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DYNAMICS OF A DENGUE FEVER MODEL
WITH UNREPORTED CASES AND
ASYMPTOMATIC INFECTED CLASSES IN
SINGAPORE, 2020*

Xin-You Meng"! and Chong-Yang Yin'

Abstract This study is devoted to consider a novel model of dengue fever
with unreported cases and asymptomatic infected classes, where infected hu-
mans is admitted to general and intensive hospitals for treatment. First, the
basic reproduction number is calculated by using the next generation matrix
method. The disease-free equilibrium is locally asymptotically stable when the
basic reproduction number is less than one, but forward bifurcation occurs at
the disease-free equilibrium when the basic reproduction number equals one.
Then, the endemic equilibrium is consistent persistence when the basic repro-
duction number is more than one. Next, the existence of the optimal control
pair is analyzed, and the mathematical expression of the optimal control is
given by using Pontriagin’s maximum principle. Finally, based on the dengue
fever data in Singapore during the 15-52 weeks of 2020, the best fitting pa-
rameters of the model are determined by using Markov Chain Monte Carlo
algorithm. The basic reproduction number is 1.6015 (95%CI: (1.5425-1.6675)).
Numerical simulation and sensitivity analysis of several parameters are carried
out. It is suggested that patients with dengue fever should report and receive
treatment in time, which is of great significance for prevention and control of
dengue fever.
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1. Introduction

Dengue fever, one of the most serious mosquito-borne diseases, is spread by the
dengue virus, a flavivirus, mainly through the bite of infected Aedes(i.e., Aedes
aegypti and Aedes albopictus) [8,12,19,34]. The dengue virus is endemic in at
least 80 countries around the world, with approximately 10 to 20 thousands death
reported each year and the number of cases has increased 30-fold in the past 50 years,
threatening 2.5 billion people [31,38]. Among many mosquito-borne diseases, it
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ranks only behind malaria in morbidity and mortality, with more than 100 million
people diagnosed with both each year [11,18,22,28]. Once bitten by a dengue-
carrying mosquito, a person can become infected with the virus, which can cause
symptoms ranging from mild muscle pain and headache to severe hemorrhagic fever
and even shock. Similarly, mosquitoes can catch the virus by biting a person who
carries the virus [38].

Dengue virus are serotyped five, but cross-immunity among them is low. That is,
once someone is infected with one serotype recovers, he (or she) will easily infect with
another serotype [43,50]. An individual infected with one serotype has an immunity
period of about six months before being re-infected with a different serotype [44].
The epidemiological relationship between human and mosquito-borne transmission
is as follows. The female Aedes mosquitoes infect with the dengue virus after eating
and biting the blood of an infected individual [7,29]. After a period of about
3 to 14 days, mosquitoes become infectious [5,27]. Infected mosquitoes have no
immunity and can transmit the virus during their life cycle [31,42,43]. Similarly, one
susceptible person becomes infectious after being bitten by an infectious mosquito
[5,27,42]. Mosquitoes go from being infected to being contagious. This period is
called the external incubation period (EIP). In turn, the population goes from being
infected to being infectious. Such period is known as the internal incubation period
(ITP) [5]. The virus can range from classic dengue to secondary dengue, which can
lead to dengue haemorrhagic fever or dengue shock syndrome [8,30]. Symptoms
appear between 3 and 7 days, which roughly equivalent to the infection period the
period of infection.

In recent decades, many models of dengue fever have been studied to ana-
lyze and predict the development trend and transmission dynamics of dengue fever
[2,14,25,26,32,36,41,42,45,49]. Xue et al. [42] developed a mathematical model
considering optimal control, and showed the optimal conditions for controlling the
spread of the disease by numerical simulations. Zheng et al. [49] used a delayed
differential equation model to analyze the control effect of the release of infected
Wolbachia males on dengue fever, and obtained two critical thresholds for the re-
lease of infected Wolbachia males. Their results suggest that even when vaccine
efficacy is relatively low, age-specific vaccination may be cost-effective as long as
the cost of vaccination is low enough. Cai et al. [2] showed a dengue fever model
with bilinear incidence rate and standard incidence rate, and presented a represen-
tation of the basic reproduction number. Zhang and Lui [45] considered released
Wolbachia infected Aedes aegypti mosquitoes to control mosquito populations and
prevent the spread of dengue fever. Shim [32] developed a dengue model with age
structure and vaccination to study dengue dynamics and vaccine cost-effectiveness
in the Philippines. Magal and Webb [23] analyzed the relationship between reported
and unreported cases, and showed that the proportion of unreported cases was very
high, which is of great significance for taking measures to control the epidemic.
Musa et al. [27] established a deterministic model finding a consistent fitting re-
sults and equivalent goodness-of-fit when asymptomatic infection was considered.
Jing et al. [16] established a non-autonomous influenza model with meteorological
factors and unreported cases, and showed that unreported cases accounted for a
very high proportion of infected people, and improving the reporting rate of dis-
eases by public health departments could help control the spread of diseases. Jing
et al. [17] also studied the influence model with ozone concentration in air, pulse
vaccination on influenza and unreported cases, and obtained that increasing the
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vaccine coverage rate and appropriately increasing ozone concentration could effec-
tively prevent the spread of influenza, and controlling the number of unreported
cases also plays a very important role. In order to demonstrate that the effect
of unreported cases, Huo et al. [15] also considered unreported cases in the out-
break in periodic influenza model. However, according to the actual situation, the
asymptomatic infected should also become the asymptomatic infected (infectious)
through the incubation period, rather than directly becoming the asymptomatic
infected from the susceptible.

The purpose of this paper is to extend the known models in order to describe the
individuals who are asymptomatic, and the unreported cases who are in the stage of
infection. Our model includes both mosquito and human populations. Taking into
account the characteristics of dengue fever disease, some of the patients with the
first infection will recover by themselves and enter the compartment of infections(I),
some of the patients with mild symptoms will be treated and recovered in the general
hospital(H,,), and a few of the patients with serious re-infection will enter the severe
hospital(Hy) for treatment and recover. The hospital warehouses can be converted
to each other.

The rest work of this paper is as follows. In Section 2, a dengue fever model
with unreported cases and asymptomatic infection classes is established. In Section
3, the basic number of regenerations is calculated, the stability of the disease-free
equilibrium and forward bifurcation are given. The existence of the endemicity
equilibrium and consistent persistence of disease are given, and sensitivity analysis
are showed in Section 4. In Section 5, Pontryagin’s Maximum optimal control
strategy is investigated. One case and the corresponding numerical results are
obtained in Section 6. A brief discussion is included in the last part.

2. Model Formulation

First, we show a compartmental model based on the susceptible-exposed-infected-
recovered (SEIR) structure incorporating the demographic process (i.e.,births and
deaths). Assume that the total human population size Ny (t) is divided into eight
classes: Sy (t), En(t), In(t), An(t), P(t), Hn(t), Hs(t), R(t). Here, Si(t) repre-
sents the susceptible people, Ej(t) represents the exposed people(infected but not
infectious), Ij(t) represents the symptomatically infected people(contain of those
having mild symptoms and severe symptoms), H,,(t) represents the mild hospital
people, Hg(t) represents the severe hospital people, Aj(t) represents the asymp-
tomatically infected(exposed individuals that becomes infectious without showing
any clinical symptoms), P(t) represents the unreported infected people, R(t) rep-
resents the recovered people. Further, assume that the total mosquito population
N, (t) is divided into three classes: S,,(t) representing the susceptible mosquito,
E,.(t) representing the exposed mosquito(infected but not infectious mosquitoes),
I,,(t) represents symptomatic mosquito.

Thus, the model for the dengue virus transmission in the human and mosquito
populations is given by the following deterministic ordinary differential equations
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(ODE) systems (2.1).

dsy
o ~h T AnSh — HnSh,
dFE
Tth = )\hSh — O'hEh - ,U/hE’u
dA
7dth =(1—p)onEn — (Yo + 0 + pn)An,
drI
dP
E =0A, +wly — ('Yp +/~Lh)P7
dH,
dtn = TIh + st — ('}/m + Y2 + ,uh)H’ma (21)
dH,
3 = &t o - (vs + % + pn)Hs,
dRy,
Tar YaAn + P +vilh + YmHm + Vs Hs — pn R,
ds
om O+ fn) S,
a ~ "~ Ot sim)
dE,,
— = A0S — (om m Em7
i S, (om + tm)
dil,,
_— mEm — mIm.
a7 :

Here, the rates of human infection and mosquito infection are given by A\, = %,

and )\, = klBm (In+Apn+P+Hp+Hs)

N, , respectively.
The transfer diagram of the model (2.1) is shown in Figure 1.

Figure 1. Transfer diagram for the model (2.1).

In model (2.1), these parameters are described in Table 1. Excepting the 1 — p
is the fraction of the asymptomatic humans.
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Table 1. Descriptions of the parameters in the model (2.1).

Parameter Description

ﬂ'h/ﬂ'm The constant recruitment rate of the population/mosquitoes

h /,um The natural death rate of the population/mosquitoes

k Mosquitoes biting rate

l Maximum number of bites a human can receive per unit time

5h Transmission probability from infectious mosquitoes to susceptible population
Bm Transmission probability from infectious humans to susceptible mosquitoes
Uh/o’m Progression rate of exposed humans/mosquitoes to infectious huams/mosquitoes
P Fration of symptomatically infected humans that are exposed

1) Progression rate from Aj, to P

w Progression rate from I, to P

T, f Progression rate from I; to mild hospital, severe hospital, respectively

p, Y The transformation between mild hospital and severe hospital

Ya,Vpy Vi YmyYs  Recovery rate of infectious huams from Ay, P, I, Hpm, Hs,respectively

Define

Q :{(ShaEiuA}thvPv H7n7HsaRH;Sm7Em7[m> S R}yl :
0 § ShaEh;Ah,IhvpaHm;HsaRH S Nh < E’O < ShaEh7Ah < Nm < M .

122 Hm

Lemma 2.1. The solutions of model (2.1) are bounded and the set ) is a positive
mvariant set.

Proof. Adding the first eight equations and the last three equations in the model
(2.1), we have

ANy _dSy , dEy  dAy Al AP dH, dH, ARy _ o
a At A ar @ R L

and

AN,y _ dSy | dBy Al _ N
a  dt ac | dr T HmSee

That means

0 < Nu(t) € T2 4 Ny (0)e 4,0 < Ny (t) € 2 4 Ny (0)e
Hh Hm

where Np,(0) and N,,(0) are the initial values of the total population and the initial
values of the total mosquito, respectively. Hence, 0 < tlggo sup Np,(t) < Z—f and
0< tl_l)rgo sup N, (t) < - So, we get a positive invariant set of model (2.1) defined
by . This completes the proof. O

Thus, we consider dynamics of model (2.1) on the set  in rest part of this

paper.
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3. The Disease-free Equilibrium and its Dynamics

3.1. The Basic Number and Stability of the Disease-free Equi-
librium

Obviously, the model (2.1) always has a disease-free equilibrium given by: FEy =
(Sp.Ep, Ay, In, P°, Hy,, HY, Ry, S, By, Ip,)=(5,0,0,0,0,0,0,0, 7,0,0). In

, Hon
this part, the basic reproduction number will be obtained by the method of the

next generation matrix in reference [37]. Model (2.1) can be written as

X = Fla) - V(o)
where © = (Ep, Ap, In, P, Hp, Hy, Epyy 1)U, F(2) = (AuSh, 0,0,0,0,0, A, Spn, 0)7
V(.’L‘) = (—’U,lE}“ (1 - p)O'hEh —ugAp, ponEp —usly, AR +wlp —uy P,y Hg + 11 —
USHmaé-Ih + QOHm - U6Hsa _UlEm7UmEm - MmIm)Tv here uy = op + Hh, U2 =
YaF0+ i, uz = Vit THEHWH iy s = Ypt i, Us = Ym+P+fhs Us = Vs TP+ fin,
V1 = Om + Um-

According to the method of reference [37], the basic reproduction number Ry is

RO = Rh*Rm,

where

Ry — pnklBron [(1 —p)(6 + uy) n plw + ug) n p(V€ + Tug + T + usf)
' T U UUy Ug Uy (usug — Pp)uius

R, — | ElBmomSY, .
V1lm

We all know that the ability of one virus to spread in the early stages of an epidemic
is measured by the basic reproductive number Rj, which refers to the average
number of secondary cases produced by a case during its infection period. Further,
using the Theorem 2 of reference [37], we can get the local stability of the disease-free
equilibrium.

Theorem 3.1. The disease-free equilibrium Ey is locally asymptotically stable when
Ry < 1, but unstable when Ry > 1.

According to Lemma 3.1 and the threshold theory established by Van den Dreess-
che [37], when Ry < 1, the disease-free equilibrium of model (2.1) is locally asymp-
totically stable. That is, the disease will be controlled and become extinct as time
goes on. When R > 1, the disease-free equilibrium of model (2.1) is unstable, that
is, the disease will spread and become the endemic. Based on the characteristic
equation and Hurwitz criterion, the proof can be given easily. But, the dimension
of this model is higher. Thus, we omit the process of proof.

We give some numerical simulations to illustrate and extend our results. The
parameter values except 3, = 0.04843 are given in the Table 2. It is easily obtained
that Ry = 0.4057 < 1. Thus the disease free equilibrium Fy of model (2.1) is locally
asymptotically stable according to the Theorem 3.1(see Figure 2).



788 X.Y. Meng & C. Y. Yin

3000 T T T T T 1200

—E —p

—A, —Hy
2500 — 1000 "

2000

=3
3
3

1500

1000

Number of infected people with dengue
5]
3

Number of infected people with dengue
3
S

a
3
3
)
S
3

0 20 40 60 80 100 120 0 50 100 150
Times(day) Times(day)

(a) (b)

Figure 2. Disease free equilibrium FEj is locally asymptotically stable. (a)Ej, Ap and Ip; (b)P, Hy,
and Hg.

3.2. Forward Bifurcation

The bifurcation analysis is carried out by using the center manifold theory as shown
in reference [3]. Thus, we have the following result.

Theorem 3.2. The disease-free equilibrium of model (2.1) undergoes forward bi-
furcation at Ry = 1 whenever the bifurcation coefficients a and b are negative and
positive, respectively.

Proof. By the central manifold theory described in reference [3], let Sy, = x1, Ej, =
w2, Ap = @3, I = 24, P = x5, Hyy, = w6, Hs = 27, Rpy = 08, Sm = T9, By = @10 and
I, = x11. Then the model (2.1) becomes

d

% =Tp — AT1 — UpT1 = fi1,

d

% = A1 — OpT2 — ppT2 = fo,

dx

o = =)oz = (va + 0+ w)as = fz,

dz

d7t4 =popxe — (i + T+ E+ W+ pn)xy = f4,

d$5

7 03 +wry — (Vp + pn)xs = fs, (3.1)
dzx

(Tf = T84 + V27 — (Ym + @ + pn)xs := fs,

dx

d7t7 =&xy + px6 — (Vs + ¥ + pn)T7 == fr,

dl’g

¢ ~ Ja%s + Y5 + VT4 + YmTe + VsT7 — prs = fs,
d

% =Tm — ()\m + Mm)xg = fga
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dx
dtlo = A9 — (Om + ftm)Z10 = fi0,
(3.1)
dl‘u - r f
=0om — Um = .
dr 10 — UmT11 11

The Jacobian matrix J(Ep) at the disease-free equilibrium Ejy is

—un 0 0 0 0 0 0 0 0 0 —kB
0 —uy 0 0 0 0 0 0 0 0 Fkps
0 (1—p)op, —ug 0 0 O 0 O O O 0
0 PO 0 —u3 0 0 0 0O 0 O
0 0 § w —-uy 0 0 0 0 0 0
J(Eo)=1 0 0 7 0 —us ¥ 0 0 0 0
0 0 0 ¢ 0 ¢ —u¢ 0 0 0 0
0 0 Yo Y Yo Ym Vs —pn 0 0 0
0 0 —A0 —A0 A0 A0 A 0 —p,, O 0
0 0 AP A0 A0 A0 A 0 0 —up O
0 0 0 0 0 0 0 0 0 on —fn

where, A° = kB, Zmbh - Further, f, is chosen as bifurcation parameter. The value
of parameter B, is deﬁned as 8 when Ry = 1. According to the Jacobian matrix
J(Ep), it is clear that zero is a simple eigenvalue of J(Ep). Hence, the theory of
reference [3] is used to analyze the system (3.1) when B, = §;;. When Ry = 1,
the J(FEy) has a right eigenvector (matching up the zero eigenvalue), defined by
m = (my,ma,--- ,mi1)7, where

T T (1 =p)onTy _ poypTy
mp=——"mu,M2 = —M11,M3 = ————M11,M4 = mii,
Hh U1 Ui1uUg uU1U3
1 1— p)opdT wpop T} Ug + on T}
m5:—(( p) ! —+ P 1)m11,m6: ( 6 ﬂj)p ! mii,
Ug uUrU2 uug U1U3(U5U6 - <P¢)
1 1— p)o,T; oo T 6(1 — p)opT wpopT:
mgzi(’)’a( P)h1+%Ph1+%(( P)h1+ pPonL1
Hh U1u2 uius UrU2U4 U1U3U4
Ym(us +¥)porTi  vs(p + us)porTh
)mlla
uyuz(usue — @) uruz(usue — pY)
+ us)popT v
my = (% )r M1, My = ———my1, Mg = @m11,m11 > 0,
U1U3(U5’LL6 - <P¢) Om Om

here T1 = kiB;. Similarly, the constituent part of the left eigenvector of J(Ey)
(matching up the zero eigenvalue) is denoted by n = (ny,ng, - ,n11), where
B

_ _ Hm _
ny =0,ny = ni,ng = —,
11 Ug
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T(p+ueg) | E(P+us) 0
n wB + + +1 A ni1,
YT U u3 <U5U6 — QY usug — QY ) "
— Bong— (¢ + ug) Im A0 = (¢+U5) Tm 40
UsUe — PP U1 UsUe — PP V1
a.

m
ng =ng = 0,n19 = o, > 0,
1

_ (=us(1=p)on—uzpon (T(p+ue)+E(b+us)+1)]om AY U ULUS fhom,
here B = ( ” v1(U;Pcfhi)+;35(1fp)%h,)(U5U6j¢¢) += 2T13 )nll' Note that

the free variables are selected to be m1; = m and ni; = 1 respectively, where

Q1 =1+ Hm n B(1 - p)opTh n us(l — p)ontim n popTy n B(1 — p)opdTy

Uy ugu3 Ug uyu3 U U Uy
Bwpo T 1—p)opdT: wpo
} BuporTy +( p)ondTy L WPOh | Hm
U1 U3 U4 U3 U4 b U2U4 oy, U1

_poTiom Tl +us) | E(W+us)
Q2 - 2

UIUZVL UsUe — P usug — P

N ((u6 + ) (ug + @)ponTi | (us + V) (us + 90)/)0th> Tm 40

+1)A°

uyuz(usug — Yp)? uyuz(usug — )2 U1

Hence, n-m = 1.

Next, we calculate the branching coefficients a and b, respectively, which are
given by

11 2
Z nkmzmja 1100 b= Z nkmiia fk(070),

0z;0x; ’
k,,j=1 i©y
where

— —om klﬁmwh (( —p)on n PO n 1 (1—p)opd n wpop,
Hh U1u2 uius Uag U1u2 uus
(ug + ) pon (¢ + us)pop )
< 0.
uruz(uste — @) uruz(usue — pi)

k21210 nOmmm 1 —p  6(1 —
p P ﬂohow( p+( p)+ “p_)

ThU1m Uiu2 UiU2U4 U1U3U4
+ ﬂhkzﬂﬁmo—ham’”m ( 14 + P('ll)f + TUg + TY + ’LL5£)) >0
TRV Lo urug (usug — Y@)uiug

We find that the coefficient b is always positive and a is often negative. In line
with Theorem 4.1 of [3], the model (2.1) appears a forward bifurcation when Ry = 1.
This completes the proof. O

The forward bifurcation diagram of model (2.1) is illustrated in Figure 3. Ac-
cording to Theorem 3.2, the model (2.1) exists forward bifurcation at Ry = 1.
There is a local asymptotically stable disease-free equilibrium point when Ry < 1,
which indicates that the disease has not broken out. There are unstable disease-free
equilibrium point and the locally asymptotically stable endemic equilibrium point
coexist when Ry > 1, which indicates that the disease tends to be stable.
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== Stable
08y ===Unstable | |

Figure 3. Forward bifurcation diagram taking one parameter 3;, in Rg as bifurcation parameter.

4. The Endemic Equilibrium and its Dynamics

4.1. Existence of the Endemic Equilibrium

If Ry > 1 and usug — ¥ > 0, then there exists one unique endemic equilibrium of
model (2.1), which is E* = (S}, B}, Ay I}, P*, HY,  HY R}, Sy, EY,, I,), where A}
and A}, are given by

S* o Th E* _ /\hﬂ'h  _ (1 — p)OhAhﬂ'h  _ pO’h)\hﬂ'h
h— 5N | = TN | N2 4h — y4th — 9
An + n ur(An + pn) w1 (An + fn) ugtr (An + fn)
A o(1 — w Ifu
vo Anoh (O | Sy g it (2 g,
ugur(Ap + pn) - Uz u3 usug — Yo ug
I; ' (23 Tm
H=2lg¢4+ —T (22 47),8 =—"
g UsUe — WP(UG ) S Am + fm
E:;L _ AmTm 71;2 _ OmAmTm ’
V1 (Am + ) M 01 (Am + fm)
A o(1 — o(1 — 5
R Ya( p)0h+wp0h(( p)+w7p>+vpoh
pn(An + 1n) U U ULy U u3 uU3
Ug PO o
YmU6POh (% )+ Vs P + 2 (% _|_7_))]
U1U3(U5U6 - ¢<P) Ug U1U3U6 Usug — VY  Ug

4.2. Uniform Persistence

Here, the uniform persistence of model (2.1) is demonstrated by the theory of uni-
form persistence proposed by Zhao [48]. There is at least one positive solution of
model (2.1) which is uniformly persistent when Ry > 1. Thus, we have the following
result.

Theorem 4.1. If Ry > 1, then there exists a positive constant € > 0 such that the
solution of model (2.1) with each initial value T'(0) satisfied

tlirgoinf(Eh(t),Ah(t),Ih(t),P(t),Hm(t),Hs(t),Em(t),Im(t)) > (€,€,€,€,€,€, €, €).
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Proof. Define

X = {(Sh, En, An, In, P, Hyny Hg, Ry Sy By L) € Q1
Xo = {(Shy En, A, In, P, Hp, Hy, Ry, Sy Epy L) € X 2 Xo € R
Thus, 0Xy = X — Xy. It is easily that both X and X, are positively invariant
for model (2.1), and X is relatively closed in X. In addition, by Theorem 3.1, the
model (2.1) is point dissipative. Hence, the model (2.1) exists a globally attractor.
Next, set
Mo :{(Sh(o)v Eh<0)7 Ah(O), Ih(o)’ P(0)7 Hm(o)’ HS(O)7 Rh(0)7 Sm(0)7
Em(o)vjm(o)) € aXO : (Sh(t)a Eh(t)a Ah(t)v-[h(t)v P(t)a Hm(t)v
We will prove that My = {(S,0,0,0,0,0,0,0,S,,,0,0) € 0Xo: S, >0,5,, >0} =

Mj. It is clearly that M} C My. We only need to show the vality of My C M}.
Let I'(¢) be a solution of model (2.1) with initial condition I'(0). Hence, for any

r(t):(sh(t)v Eh(t)7 Ah(t)a Ih(t)r P(t)7 Hm(t)7 Hs(t)7 Rh(t)a Sm(t)v Em(t)7 Im(t)) €My

and I'(t) # M}, for Vt > 0, the following inequality are given

Ep(t) = e (r ) [B,(0) + /Ot(klﬁh(l/)fm(”)/sh(”) + En(v) + An(v)
+ I,(v) + P(v) + Hy (v) + Hy () Sp(v)dv] > 0,

t
Ap(t) = e= et ot [ 4, (0) + / (1 = p)onEp(v)dv] > 0,
0
t
In(t) = e~ (it Hetetum) [1,,(0) —|—/ popEy(v)dv] >0,
0

P(t) = e~ (vptin) [P(O) + /t(dAh(V) + th(u))du] >0,

Hpn(t) = e~ Omtotin) [H,, (0) + /t(ql)Hs(u) + 71, (v))dv] > 0,
0
H,(0) = O [H,0)+ [ (ol (0) + €8] > 0

En(t) = et [B,,(0) + /O (ELBm (V) (I (v) + Ap(v) + P(v) + Hp (v)
+ Hy(v))/Sh(v) + En(v) + Ap(v) + In(v) + P(v) + Hp (v)
+ H,(v))Sp(v)dv] > 0,

I (t) = e " [1,,,(0) + /Ot OmEm(v)dv] > 0.

There exists at least one of Ey(t), Ap(t), In(t), P(t), Hy(t), Hs(t), En(t), and I, (t)
which is not one. This means that I'(t) ¢ 0Xo for ¢ > 0, which contradicts the
hypothesis that I'(t) € My. Therefore, we can get that My C M, which indicates
My = M},. We can obtain My only has the Ey(S},0,0,0,0,0,0,0,59,0,0) and Ey

'y ~Mmo
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is isolate and compact invariant. And then we prove that W*(FEy) N X = 0, where
W*#(Ey) indicates the stable manifold of Ey. Then, there exists a positive constant
e such that under the initial condition I'(0) € X, the follow inequality is true for
any solution I';(T'(0)) of system

D(T'(I'(0)), Eo)™ = ¢,

where D is a distance function in Xy. Inverse, for Vé > 0, we assume that

D(T(T°(0)), Eg)*>® < €. For Ve > 0, there exists T' > 0 such that == s —e< Sp(t) <
T+ E 0SS Ep(t) SE0<SAp(t) SE0<Ih(t) € 0<P(t) <€ 0< Hp(t) <€
0<H()_€ 0 < Ru(t) <& 7= —€< Splt) < 2 +6 0 < Ep(t) <6
0<I,(t) <e
Further, we consider the following comparison system
dE, -
= (= — &) —onEp — nE

TS (uh €) —onEp — pn L,

dA - -

cTth =1 =plonEn — (Ya + 0+ pin) An,

df, . 8

d—: = ponEp — (v + 7+ & +w + pp) I,

dp - - .

O =0Ap +wly — (vp + ) P,

4.1

ai. ~ (4.1)

G = 7Ih +YH, — (Ym + @ + ptn) Hm,

dH ~ ~

des = &In + oHm — (vs + ¥ + pn) Hs,

dEm < T

@ =, 9 lom i) B

dl,, - "

~—; — OmbLm — mIma

a7 a

iy System (4.1) can be repre-

sented as
F(e)
where
—uq o o O O o0 o0 —klﬁh52€
(I—-p)op—uz 0 0 0 0 O 0
PO R 0 —Uus 0 0 0 0 0
_ 0 6 w —ug 0 0 O 0
F(E) = )
0 0 7 0 —us v O 0
0 0 ¢ 0 ¢ —ug O 0
0 O Oe Oe Oe O —u; 0
0 0 0 0 0 0 Om Hm
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here © = —kiB3,,SY. Let U(F(€)) be the stability modulus of matrix F(€), which is
defined by

U(F(€)) = max{Re X : X is an eigenvalue of U(F(¢))}.

Obviously, F(€) has non-negative off-diagonal elements and it is irreducible. Hence,
according to Theorem A. 5 in Zhao [47], U(F(€)) is a simple eigenvalue of F(¢)
and has a positive eigenvector. By using the Theorem 2 in reference [37] and the
Lemma 2.1 in reference [40], we know that U(F(€)) < 0 if and only if Ry < 1,
inverse U(F(€)) > 0 if and only if Ry > 1.

Since U (F'(€)) is continuous about €. Let € be small enough such that U(F(€)) >
0. So, assume that x(t) = (Ey(t), An(t), In(t), P(t), Hyn(t), Hs(t), Ep(t), L, ()T is
a positive solution of the comparison system (4.1), which is strictly increasing with
zi(t) = oo as t = +00, i = ER(t), Ap(t), -, I,n(t). By comparison principle, we
have

lim Ey(t) = —&—oo,tlinolo Ap(t) = +oo7tli>1rolo In(t) = —|—oo,tli>1r(r>1C P(t) = +oo0,

t—o0
tlgglo H,(t) = +oo,tlirgo H(t) = +oo,tlirg10 E,.(t) = +oo,tlglolo I, (t) = +o0.

This contracts with our assumption. Then, there exists W*(Ey) N Xy = 0. Hence,
the model (2.1) is uniformly persistent when Ry > 1. This completes the proof.
O

4.3. Sensitivity Analysis

We observe that the five parameters, namely, By, Bm, tm, i and [ are the pivotal
parameters which regulate the basic reproduction number Ry. The sensitivity of
the basic reproduction number Ry to these parameters is given as follows:

dRy Ry Klm,
dBm 2R, v1p2,
dR R klBmTm KlBmmTm

> == o 67T22+ 6W3]<0,
dpim 2Ry (om + ptm)?p,  (Om + pn) 1o,
dR R,, kloy, 1 — o(1 —
By _ Lom rpnklon p od=p  _wp  _p
dBn 2R, - mp wiupz 0 UjUU4 U UZUL  UITUZ

pnklon — p(P€ + Tue +T<P+U5§)]

>0,

> 0,
h(usug — Yp) Urug
dRy Ry pnkBron 1 —p  0(1—p) wp p
— == + + +
dl 2Rh Th U1UL UrU2U4 U1U3IU4 ujus
pnkBron P(¢§+TU6+T<P+U5§)] >0
Th(usue — Yp) u1u3 ’
dRo Ry pnklBron, wp P
- 7[ ( 75—+ 2
dv; 2Ry, T UTUZUL  UTUS

unklBroy, P(¢§+TU6+T<P+U55)] <

0.
Th(usug — Yp) “1U§
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When the partial derivative is positive, the basic reproduction number Ry increases
with the increase of parameters. When the partial derivative is negative, the basic
reproduction number R decreases with the increase of the parameter.

In order to understand the effect of the proportional changes of these parameters
on Ry, we calculate the elasticity [35]. Elasticity is nothing more than a proportional
response to a proportional disturbance.

 BwO®Ro 1 Ry KBy
o " Ry 9Bm 2Ry R w112,

_ u_m% _ _L&( klBmmm n klBmTm )
" Ro Opim 2Ro Ry (0 + pm) 2t (Om + i) 02,
_ BrORy 1 Ry pnklopBy 1—p  6(1—p) wp p
T Ro 0B Z_ROR_h[ ™ (U1U2 T tgus | Giugus | ws

prklonBn  p(Y€ 4 Tue + 79 + U5§)]
T (usug — V) uU3
:L%:LR_m[ﬂhklﬁhUh(l_p_’_(s(l_p) Lwp P
Ry 0Ol 2Ry Ry, T U1 U U1 UUyg ULUIU4 UL U3
pnklBron  p(P€ + Tus + T + U5§)]
mh(usug — P) UTU3

_ i ORo _ _LR_m[thlﬁh%Uh wp_ P )

T Ry Oy 2Ry Ry, T wudug - ugul
pnklBronyi  p(¥§ + Tus + 7 + U55)]
mh(usug — V) ugu3 '

By

)

E;

)

From these expressions, it can be seen that 8y, 8,, and [ have a promoting effect on
Ry, while the rest have a inhibiting effect on Ry. That is, Ry is positively correlated
with 8y, B, and [, but negatively correlated with u,, and 7;. In Figures 4 and 5,
the influence of parameters on Ry is more intuitively shown.

Figure 4. The influence of B, and 3, on Ry

From Figure 4, it shows that the effects of parameters 5, and 3,, on Ry are pos-
itive. This suggests that controlling transmission between mosquitoes and human
can help curb the spread of the disease. From Figure 5(a), 8 has more influence
on Ry than ~;. Similarly, Figure 5(b) shows that increasing the mortality rate of
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(c) (d)

Figure 5. The influence of each parameter on Rg. (a) B and 7;; (b) Bm and pm; (¢) Br and I; (d) s
and [.

mosquitoes can greatly control the spread of dengue fever. Figure 5(c) shows that
the effects of [ and B, on Ry are basically equal. The effects of [ and ; on Ry are
shown in Figure 5(d). From Figures 4 and 5, we can conclude that control policies
should aim to reduce transmission rates and increase the mortality of mosquitoes
and the recovery rate from treatment.

5. The Optimal Control

5.1. The Existence of Optimal Control

In the previous part, we mainly focus on the dynamical behavior of the model (2.1).
In this section, we will use three control variables. The control of using bed nets
to avoid exposure to mosquitoes is denoted as g (t). Thus, the force of infection is
reduced by a factor of 1 — g;(¢). The control variable go(t) represents promoting
awareness of humans to protect themselves from dengue infection, such as increasing
the coverage of recovers, and g3(t) represents reducing mosquito population. Here,
we assume that the control set is

U= {(917927g3> | gl(t) S Loo[ovthO S gz(t) S Ci70 <c¢ S la/’/ = 1a2a3}
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The optimal control model is given as

ds
dTh =1 — (1= g1())AnSh — tnSn — g2(t)Sh,
dFE
dA
Tth = (1 — p)o’hEh — (")/a +0+ ,Ufh)Aha
dry
o = ponEn — (Vi + T+ &€+ w+ pup) I,
dP
a =0Ap +wlp — (Vp + pin) P,
dH,,
dH;
G = St eHpn = (s + O+ ) H,
dRy,
dt = VaAh + rYI)P + inIh + FYMHm + 78H5 + gQ(t)Sh - 'uth’
ds,,
dFE,,
W = )\mSm — (O’m + ,UJm)Em - 93(t)Em7
dr,,
— = 0B — pindm — 93(t) L.
5 =° I g3(t)

For nonnegative initial conditions and bounded Lebesgue measurable controls,
system (5.1) has nonnegative bounded solutions. We consider an optimal control
problem to minimize the objective function

ty
J(91,92,93) =/ [En(t) + An(t) + In + P+ Hy + Hy + Epy + I,
0 (5.2)
Loy Loy Loy
+ 500 (t) + 50292 (t) + 50393(t)}dt~
Next, the existence of the optimal control pair in the system (5.1) is obtained
by using the results of Fleming and Rishel [9].

Theorem 5.1. Under the initial conditions, the system (5.1) exists an optimal
control pair {(97,95,95) € U,t € [0,t5]} such that

J(gTaggﬂgg): J(gl7927g3)'

min
gi()€V,i=1,2,3
Proof. To prove the existence of optimal control, the following conditions must
be satisfied:
(1) The control and related state variables are non-negative values.
(2) The control set U is convex and closed.
(3) The right-hand of the state system (5.1) is bounded and it is a linear function
of the control and the state variable.
(4) The integrand of the objective function on U is convex.
(5) There exist constants by,ba > 0 and « > 1 such that the integrant of the
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objective functional

L(t,g1,92,93) =FEn(t) + An(t) + In+ P+ Hp + Hs + E,y + I,
1
+ g(clgf(t) + c205(t) + 33 (1))

satisfies
L(t, g1, 92,93) > bi[ul(t) + ud(t) + ui(t)]2 — b.

It is obvious the conditions (1), (2) and (4) are satisfied. As for condition (3), we
have already proved that eleven state variable are bounded, therefore

Brcmn g, < ok,

% < popEp, (iTZtD < §Ap + wly, % < 7lh + Y H;,

dditm < T, df—tm < AmSm, ddi;n < omEm,

% <€D, + pHpm, % < YaAn + 9P+ Yilh + Y Hm + s Hs + g2(t) Sn-
For the condition (5), there exist by = min{%,%},bs € R and o = 2 such that

L(t, g1, 92,93) > bi[g? (t) + g2(t) + g3 (t)] % — ba,

which completes the existence of an optimal control. O

5.2. Characterization of Optimal Control

According to the Pontryagin’s Maximum Principle [4], the necessary conditions for
the existence of optimal control of the system (5.1) are obtained. Now, we will for-
mulate the Hamiltonian from the governing dynamics and the objective functional
to get the optimality conditions. So, we have

H(Sh, En, An, In, P, Hyny Ho, Ry, Sy Evy Iy 15, 92, 93, M)
=L(Ey, Ap, It, Py Hy, Hs, Eyy Iy 915 G2, 93)
+ M[mn — (1= g1(t)AnSh — 1nSn — g2(t)Sh)
+ X2[(1 = g1()AnSh — onEn — pnEr] + A3[(1 = p)onEn — (Ya + 6 + pn) An]
+ MlponEn — (vi + 7+ &+ w4 pp)In] + As[0An +wln — (9p + pn) P)
+ X[TIn + v Hs = (Ym + @ + pn) Him] + M[§1n + @Hm — (s + 1 + pn) H
+ Xs[YaAn + P + Yiln + YmHp + vsHs + g2(t)Sp — pin Ri]
+ >\9[7Tm - ()‘m + ﬂm)Sm - 93(t)Sm} + )\IO[AmSm - (Um + ,Um)Em - gB(t)Em]
+ All[UmEm — fhn I — 93(t)lm]’

where \;,i =1,2,---,11 are adjoint variables.

Theorem 5.2. There is an optimal control pairs (g7, g3, 93). Let Sh, En, Ap,
I,,,P,H,,,Hs, Ry, Siny B, and I, be the state solutions of system (5.1). Then
there exists adjoint variables ;i = 1,2,--- ,11 satisfying

Ao
a0

(5.3)
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and with the terminal conditions
Ai(tf) =0, i=1,2,---,11. (5.4)
The optimality conditions is given by

OH
= =0,j=1, 2, 3. (5.5)
dg;

Further, the control (g5, g5, g3) can be obtained from the following equations:

g1 = min{L max{O, gik<t)}}7 95 = min{L max{O, g§<t)}}7
g5 = min{1, max{0, gi(1)}}.

Proof. By differentiating the Hamiltonian, we obtain the adjoint system can be
written as:

d\i  0H B d\  OH B
—E—Tsha Al(tf)—oa E_TE;L’ /\2(tf)—07
d\s OH d\s OH
a ~ oa, et =0 a o, ) =0
d\s OH B d\¢ OH B
*Efafp, )\5(tf)*0, *H*Ea )\G(tf)*oa
d\; oH dAg oOH
dt — oH,’ 7(tr) =0, dt ~ OR’ s(ts) =0,
d\  OH B d\io  OH B
I TR 95, )\g(tf)—o, dF OE,,’ )\10(tf) =0,
d\iy  OH _
— i —@, /\11(tf)—0.
The state adjoint system is given by
dX\;
o = = g1)An + pn + g2(O]A(2) = (1= 91(8))An2(t) — g2(8)As,
dX
(T; = =1+ (on + pn)A2(t) = (L = p)onAs(t) — ponAa(t),
dAs
T —14+ (Ya + 0 + pn)As(t) — 6As(t) — vaAs(t),
dX
T; =1+ (v +7+&+w+pn)A(t) —wAs(t) — vaAs(t),
dA
d7t5 = =14 (% + 1n)As(t) — 1 As (D),
dXg
e =1+ (Ym + @+ pn)Ae(t) — pA7(t) — YmAs(t),
dA
d7t7 =-—1+ (’Ys + ¢ + Hh))‘7(t) - 78)\8(t)7
dXg
— = up st
) s(t),
dy

= (A + pn +g3(1) Ao () — AmAro(t),
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dA

20 14 (ot st 950 Mo(t) — G (8),
dA

d;l = =1+ (ki + g3(1)) A (8).

Further, by differentiating the Hamiltonian with respect to the controls, we have
the following optimality conditions:

Z—H =&197(t) + (A1 (t) — A2 (1)) AnSh = 0,

g1

o 6ag3(0) ~ (D)~ (1) =0,
g2

OH

5o =895 (1) = 29()Sm = A10(t) By — At (1) I = 0.
g3

Thus, we have that
[ (A1 () = A2()AnSk] o [(A(t) — As(2)) Skl

g{ = ygo = )
&1 3
o [2o(#)Sm 4+ A10(t) By + A11(t) L]
93 = :
&3
This completes the proof. O
6. One Case

6.1. Numerical Results

Numerical simulations are carried out by using MATLAB in this section. According
to the theory in reference [13], we estimate the parameters of our model on the basis
of the dengue data in Singapore in 2020 by carrying out the Markov Chain Monte
Carlo (MCMC) procedure. The actual infection is shown in Figure 6.

2500

95% posterior limit

— Fitting curve
2000 O The actual infectious |
3
(2]
Iod
o
- 1500
o}
°
Q
£
> 1000
2
[
P4

500

Weeks

Figure 6. The actual number of people infected in Singapore from 15 to 52 weeks in 2020 years.

In order to calculate the basic reproduction number Ry of dengue in Singapore
and predict changes in the next few years, it is essential to estimate the unknown
parameters of the model (2.1). The population size of the Singapore at the end of
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2020 is 568.0058 million. According to the relevant data of the Ministry of Health
Singapore (2020), we can get the birth rate in at the end of 2020 is 8.8682 per
thousand. Thus, we obtain that the yearly birth population of Singapore is about
49362, and the number of births per day is 133. The average life expectancy of the
population of Singapore is 75. So, we conclude that the yearly natural mortality
rate of the population in Singapore is approximately u = 1/75 [39]. The incubation
period of dengue is 3 — 14 days. We assume that the average progress time of latent
individuals 1/, is 7 days and 1/+; is 6 days, then the daily progress rate 7, is 1/7
and ~; is 1/6. We choose a set of values of other parameters in Table 2.

Table 2. The parameters description of the Dengue model.

Parameters Mean value Std 95% CI Reference
h 133 - - [39]
Wi 5000 - - [27]

h 1/75 - - [39]
- 1/14.49 - - [10]

k 0.66 - - [51]

l 0.4997 - - [46]

on 1/6 - - [21,27]
Om 1/7 - - [33]

p 0.82 - - [27]

%) 0.0341 - - assumed
Ya 1/7 - - [21]

Yi /7 - - [1,6]
Vs 0.18 - - [27]

B, 0.4843 0.0177 [0.4497, 0.5190] MCMC
Bm 0.0803 0.0042 [0.0722, 0.0884] MCMC
1) 0.66 2.8944x10-%  [0.6599, 0.6601] MCMC
w 0.18 0.08244 [0, 0.2466] MCMC
T 0.1259 3.6396x10-°6  [0.1242, 0.1257] MCMC
£ 0.1799 2.5406x107%*  [0.1797, 0.1807] MCMC
) 0.8692 1.3915x10~9%  [0.6691, 0.8692] MCMC
o 0.3096 1.2497x10~9%4  [0.3093, 0.3098] MCMC
Voo 0.06 7.9459x10~% [0, 0.198] MCMC

According to the Table 2, infection rate of infected mosquito individuals to sus-
ceptible persons is B, = 0.4843. Infection rate of infected people individuals to
susceptible mosquito is 3, = 0.0803. Thus, 5} is more bigger than §,,. This sug-
gests that people with dengue in infectious period may be more infectious than those
with dengue in the mosquito. We give the number of samples and the frequency
distribution of Ry by using MCMC procedure (seen Figure 7).

From Figure 7(a), we can clearly know that the basic reproductive number Ry
satisfies the normal distribution. The value of the basic reproduction number Ry is
estimated as 1.6015 (95%CI: (1.5425-1.6675)), which is shown in Figure 7(a). This
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2000 5000

(a) (b)

Figure 7. Sample values of Ry and infectivity parameters and sample distributions. (a)The Markov
chain of the last 300000 samples of Rg. The blue dots indicate the value of Ry within the 95% credible
intervals, the red pluses indicate the value of Ro outside the 95% credible intervals, and the black
lines indicate the upper and lower credible limits. The frequency distribution of Rg. The red curve
is the probability density function curve of Rg. (b)B, and 3,,’s Markov Chain Monte Carlo (MCMC)
parameters distribution.

means that dengue should be taken seriously in Singapore. From Figure 7(b), it
is the Markov chain sampling of 8, and (,,. It can be clearly seen that the two
samples obey normal distribution and the estimation effect is suitable.

6.2. Uncertainty Analysis

We study uncertainty and sensitivity analyses by using a Latin Hypercube Sampling
(LHS) method and evaluating the Partial Rank Correlation Coefficients (PRCCs)
[13,24] in this part. From Figure 8, the sensitivity analysis with the selected baseline

0.8
0.6
o 04
02

-0.2
0.4
-0.6
-0.8

PRCCs for R

Figure 8. The Partial Rank Correlation Coefficients of Ry in model (2.1).

values shows that the most sensitive parameter is the rate of transmission between
humans and mosquitoes, where the transmission probability from infectious humans
to susceptible mosquitoes (5,,) is slightly higher than that of mosquitoes to humans
(Bn). A positive sensitivity index indicates that Ry increases as the parameter
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increases. On the contrary, a negative sensitivity index means that Ry decreases
as the parameter increases. In summary, Ry decreases with the increases of the
recovery rates for mild hospital individuals (v,,) and severe hospital individuals
(7s), the progression rate from Ij, to mild hospital (7) and severe hospital (£).
Moreover, Ry increases with the increase of the probability of pathogens being
transmitted from infectious mosquitoes to susceptible humans (f,,), the probability
of pathogens being transmitted from infectious humans to susceptible mosquitoes
(Br), the progression rate from Aj to unreported cases P (§) and the progression
rate from Ij, to unreported cases P (w).

According to the Figure 8, we already know the effect of the parameters Sy, 5,
Yp, Ym on the basic reproduction of reproduction Ry. However, Figure 9 demon-
strates that the changing trend of single parameter and Ry is more clearly and
intuitively.

ﬁp:O 09

0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
3 5

m "o

(a) (b)

5,=0.18

Xp:l) 09

0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
5 3,
P h

() (d)

Figure 9. The influence of partial parameter variation on Ry. (a) The variation trend between 3, and
Ryp. (b) The variation trend between 7, and Ry. (c) The variation trend between ~,, and Rg. (d) The
variation trend between 33 and Rg.

In each subgraph, we change only one parameter and the other parameters
shown in Table 2. It can be seen from Figure 9(a) that Ry is less than 1 only
when [, < 0.03, which means that the disease can be controlled only when the
transmission power of humans to mosquitoes is less than 0.03. Figure 9(b) reveals
that the recovery rate of unreported cases is greater than 0.09. This can effectively
reduce the spread of the disease. In Figures 9(c) and 9(d), Ry decreases with an
increase in -, and a decrease in ;. When ~,, increases to 0.49 or (; decreases
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to 0.18, Ry is less than 1, which indicates that increased treatment and reduced
transmission from mosquitoes to humans can effectively control the spread of the
epidemic.

6.3. Optimal Control

According to the theory in reference [20], we will give the optimal solution of the
model (5.1) by using the numerical method. The initial values of model (2.1) are
Sr(0) = 5000000, Ep(0) = 10,Ax(0) = 10,1(0) = 100, P(0) = 10, H,,(0) =
10, H(0) = 10, R(0) = 10, S,,(0) = 10000000, E,,(0) = 10000 and I,,,(0) = 10000.
We also select the parameter values are in Table 2. The period of the control is
50 weeks. In order to reveal the effect of the control strategies considered in our
paper, we will give the graphes of evolution in different compartment populations
under different controls. The number of people in different compartments when the
weights on objective function are ¢; = 100,co = 500, c3 = 1000 and the different
values of uy, uz and ug (seen Figure 10).

It can be seen from Figure 10 that the system with control is obviously better
than the system without control. When u; = 0, us = 0, ug = 0, the number of people
in different compartments is the highest. However, when w; = 0,us = 0.5,u3 = 0,
the number of people decreased significantly. But, dual control and optimal control
have almost the same effect and they are better than single control us, while the
single control us is better than no control.

7. Discussions and Conclusions

We showed a dengue model with unreported cases and asymptomatic infected
classes. The basic reproduction number Ry is obtained by using the next genera-
tion matrix. Stability of the disease-free equilibrium and existence of the endemic
equilibrium are derived. Using the Pontryagin’s maximum principle, we get the
existence of the optimal control pair and the mathematical expression of the op-
timal control. The best-fit parameter values in our model are identified by the
MCMC algorithm based on the data of dengue fever in Singapore from 15 to 52
weeks. We also estimate that the basic reproduction number Ry is 1.6015 (95%CIL:
(1.5425-1.6675)). Some numerical simulations and sensitivity analyses are carried
out to illustrate our main results, which show that reducing the infection rate and
increasing the reporting rate are beneficial to the control of dengue fever. This is
consistent with the results of in Musa et al. [27] and Xue et al. [42], which is also
better understood and a useful guide provided for better control of dengue fever in
the future.

Generally speaking, the epidemic situation in Singapore is grim. On the one
hand, the previous epidemics in Singapore were mainly dengue virus serotype 1 and
dengue virus serotype 2, so most residents were resistant to dengue virus serotype 1
and dengue virus serotype 2, but not to the current epidemic dengue virus serotype
3. As a result, the infected population of dengue virus serotype 3 was further
enlarged by the expansion of Aedes mosquitoes. On the other hand, everyone was
isolated and the mosquito control work could not be carried out normally, resulting
in a large number of Aedes mosquitoes. At the same time, a large amount of medical
resources were used to deal with the other epidemic. Thus, it was difficult to get
timely treatment. Dengue fever began to spread.
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Figure 10. Number of people in different compartment with ¢q
optimal control strategies. (a) Ap; (b) Hs; (c) In; (d) En; (e) P; (f) Hum.

Our model is not a case study. To simplify the model, we consider some param-
eters as constants, but these parameters are rarely constants. In fact, there must
be a time interval between the spread of infection, and the spread from an infected
person to a susceptible population cannot be instantaneous. Similarly, infected
people may take some time to become infectious and symptomatic, and there may
be a time lag in recovery from the disease. In addition, the disease is subject to
temperature changes and is cyclical. Therefore, in the future work, these time-delay
and periodic behaviors can be incorporated into the system and its dynamic behav-
ior can be analyzed. So the model would be more realistic and more biologically
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meaningful. We will leave that for future research.
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