as follows,

te {(111‘ ~ Inn) T € LL((0,+00), RMH)

a
/" Ii(a)da > 0,3k € [1,-~~,n+1]},
k-1

) A
0Z = By x {0} T\ {RY xZ x {0}"*!}, o= ch,0,0L1,- -+,071,0,-++,0,0,0

n+1 n+1
Proof. Based on (14), it is easy to show that S(t) < %, for any initial point in 9Z and

(SO, I?, cee, 12 00, 9, 0, 0) 0Z, we consider the following auxiliary system
n+1

dg(tt) _ A—H?Mo Yol W pxla a)I(a,t)da — (6 +d2)E(t)

W“”N’W”: —[vi(a) + dai(a) + Bi(a)]Tx(a, 1), a € (ar_1,a]
dA() A+r]M cM(t)
dt o OH_M(t) (h0+d4) ()r (15)

) _ gl o k<a>[1_ ( ”)] Ti(a,t)da — n(M(t) — Mp),

Il(a()/ ): 5E( ) Ik-i—l ak! fak 1:Bk ((1, ) a,
E(0) = E°, It (a,0) = I?(a), A(0) = A%, M(0) = M.

By using the comparison principle [46], it can be obtained that E(t) < E(t ), Alt
A(t), M(t) < M(t)and I(a,t) < Ie(a,t) (k = 1,2, -+ ,n+1), where (E(t), L (a,t), -+ , L1
(t), A(t), M(t)) is a solution of system (15).

Based on (8) and system (15), the Tk(a, t) is obtained as follows,
Tat) = k(a1 +t —a)gi(a), t+ag—q > a, A
R I}?(a —t— ak—l)gk(aﬁkt(,aikil)/ t+a_q <a, k=1 %k

where {i (k =1,---,n+ 1) can be obtained from the following expressions,

Gult) = G JyemlarotT (ZnH S (1) (a1 + T 1) ge(m)dT

+1 0 8k(1)
I () B — T — e ) g d ),

S (t) = [ - Br(T)Ci(t + ar—1 — 7)gi(T)d7

k-1

+fak 1+tﬁk (O (t—t—ay_ 1)%&[.

8k(s—T—ar-1)

(16)
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Since (19,19, - - - 12+1) € L1 ((0,+00), R"1)\Z, it is easy to show fﬂi’il IX(a)da =0

holds for any k € [1,2,- - - ,n + 1], which implies that

{ S o u(D (T = - ﬂkﬂ)%fh =0, an

ak Lt Br(m) [ (m —t —ay_ 1)(@%‘11'1 =0.

It follows from (16) and (17) that ¢y () is the unique solution of Volterra’s Equation (18),

k-1

ks (1) fak B (T)E(t+ axq — T)gi(T)dT

{ () =4 f ~(dFo)(t—T (Znﬂ STy (1) (g + T - Tl)gk(Tl)dTl)dT/
k—1
) (1s)
which implies that I;(a,t) = 0 holds for t > a —a;_1.

On the other hand, for t < a — a;_, it yields that

I,?(a —t—ag_q) 8x(2)

Ie(a, t)||1 = — e
” k( )HLl gk(a*t*ﬂkfl)

<e MR,

L1

where € = min{puy(a),ds(a), Bx(a)} (k =1,2,--- ,n+1). Hence, it can be concluded that
TI(a,t) — 0 for t — co.

By utilizing the comparison theorem [46], it is easy to show that Z(t)v — ¢ € 9Z holds
for each v € dZ. This completes the proof. [J

Theorem 1. When Ry > 1, the semiflow {Z(t)}>0 is uniformly persistent with respect to
(R* x T x {0}"*1,91), i.e., there is a { > O such that solution of system (9) with initial value
(8% E% 19, 19.,,0,---,0,A% M) e RY x T x {0}"*1, and

htrg}xr)le(t) >, h{gg\f“[k(-,t)H >, hggth(t) >, 11trgglfM(t) > (.

Furthermore, there exists a compact subsect of Iy C I, which is also a global attractor for
{Z(t)} =0 in L.

Proof. According to Lemma 3, it is easy to show that 7 is globally asymptotically stable in
dl. In order to investigate the asymptotic behavior of the solution to system (15) from the
neighborhood of 7, where 7 is defined in Lemma 3.

In the following part, we will show that there exists Ty > 0 such that |6 — Z(Tp)v| > ¢,
ie, Ws({o}) N{R% x Z x {0}"*'} = @holds forv = (S°, E%, I, - -, 19, ,,0,---,0,A°, M°) €
{A e R x T x {0}"|||[o—A| <&} andanye > 0.

IfWs({o}) N {RY x T x {0}"*1} £ @, then it yields that

1
s oal< L
oM< 75 |
holds for any | > 0.
Forany t > 0,A; = (S?, E],I1 I 10 0,---,0, A(]), M?) satisfies

Aj € {/\eRi x T x {0}"+1

7 in41,]7
lo—Z(OAl < 1o (19)
=7+1
Let Z(t)A; = (Sy(t), Ej(t), I (- t), - -+, Lys1,y(,£),0,- - - ,0), it follows from (19) that
A 1
_ < =
’S’(t) NES

holds for any | > 0and ¢ > 0.
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For the following auxiliary system (20) withk =1,--- ,n+1and ] > 0,

dE .
T = () S [ (@) (a,)da — (dy + 8)Ey (1)
? ?
digg)” + 2 = () + (o) £ B Iy (1), 0 € (o,
d]t _ Cl]_;,_M (]) — (l’lo +d4)A](i’) (20)
dM; . A
4O _ g g g )[1— %} I, (a, t)da — 1 (M (£) — Mo)
11,](“0/ ) = 551( ) Dy, (ax, t) fuk 1ﬁk )iy (a,t)da,
Ej(0) = EY, I j(-,0) = Y|, A1 (0) = A}, M;(0) = MY,
According to the comparison principle [46], it yields that
Ef(t) = Ej(t), Ty (o t) = Ty (1), Ap(8) = Ap(8), My(t) > My(t), (21)
where (Ej(t),TMC, t), - ,T,,H,](-,t),g](t),]\z](t)) is the solution of Equation (22),
dE ~ ~
4 = (& — ) T L @) (a,)da — (2 + ) (1)
Pleglod) y Shfo) — (g (a) + dsp(a) + Bil@)) i (0,1), @ € (ag1,a
dA](t) _ A1 CM](t) _ e
ar = (E ]+1)7Z+J\7I](t) (ho +da)Aj(t) )
dM O (a)A ~ ~
4O _ el (% () [1 - %} Tij(a, £)da — (M () — My)
Ij(ag, t) = OE) (1), T g (ag, ) = [3 | Bi(a)Tip(a, )da,
Ej(0) = EJ, I s (-,0) = I} |, A;(0) = Af, M;(0) = M.

By similar arguments in [18,47], the following notations are defined to facilitate dis-
cussing the characteristic equation of system (22),

(M> _ :k [v+vk<r>+d3k<r>+ﬁk(r>]drl

Vi) = % Bula)ge(o,a)da, o)
Qi(v) = f a)$x(v,a)da,
U (v) = fak . ( )8k (v, a)da,

wherea € (ay_q,a¢), k=1,---,n+1
When Ry > 1 and there is a sufficiently large | > 0, it follows from simple computations
that the dominant eigenvalues of system (22) satisfy the following characteristic equation

=1 (24)

(A1 N\ QoI V(o))
%(Z)])'_ <dl_]+1) vy +dy+6

It follows from (23) that H(0) = Ro = 1 and Vi(vj) (k = 1,2,- - -, n) are decreasing
functions with respect to v;. Hence, it is easy to show that there exists a unique root v; > 0
provided that Ry > 1.

Let ¢(t) = (E,(t), Iy 8), - ,IHHJ(t),A](t),M](t)) and A(v)) = 1 — H(v)), then
system (22) can be linearized as follows:

de(t) _
BT Bo(t), (25)
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where
B —(d2 + 8)Ej(t)
— 4D () (a) + By (a) + di (a)Tr s (- )
Bo(t) = . : ,
~ bt CD (1 (0) + Bt () + (@) T g (1)
—(ho +d1)Aj(t)
—nMj(t)

and the closed linear operator B is as follows,

D(B) = { (B (1), Ty (1), Ty, 1 (6), Ap(£), My (1)) € R x WH((0, +00), R™1)

E0)=($ —~%) z;z*} " mk( )i (a,t)da,
Il,](O) = 5E I +1,] fﬂk . I tZ t)dll,
e A cM ,
A0) = (- Jil) e
n 0 (a)A =
( ) Z +1 ak 1 (Ll) |:1 — wkk((a))Jm%]:| Ik,](ﬂ, f)dﬂ + 17M0.

where R(v, B) is the resolvent operator of B with [|R(z, B)| < gL-.

According to the Hille-Yosida theorem [48], a strongly continuous semigroup {Z(t) }+>o
can be generated by the operator (B,D(1)). For any v; € R* x Z x {0}"*! from the neigh-
borhood of 7, ®; denotes the specific projector on the eigenspace with respect to the
dominant eigenvalue v}, it follows from the similar arguments in [18,49], it yields

@120 (B} (), (10),45,M6)
= 307t®] (E?, (I?,])r' " (In+1 1) A M ) (26)
= ev}‘thmvﬁ@ (v —07)(vBixn — B) (E?, (10]) (I ) AO MO)
="' (g1, pnia)T

where E1,, represents the 1 X n identity matrix.
By the similar arguments and computations in [8], it can be obtained that

$1= (d1 I+1> [Zk 1 k1 Qx (o) + T S s t(a) [ Wk()drda] 27)

a1 Gk(v],7)
According to the recurrence relationships of ¢(f), it yields that

92 = 6¢181(v],a),

* I &1(ov7 )
93 = p2Va (o)) + [ B1(a) [, %drda,
(28)

I ;) §n (v},
Pn+2 = (Pn+1Vn(U}K) + fainfl ‘B”(a) fa ( n/~l>g*(v)] ! dtda,

an-1 &u(vf,T

and
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— (A 1\ CPnia
Pn+3 = (dl ]+1) T+ ¢Pnia’

0 . ;)8 (v}.a)
s = Zk ' l(PkHQk UI - f ( B ‘*’kk((ﬂu))fqoﬁs) f“ﬂk—l ( gk)(vf'T) drda| + 5 Mo.

(29)

By substituting (28) into (27) and (29), ¢1, ¢,+3 and ¢;,4 can be obtained as follows,

_ A 1 dA(U*) 1 (I;?,z,]>§k—2(07ﬂ)
¢1 = (,Tl - ]+1)< dv]] ) [Zn+ §0k+1Qk ZJ] fuk 1 :B fak 1 gk,z(v}*,r) drda
I71;)38i- (v} a)
T DG [ Bt i, L é’-])l(vzl,r)L drda

px(a) [* 7< kJ)gk(v]’u)dea ,

a1 k(v],7)
— (A _ 1 ) CPnisa
Pn+3 = (d1 ]+1> T+ ¢nsa’ (30)

da(o%) " &)on R 5 )8k—2(v].0)
onei= (") [z 1 g Gue) % o) (1 - ltemsa ) o (BariaCin) gy,

k-1 8k—2 (U]

+ Zn+l

“kl

~ 0 §i_1(v5,a
+Zn+1 Hk 1V ( )Q (Uj)faifl ri—l(a) (17 0i 1(2) P13 )f“ (1173,]>g1 1(vf )dea

aj_p wi—1(@)+euy3 ) Jaia  Gii1(vf,7)

n a g ("U ,H)
+ Yt o i(a) | ()(kgd'rda] + 1 M.

gl
a1 Sk(v

da(v)

Since AT >0and(1],~~- In+1]

> € 7, it follows from (28) and (30) that

lim EI +o0, tEToo HIk,L(rt)H = +o00o, tEToo A] = +}oo, tli)rfoo M] = +-o00. (31)

t—+o0

Hence, it follows from the above analysis that (31) contradicts (28). Based on Theorem 4.2
in [50], it is easy to show that the semiflow {Z(t) };>¢ is uniformly persistent with respect to
(R* x T x {0}"1,07), i.e, thereisa { > 0 such that there is a solution of system (9) with an
initial value (S°, E%, 19, -, 19, ,,0,---,0,A%, M%) € RY x T x {0}"*!, and

n+1’
htrgg}fE(t) >, htrgglfHIk(-,t)H >, hgg\fA(t) >, 11trgglfM(t) > (.

Furthermore, according to the above analysis, it is easy to show that there exists a
compact subsect of Zy C Z, which is also a global attractor for {Z(t) };>pinZ. O

3.3. Stability Analysis of Endemic Equilibrium
Theorem 2. When R > 1, the endemic equilibrium P* is locally stable.

Proof. According to (7), there exists an endemic equilibrium P* when Ry > 1, by defining
some following new variables with exponential form,

L(a,t) = e"I(a) + I{(a), (32)
and

_ Lot * _ ottt *
{ S(t) =e"'S+S*, E(t) =¢"E+E¥, (33)

A(t) = e A+ A%, M(t) = e M+ M*.
By substituting (32) into system (1), it yields that
oly(a,t)  Olg(at)  9e”I(a) 9e”I(a) dIf(a)
o ot aa ot | da
= —(w(a) +da(a) + Br(a)) (" I(a) + I (). (34)
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By separating and solving Equation (34), I} (a) and I(a) are obtained as follows,

If (a) = If (a0) (T2 Vi)gi (), Ti(a) = Ti(a0) (TT{Z{ Vi)@k (v, a), (35)

where g (a) and Uy, are defined in (5), and § (v, a) is defined in (23).
By substituting (33) into system (1), S, E, A and M are obtained as follows,

S [ v Tl yda—gpt] [k S (@) () datho At

[95]

= ,

U+d1+2”+1 :kk 1 ]Ak( ) ( )da+l+M*
Eo Z”H ;;(k_l Sy (a )I*(a)da-&-Z”“ :}f_l S*ux(a)Ii(a)da
+dr+6 4 (36)

A= c[M*S (Z+M)75*M(Z+M*)]
T (I+M*)(I+M) (v+hgt+dy) 7

n 4 7 A*e n “a « Ab(a
Z +1 k rk( )Ik(ﬂ) (1 paC )ki/\*>d Z +1 k rk( )Ik (u) wk(;r)(Jr)Adﬂ

- k-1 -1
M=

v+n

According to I1(ag) = SE, the characteristic equation is expressed as follows:

0 N * k—1
- W{szakfﬂk@(“ 1V:)3(v.0)da
T L, (M) 8@ (vi(a) = S pi(a)da
o+di+ i + Ty o, pe@) [ (a)da
n a * dg+v M*hoS(I+M
TH St el @mel) (R + i i, o ) 40 } (37)

Ti(ao) (1 + M) o+ dy+ M+ T [ (a) I (a)dal

In order to investigate the possibility of a solution to Equation (37) having a nonnega-
tive real part, i.e., Re(v) > 0, some discussions are provided as follows.
If v = 0, then Equation (37) is rewritten as

) s*nf(n’.fflvi)g A o (U2 e(@) (vi(a) — S*ue(a)da
dy+6)" F=\ =L d +l%*+zn+l o5 p(a) I (a)da
* S*dyM M*hyS(I1+M
g Clk(“)”k(”)(uufho + (l+M9‘)((hg+d1))da }

* L(ao) (I + M) [dl + e T o (@)l *(a)dﬂ}

which follows that

{ n+1 YL (Hk 1V)gk( Jvi(a)da

<

- (a)l,j‘(a)da

* k=17, _
A S Z(Hizl VZ)Qk PR +En+1
Yol (% el (a) g (a) M*hoS (1 + M)da }

I+M*

k=1 ak 1
k-1

Ty (a0) (ho +da) (1 + M) (1 + M) [d + 12 + S5 [ g (@)1 (a)dal
5 { o o (1 Hv) <>k<a>da

dy +0 | di+ P + 5 [ (@) (a)
Yty ok ek (@) pr(a) M hoS (1 + M)da
£y (a0) (o + ) (1 + M*) (1 + M) |dy + Mo+ S [ () If (a)dla

_|_

which leads to a contradiction.
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Furthermore, if Re(v) > 0, then it is easy to show

17, _
1< BT, ; 2( “lv)e=1  ©8)

5 A n+1 "(7 )

dziés* i(nﬁ:}v)gk

k=1

which also leads to a contradiction.
Hence, it can be concluded that Equation (37) only has eigenvalues with negative real
parts and the endemic equilibrium P* is locally stable. [

Theorem 3. When Ry > 1, if C; > Cp and C3 > 0, then the endemic equilibrium P* is globally
asymptotically stable.

_ clafaM*S*+T(A+nMp)] 4 ca??
C1 = AT yM A + Aty |0S™ + da(A +1Mo) + el |

_ el M+ (A+yMo)] A* * 222
G = ¢ “ag(l+M*)(l+Zf) ol Ay [thoS +d4(A + 11M0) + my (39)

Cs = a(A+nMp)(S* + I} (a)) — (A +1nMo)* — a>S* I} (a).

Proof. First, we define the following W;(t) (i =1,2,-- - ,5) as follows:

wi(t) =50 -5 - s wo = E@ - E - EmEY,
Wi(t) = A() — A* — A*In Ai), W4(t):M(t)—M*—M*1nA]/\I/g),
Tk * * Ik(alt)
W = Ii(a,t)—1 —1I In da, k=1,---,n+1,
()= [ (o) o ) = @)~ (o) m A2 "

where

Py (a) = ./;k [ (T)S* + lpk+1ﬁk(TH§iEZ; dr, k=1,---,n,

An+1 T S* T
¢n+1 (Ll) — / :BnJrl(g )_H (in)Jrl( )dT.
n
By calculating the time derivatives of W;(t) (i = 1,2, 3, 4), it yields that

ar = 5(

dwi(t) _ _ di(S(H) =S +Z”“ ap He(@)[(S* = S(t)) I(a, t) + S*I¢ (a)]da

cl(S(1)=5") (M~ M (1))
i1 Jay (@I @)da + SR

k-1

L0 ) [Z S ve@) ()~ )da+ho(A(t) —A%)]

5G] ’
(E()—E") L] [ pi(a)S(t) i (at)d
T = E(tl)yk CT — (d+ 8)(E() — E), (40)
T = iy — (o +da) (A1) — AY),
dW, (1) T](M(t)fM*)z (M(t)—M*) ):”+1 f:kk lrk )(Ik(a,t)—l;)da
i Y () M(t)
_ M(H)—M") 1 re (@) () A L (at)  1i(a)B(a) A I} (a)
M) Zn+ e 1( kaw:(Z)-&-A(tSa - wkk(a)+A*k )d“‘

According to (8), Ws(t) can be rewritten as follows,
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Ws(t) = [ 7 u(a) [ elarr, t+ ot — a)gila) — I (a) — [ () In 20100 g,

Ag—1

5@ ey ) SOt )5 @)
e el [ S Fa1) ’k<”>‘Ik(””“I%(u)gk(aktlakkn]da'

Based on mathematical formulations of ¢ (a) defined above and Vi and Qy defined in
(5), it follows from simple computations that

n+1

If (ag) 91 (ag) = S* Y Li(a0) Q. (41)
=1

By differentiating W5 () with respect to ¢, it yields that

P = (1) [T 1,t) = B (ag1) = [ (1) n B

e [ — (Bi(a) + via) ()| [Telag 1, 1) = I (a) = 1 (a) n 25210 | da

; , (42)
= Pr(ax-1) [Ik(ak—lr t) = I (ak—1) — I{ (ag—1) In Ik(?gk ]1))}
— [k 18 k(@) + Br(@) i (ar)] [Ik(uk—lr t) — I (a) — [{(a) In Ik(ll,li‘k@;)’t)}da'
According to (42), some expressions are obtained as follows,
(i) whenk =1, it follows from I (ap, t) = 6E(t) and I; (ag) = SE* that
P1(ao) [Il (ag, t) — I3 (ag) — I (ap) In 111((110))]
= 2221y (ao, ) — I (a0)] — $1(a0) I} (a0) In 2202 (43)
= (da + O)(E() ~ )~ 5 [, m(@)S" L @) In Yol
(ii) when k = n + 1, it follows from (42) that
P = Pua (@) [T (00, 1) = L1 (@0) = 11 (a) In B2l
(44)
— f;l”“ S*tn1(a) |:ITl+l (a,t) — I:+l( ) — I’::+l( )In "“(&S)]d“-
(iii) Fork=1,2,---,n+1, it follows from (43) and (44) that
W1 (ax) [Ikﬂ(”k' B) = Igya (ak) = Igyq (o) In Ill(gjl(élglé;)]
— [ 15" mea) + Bi(@) s (a0] [ I, 8) = L (a) — 5 (@) In 224 | da )

= 2, W (a)B) 1 o) in 48 — in e o

k+1

It 8" ela) [ (e, t) — (@) — I (@) 10 357 ] da

k-1

Let W(t) = Y2, Wi(t), it follows from (40) and (42)—(45) that
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MRl )| S* L (a) — - E(t)
S n(M(t) — +Z/k1 [
AL - M hant) | Ik(a't)]d”
O = -5 5 }*(a;) @ )
5 w1 g | (40— 4
+ Z a1 S(t) — 5% B {hos* d,+ AT+ M(D)
cl(M” — Né(( )))((1+M( t)) 56 H Ik+l(a’t)]dﬂ
(I+ M) - )[ I];’Ep(l;z) I;Jrl(a) )
k a
+ Z/ak 11'0“1 b " rk(a)(M(t)) M*q (T(a, ) = I (2))
)(S( )_ + M(t A*[*(g) d
+§/ [ = S(®) Dl(at) rk(”)e'éff;)+ e ) !
k=170 n+l/ﬂk ( 5 A(t) “r If(uo)s(t)lk(:)'t)}da
5 u(kA/]I()—M*) 5[ s @] - Siih o
S(H) =57 _ 1 (1) =t e 1)
_ <S(t> M - 115”2 §)+1n1k( & ]d o
5[ s o[- o - LSOm0,
+ Z /ak 1 S( ) S*) |:hOS* —|—d4+ Z+M(t) Ik+1(a t)]da
cl(M* *M(( )))(<1+M(t)) S(I) (a0 (a D ik ’(lag) —In I 1 (a)
(I+M")S i )[1 kfl)lkg(“k )
+Z akllpkﬂ ax ﬁk)( S) ) )} (a,t) I (a
n+l g ( )(S( — ( )Gk( )A*I;j( ) da
i Zl/k 1[ ! ) (@) Ik(a 0 ) A > Dl t)]
k n+l ea ( () + A I (a0)S( 5 d
=1 /ﬂk ! * ntl S Ik )|:1 B S*I]:Il(aor
dy(S(t ) - M(t t) (a t)]da
= - S(t) g 11(”0 I (a)
n+1 ]/lk S Ik )[ S(t) —In [*(110) s t) ]
! Z /ak 1 )(S(t) =S%) [};O(i) +d AB)(I+M(1)) 1) Ii1(a, t)]da
e 5G4+ ¥) (o) I (a ’*) ol w0
o ()5 @) [1 k?lﬂkm“k !
+Z uk1lpk+1akﬁk) ) ) } (a,t) — I (a
n+1 ( )(S( )9( )A*Ik( ) da
+Z/ak1[ 5¢) (a) (at)_ (wklza)+A* >
k=1 n+1 a ( OEY0)
=1 a1
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S(t) M(t) S(t) S(t

S*I3 (ap) I (a, t) S*Ij (ag)Ix(a, t)
+ 1 [ s i 1 S +1“s< >1* O ao,tJd”

_ (S -5 n(M() — M) +yf/ﬂk 1 (2)S° I} (a )[ > +lns*)}da

cl(M* — M(t))(S(t) — S%) hoS* cS
(l+M*)S(t)(l+M(t)) - [S(t) MY l+M ]
1k+1(ﬂ )M(a, ) 1k+1(ﬂ ) (a,t)
" 2 ay 1lpk+l wPe(@) ] (@) 1= I; (a) g1 (ak, ) I (a) g1 (ag, t)
o Tue(a)(S(H = S*) | ri(a) M( - M)
+,§1-/ak1[ e + 7 o } L(a,t) — I (a))da
(M) = M) ()8 (@) AW < N @A (@)
M(t) kzl/ak 1( wi(a) + A(t) wi(a) + A* )da'
Since it is easy to show that
S*I(ag) I (a, t) S*
SOE@h @D Y 50 %
which follows that
1- 2 +Ins- <0,
S(6) 5( )
*I¥(ag) I (a, (47)
{ 1= S et * 0 S < O

According to (47), Lemma 1 and Theorem 1, it follows from simple computations that
Equation (46) can be rewritten as follows,

dWs(t) o (S - S p(M(t) = M*)? clafaM*S* + Z(A +nMy)]
dt -~ S(t) M(t) (I+ M*)(al + A+ nMy) (A + yMo)
cllafM* + S* (A +nMy)] _”“/‘”k (ri(a) + px(a)) (A +nMo)(S* + I;i‘(a))da
al(l+M*)(1+7) = Ja ag

ahgS* +dy(A +1yMy) ca?(? .
{ A+17Mo (A+17M0)(ocl+A+17Mo)} (47=¢) 48
" a) + pr(a)) [(A + 1 Mo)* + a®S* [ (a)]

+ Z /ak 1 27 k da
& ()6 (a)(M* =) ag? AL (a)

" 1{:21 ‘/”k—l 4 (txwk(a) +A+1yMy  wi(a) + A*)da

If C; > Cy and C3 > 0, where C; (i = 1,2, 3) is defined in (39), then it is easy to show
that () .

Hence, it follows from the Lyapunov-LaSalle stability theorem [45] that the endemic
equilibrium P* is globally asymptotically stable. [

4. Optimal Control Strategy

In this section, we formulate and analyze an optimal control strategy considering
the diminution of media coverage and treatment to control the disease progression and
balance the economic loss generated due to infectious disease and treatment measures.
We will adopt time and age-dependent treatment p(4, f) on the infected population and a
time-dependent diminution rate of media coverage 7 () on the cumulative number of social
media and TV advertisements. Hence, the controlled system takes the following form,
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B = A+ [ [ea) + p(a,t) — (@) S (D] (e, £)da — S + o A() — daS(1),

QD = Tt [ u(@)S() Il e — (6 + d)E(E),

Aelat) o AMLat) — [y, (a) + day(a) + Bi(a) + p(a, )] Te(a,t), a € (a1, a] (49)
%&” = S — (ho + dy) A(1),
WL =t [ rela) |1 - A 1 (a, da — (5 (M(E) — Mo),

where system (49) shares the same boundary and initial values with system (1), other
parameters share the same mathematical forms and biological interpretations described in
system (1).

The proper treatment measures and efficient media coverage significantly minimize the
serious consequences of infection associated with wealth loss and mortality due to disease
burden. Our aim is to optimize the use and minimize the cost of these two mentioned
measures, and the optimal control problem is formulated as follows:

H(p, ") = min H(p(a,1),7(t), (50)

where G and H(p(a, t),7(t)) are defined as follows,

6 = {(pla )10 € (1= (Ufmer,m) x 0.1), =01 | § 0200 4, o)

where py0x and 17,4y are positive upper constants of p(a, ) and 7 (t), respectively, and where
T 71+1 1 ”
Hipw D) = [ (3 [ e + e + 51 a nda ) 52
k-1

+/0 (713M(t)+ 2722772(f)>dt

where state variables are all subject to system (49), 11 and y13 are positive weights with
respect to disease infection and the cumulative amount of media coverage. 1, represents
the positive unit cost of controls at different levels. 7, and 77, denote positive constants
associated with two quadratic terms accounting for control costs of disease infection and
media coverage.

In order to derive the optimal problem (50) with respect to time-dependent and
age-dependent control functions, some derivations of the adjoint system (53) and the
characterization of the optimal control functions are discussed as follows.

o (@) +p(a t) + o fi(a, t) — p(a)S(t)] Ik(a, t)da

S + hoA(t) — i S(1),

d() A+En+l

D =yt [ we(a)S(8) (e, t)da — (54 da)E(t),
pULt) o SED — [y (a) + dye(a) + Bi(a) + pla, 1) + ofi(a )] I(a ), a € (a1,

< R~

= 5t fok nda) [1 = A T 1 (a, t)da — (n(8) + o) (M) = M),

(53)
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dPS(t

dPE

(Pau

dFA(t)

OF(a,t)

where ¢ denotes a scalar, ¢ is a constant balancing of the different units between time and
age and fi(a,t) and f,(t) are arbitrary functions. p(a, t) and #/(t) in system (49) are replaced
with p(a,t) + o f1(a, t) and 5(t) + o fo(t) in adjoint system (53), respectively.

Since the solutions of system (53) are associated with o, we will differentiate system (53)
with respect to ¢ at ¢ = 0 and the system for sensitivities are obtained as follows,

=55 Jor [w(@) +p(a, ) — (@) S(D) El(a, 1) + (fi(a,t) — () F* (1)) Ie(a, )| da

FS(t)M(t FM(¢
_C[ N+ (e +ROEA () = dES (1)

= 5 [, @) [FL(a,0)S(8) + FS () I(a, t))da — (6 + d2) FE(b),
aPka(f“ = —[ve(a) + ds(a) + Br(a) + p(a, )] (a,t) — fi(t)k(a,t), a€ (ax_1,a] (54)

dt

FM(t

- C{Fs(t)M(f) + FM(Hs( )2} _ (hO —|—d4)FA(t),

t
(I+M(1))

n O (a)A(t By (a)FA(t
= £t o) | (1= S ) Rl @ ) — i el ) da
—n(t)F (t)—fz(t)M(t),

where FS, FE, FkI , FA4 and FM denote the derivatives of S, E, I, A and M with respect to o
and are evaluatedatc =0 (k =1, - - ,n + 1), respectively.

In order to facilitate deriving adjoint system (54), we introduce the adjoint variable
vectors A(a,t) = (AS(t),AE(t),AL(a,t),- - ,/\111+1(ﬂ,t),)LA(t),)\M(t))T. By projecting an
adjoint operator on both sides of system (54), it yields that

/OT <7§ /ak Ala, t)Lx(a, t)da) dt

k=1"%-1

= /OT <:/ii /a:: Aa, ) ((’baaa + 8at>x(a' t)da) dt
—|—/T <n+1 /ﬂk 1 (a, t)rlx(u,t)da>dt_|_/()Tl“zx(a,t)dt,

where x(a,t) = (S(t),E(t), 1(a,t),- -
1,2) are defined as follows,

T+M(F)

(55)

Laii(a, ), A(t), M(t)T, £x(a,t) and Tix(a,t) (i =

Lx(a,t) = (fi(a, ) k(a,1),0,—fr(a, )1 (a,8), -, —fr(a, 1) 11 (a,1),0,— fa () M(H))T,
and
(@) FS (D) I (a, t) — [vi(a) + o(a,t) — pr(a)S(+)]F (a, 1)
—pr(a)[EL(a,1)S(t) + F5(t) I (a, )]
—[v1(a) +dz1(a) + B1(a) + p(a, t)]F{ (a,t)

Ix(a,t) = : ,
—[Vut1(a) +dsny1(a) + Bur1(a) +p(a, t)] n+1(“rt)

0
ou(a)FA () o (m)A)
@) | A I ) — (1= SHEAS  Fla, 1)

and
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FS(H)M(t S
[ FHa 1 OS] hgFA(r) + ayFS (1
((5 + dz)FE( )

0
l"zx(a, l’) = ,
0

FS(£)M(t ¢
(ho + dg)FA(t) — C{ lJ(rl)\/I(t()) + (z+§v1)(t§))2}

n(t)FM(t)

which derives that

/T<n+1/ukl)\k< a)Fk(a t)da)dt

n+l .4 I
_ —<p/OTFkI(0,t)AI(O,t)dt—q)/OT(Z/k aAkF,f(a,t)da)dt
k=1"4

.1 oa

n I
_(P/T< +1/ak ]Tk !(a, t)da) dt. (56)

According to /\,{(t,anﬂ) = A,{(T,a) =0, FkI(O,a) =0(k=1,---,n+1),ityields
T [n4] ra PR
/O (;l /ﬂk 1Al(a /1) (‘Pa at)lk(a t)da)d
n+l g
- _/oT<2/ li(a, )K‘Pa i )Al(ﬂ t) + ¢ Ik(a, ) I(O,t)]da)dt. (57)

k=1

By differentiating the optimal objective functional H with respect to ¢ around ¢ = 0,

it can be obtained that
dH T n+l
di = / / '7121]((01 t) +'721p(ﬂ t))fl(a i’)dﬂ dt
v =0 Ak—1
T [n+1
+/ < / (711 + 7120(a, t))Fk(a t)da)d
J0 A1
.T M
+/0 Y13FY (1) + y2217(t) f2(t)dt, (58)
and
L*A(a,t) = (0,0,911 + y120(a, 1),0,713) " (59)

For adjoint variable vectors A(a, t) and optimal control variable (p(a, t),7(t)) € G, it
follows from the above analysis of (56), (57) and (59) that the adjoint system is as follows,

1 IFM(E)
DD — (6 +da)AE(E),

d/\;(t) — ()\S( ) AE(’"))ZZJF% N 1]/lk( )Ik(a,t)da+ cM(t)(AS(8)—AA (1)) +d1)\s(t),
I
p2Mlet) | D _ 1y (a) + p(a, 1) + daila )+l3k( @) A(a,t) = 711 — 1120(8, 1)
t

+91%u(a, )M (0,1) — <>z"“ & [ve(a) + pla, 1)) da
+(AS(F) — AE(t»z"“ <> ()da (60)
—AM(t) o ()[1— >}da, € (a1,

DT — (1) + (hy + dy)AA (1) + AM (1) T 2| Ol g,

M
P = (AS() = A (1)) ez + AM(B)(8) = 713,
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9H(p, 1)

where the transversality conditions are as follows:
AS(T) = AE(T) = AY(T) = AM(T) =0,AL(a, T) = 0,

which hold fork =1, ,n+1and a € (ax_1, 4], and boundary condition A{ (a,41,t) = 0
holds for t € (0, T).
It is easy to show that adjoint system (60) has a mild solution with Lipschitz continuity,

which takes the form (A5, AE, AL A4, AM) € (L°° (U;jill(ak_l,ak] x (0, T)), L*=(0, T))

Theorem 4. If (p*,1*) is a pair of optimal control subjects to optimal control problem (50), then
the characterization of optimal control (p*,n*) takes the following form

" = min{max{0,0}, Pmax }, 71" = min{max{0,7}, #max}, (61)

where (p*,1*) € <L°° (U,’gll(ak,l, a] x (0, T)), L*=(0, T)), p and 7j are defined in (63).
Proof. By transferring the first part of w on adjoint functions, it yields

T [n+1 ay T
X [ 2@ 00,071+ y120(0,1),0,715)Tda |t
0 \k=17%

T (n41 gy T
+'/O (E / ’Y12f1(a,t)+'yz1f1(a,t)p(a,t)da>dt+/0 Yoo fo(B)n(t)dt

1Y k-1

T [+l ra
/o (Z fi(a,t) {’712 +9mp(a, t) + (AS(t) — Al(a, t))Ik(a,t)]da> dt

k=171
T
+ [ A () = MOAM(0)de. (62
Based on (62), the characterization of the optimal control is as follows,

o~ D =A@t 7 MO

21 T22

(63)

Consequently, it follows from the above analysis that a pair of optimal controls can be
obtained as follows: p* = min{max{0,0}, pmax}, 7" = min{max{0, 7}, #max}. O

Remark 3. Generally, it is difficult to solve the sequence of optimal controls and the associated
state variables converging with the optimal controls due to a lack of compact characters in the
age-structured first-order PDEs. Hence, Ekeland’s principle [51] will be utilized to minimize the
sequences of the approximate functionals.

According to the corresponding analysis in Chapter 14 [52] that there exists a pair of controls
(0e,17e) € LY (UZIll(ak,l, ax] x (0, T)) x L1(0,T), and the optimal control objective functional
is defined as follows,

He(p, 1) = H(p,7) + \@(Hps, =Pl @ < 0my) e = 77||L1(0,T))'

If (pe, 1¢) is a pair of optimal control subjects to the optimal control problem minimizing
He(p, 1), then it follows from the corresponding analysis in Chapter 14 [52], it is easy to show

oe(a,£) = min {max {0/ (AL (@) A8 (1) ke (3,) =712 — Ve } pm},

21

E (64)
7e(t) = min{max{o, W},ﬂmm{}/
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where (@7, @5) € L® (U,’(‘;rll (ax_1,ax] x (0O, T)) x L®(0,T) and |@f| <1 (i =1,2) hold for all

(a,t) € U (ax_1,a¢] x (0, T).

Theorem 5. If % (i =1,2) is sufficiently small, then there exists a pair of unique optimal controls
(p*, ™) subject to optimal control problem (50).

Proof. First, two functions are defined as follows,

21

X1 (p) = min{max 0, (/\]i(a,t)7)\S(t))lk(a,t)f'y12 }/Pmax}/
M
XZ(U) = min{max{o, M(tzr/z\z ul }/ Tlmax}-

(65)

For two pairs of controls, (p1,71) and (py, 172), according to L* Lipschitz estimations
for the states and adjoint functions, it yields that

GiT G,T
Ix1(1) = x1(0)ll € —=llor — p2llze,  Ix2(m) — x2(m)Il € 2=l — 121,
21 T22

where G; (i = 1,2) are positive Lipschitz constants associated with the essential bounded-
ness of the state variables and adjoint functions.
Consequently, if % (i = 1,2) is sufficiently small, then it yields

Ve 1 e Ve 1 _ /e
ST o — i T Y ST\ yor— GoT
721 (1 -G E) Y21 — G T 22 (1 — GZE) Y22 — G2 T

o — pell < 17 —7ell <

which reveals that (p,, 77¢) converges to the optimal control (p*, #*). It follows from Eke-
land’s principle [51] that there exists a unique pair of optimal controls when the time period
is sufficiently small, and H(p", ") < inf, ycg H(p,77) ase — 0. O

5. Numerical Simulation

In this section, some numerical simulations are conducted to show the feasibility of
our analysis in the previous section regarding global stability and optimal control strategy,
where values of parameters in numerical simulations are partially taken from [18,31,37].

When progressing to the deterioration of diseases, it is well known that infectivity
during the acute state is greater than that of the chronic one, and infection awareness
among susceptible individuals increases due to obvious symptoms of chronic patients. In
order to indicate varying degrees of transmissibility at the acute stage (from 0 to 2 months)
and chronic stage (from 2 to 10 months), the age-dependent coefficients at different stages
are as follows:

(a) = 0.2483, 0<a<?2, (a) = 0, 0<a<?,
#E) =19 o, 2<a<10. 2T 0248307050-05) 2 <4 < 10.
da (a) = 0.03, 0<a<?2, (a) = 0, 0<a<?2,
)= 0, 2 <a<10. 8214) = 0.03 + 1+e(114117(:«4)?5)+0.007(a70‘5)2) , 2<a<10.

Pr(a) = {

7

v1(a)

4(1—0.95e07877a) - 0 <qa <2,
0

/3(11)— 0, 0<a<?2,
2 <a<10. 270 0.025¢707877a 2 < 4 < 10.

_f 38707 0 <a<2, va(a) = 0, 0<a<2,
10 2<a<10. 27T 0025 2<a<io.



Mathematics 2022, 10, 2712

22 of 28

By using the set of parameter values, A = 1.7, d; = 0.025,d, = 0.01,6 = 1,1 = 1200,
ho = 0.025, 7 = 0.025, the basic reproduction number R due to variations of c and M are
plotted in Figure 1a,b, respectively. From this figure, it may be noted that R decreases
with the increasing dissemination rate of awareness (c), as well as the increasing baseline
number of social media and TV advertisements (Mp). Ro becomes less than unity with the
appropriate ¢ and My, which shows the importance of public health alerts in controlling
the spread of infectious disease.

By adopting A = 1.7, dy = 0.025,d, = 0.01, 0 =1, = 1200, hy = 0.025, 7 = 0.025,
c = 0.15, My = 5 and other parameters given as follows

(@) = 0.006, 0<a<2, a(a) = 0, 0<a<?2,
= o, 2<a<10. 27T 0.006e1270%) 2 <4 < 10.

0,(a) = 0005, 0<a<2, y(a) 0, 0<a<?2,
=7 o, 2<a<10. 2T 000500854 2 < 4 < 10.

(= [ 600 0<a<2, (o) =
Wi =30 2<a<10. “P\W=

It is easy to show that Ryp = 1.0234 > 1 and C; > C; and C3 > 0, it follows from
Theorem 3 that the endemic equilibrium P*(12.9042,1.4669,0.1451,0.5112,0.3085,5) is
globally asymptotically stable. Figure 2 depicts the infectious disease becoming endemic
and each population converges to the corresponding steady state.

Dynamic impacts of infection age on the two successive infectious states (acute stage
from 0 to 2 months, chronic stage from 2 to 10 months) are shown in Figures 3 and 4. The
distributions of the infected individuals with respect to both age and time are plotted in
Figure 3, and the corresponding dynamical responses of I} and I, with respect to age are
plotted in Figure 4, which reflects the transmission heterogeneity of the infected individuals
in acute (Figure 4a) and chronic infectious stages (Figure 4b).

In the following part, numerical simulations are carried out to show the effects of opti-
mal controls on reducing infectious disease and minimizing the costs of control strategies,
which are formulated and analyzed in the third section of this paper. By extending the
forward-backward sweep method for ODE models, an iterative process is designed for
numerical simulations of state and adjoint systems in the age-structured PDE model (60).
In order to maintain relatively good numerical algorithm stability, a simple finite difference
scheme is selected to facilitate the numerical implementations. By fixing the weight param-
eter values with respect to disease infection and cumulative number of media coverage as
follows 711 = 3.5, 13 = 5, and varying the control costs by discussing three scenarios as
follows, (i) low optimal cost controls: y1 = 21 = Y22 = 0.35; (ii) moderate optimal cost
controls: y12 = Y21 = 22 = 3.5; (iii) high optimal cost controls: 12 = Y21 = Y22 = 35. The
total number of infected individuals with respect to time at the acute stage is plotted in
Figure 5a, and at the chronic stage is plotted in Figure 5b. The total number of infected
individuals with respect to age at the acute stage is plotted in Figure 6a, and at the chronic
stage is plotted in Figure 6b. It follows from the curves of Figures 5 and 6 that the infected
individual with high control costs decreases quickly at the acute stage, which implies the
spread of infectious disease can be significantly reduced with the increase in control costs.
The infected individual with high control costs finally approaches a relatively steady state
(approximately 0) at the chronic stage.

0, 0<a<?,
6006(0.6—0.341—(11—0.2)2), 2 <a<10.
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Figure 1. (a) Description of basic reproduction number R due to variations of M for different values

of ¢ (¢ =0.1,0.2,0.3,0.4,0.5). (b) Description of basic reproduction number R due to variations of c
for different values of My (Mg = 1,2,3,4,5).
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Figure 2. Infectious disease becomes endemic, and each population converges to the corresponding
steady state, which shows that endemic equilibrium P*(12.9042, 1.4669, 0.1451,0.5112,0.3085,5) is
globally asymptotically stable. (a) The dynamical responses of S. (b) The dynamical responses of E.

(c) The dynamical responses of I;. (d) The dynamical responses of . (e) The dynamical responses of

A. (f) The dynamical responses of M.
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Figure 3. Age distributions of infected individuals with respect to time and acute stage (from 0 to
2 months) and chronic stage (from 2 to 10 months).
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Figure 4. (a) Age distributions of infected individuals at the acute stage. (b) Age distributions of
infected individuals at the chronic stage.
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Figure 5. The weight parameter values with respect to disease infection and the cumulative number
of media coverage are set as y1; = 3.5, 13 = 5, and three scenarios are as follows, (i) low optimal
cost controls: y12 = 721 = Y22 = 0.35; (ii) moderate optimal cost controls: y1p = Y21 = Y22 = 3.5;
(iii) high optimal cost controls: 12 = 721 = Y22 = 35. (a) The total number of infected individuals

with respect to time at the acute stage. (b) The total number of infected individuals with respect to
time at the chronic stage.
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Figure 6. The weight parameter values with respect to disease infection and cumulative number
of media coverage are set as y11 = 3.5,y13 = 5, and three scenarios are as follows, (i) low optimal
cost controls: y12 = Y21 = Y22 = 0.35; (ii) moderate optimal cost controls: y1» = Y21 = Y22 = 3.5;
(iii) high optimal cost controls: y1p = 721 = Y22 = 35. (a) The total number of infected individuals

with respect to age at the acute stage. (b) The total number of infected individuals with respect to age
at the chronic stage.
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6. Conclusions

It is observed that social media and TV advertisements regarding the spread of infec-
tious diseases generally have potential effects on behavioral changes among susceptible
people as well as to control the spread of diseases. The infected population usually shows
different infecting forces during various stages of progress. Hence, it seems more reason-
able for the specific purpose of disease modeling to introduce infection age structure. In
this paper, we propose a mathematical model to discuss how media coverage impacts the
global stability and threshold dynamics of an infectious disease. In order to depict varying
degrees of transmissibility at different stages of infection, the continuous age structure for
each successive infectious stage during a long infective period is taken into account. Suffi-
cient conditions associated with the basic reproduction number are derived for uniform
persistence of solution in Theorem 1. By constructing appropriate Lyapunov functions,
it follows from the Lyapunov-LaSalle stability theorem that global stability analysis of
endemic equilibrium is investigated in Theorem 3.

As public health alerts spread among the susceptible population, behavioral changes
such as protective measures and vaccination will help healthy individuals to avoid con-
tracting infection. Consequently, we quantify the information-induced vaccination function
as a control measure to vaccinate susceptible individuals so that the maximum number
of individuals get vaccinated with minimum cost involved. Since the treatment includes
diagnosis, medication, hospitalization and other related hygienic efforts depending on
limited medical resources, the treatment function is chosen as another control for optimal
treatment. The total incurred cost is determined by taking a weighted sum of the cost
of productivity loss due to disease and costs incurred in applying control interventions.
Analytical characterization and the existence of optimal control paths is carried out in
Theorems 4 and 5, respectively.
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