
Biomedical Signal Processing and Control 84 (2023) 104714

A
1

Contents lists available at ScienceDirect

Biomedical Signal Processing and Control

journal homepage: www.elsevier.com/locate/bspc

Mathematical modeling of chickenpox in Phuket: Efficacy of precautionary
measures and bifurcation analysis
Sayooj Aby Jose a,c, R. Raja b,f, J. Dianavinnarasi d, D. Baleanu e,f, A. Jirawattanapanit g,∗

a Department of Mathematics, Alagappa University, Karaikudi 630 004, India
b Ramanujan centre for Higher Mathematics, Alagappa University, Karaikudi 630 004, India
c Faculty of Mathematics- Informatics Teacher Education, Dong Thap University, Viet Nam
d Center for Nonlinear Systems, Chennai Institute of Technology, Chennai 600069, Tamil Nadu, India
e Department of Mathematics, Cankaya University, Ankara 06530, Turkey
f Department of Computer Science and Mathematics, Lebanese American University, Beirut, Lebanon
g Department of Mathematics, Faculty of Science and Technology, Phuket Rajabhat University, Phuket, Thailand

A R T I C L E I N F O

Keywords:
Mathematical modeling
Equilibrium points
Generation matrix approach
Bifurcation analysis
Global asymptotic stability

A B S T R A C T

In this paper, a mathematical model depicting the transmission dynamics of Chickenpox is developed by
incorporating a new parameter denoting the rate of precautionary measures. The influence and the importance
of following precautionary measures are showed by applying the real data collected at Phuket province,
Thailand. The model analysis such as positivity and boundedness of the solutions are provided. The rate of
precaution for the spread the of chickenpox was a factor that influenced the basic reproductive number, which
was calculated using the next-generation matrix approach. The model’s equilibrium points are identified, and
the condition for the disease-free equilibrium’s local and global asymptotic stability is established. The model
also shows forward bifurcation. Numerical simulation is carried out to show the importance of considering the
precautionary measures while controlling the disease spread and the influence of those introduced parameters
are depicted graphically. Though our results, we concluded that the rate of precautionary measures plays an
vital role at the same time it reduces the chance of getting infected by Chickenpox virus.
1. Introduction

Mathematics plays an important role in human life, it can be ap-
plied in many fields [1–8]. In particular, medical professionals can
apply mathematics to simulate disease incidence and treatment and
as a tool to help understand many aspects of health, such as the
environment that causes various diseases and disease prevention. The
significance and advantages of using mathematical models to simulate
at-risk populations, infections, vectors, and infected individuals in or-
der to address the ongoing crises of numerous diseases [9–14]. The
dynamical behaviour of infectious diseases has been widely described
using mathematical models. One of epidemiology’s main concerns is
the study of epidemic models with vaccination and treatment [15–17].
Studying the mathematical models of epidemics makes it possible to
know the epidemic and the results obtained from the model. Identifying
characteristics that can limit the spread of the disease can support re-
searchers. Including having a correct understanding of the transmission
of the disease. The study also identifies the strengths of a mathematical
model capable of modifying epidemic characteristics. Analyzing the
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model data shows its effectiveness and understanding of the epidemic’s
evolution and disease control measures. As a result, the findings of this
study are very helpful in lowering the risk of infection, preventing the
spread of infection, and controlling epidemics.

An air-borne disease named Chickenpox caused by Varicella Zoster
Virus (VZV) recorded almost every countries [18]. Chickenpox is char-
acterized by a flat red rash, blisters, bumps spreading on the face,
body and back, and fever. Varicella virus, or Human herpes virus type
3, is the same virus that causes shingles. By direct contact with the
blister or by touching objects such as water glasses, handkerchiefs,
towels, blankets, mattresses, etc., that have been contaminated by the
blister of a person with chickenpox or shingles inhaled by the blister
droplets through the mucous membrane. The incubation period 10–20
days in cases of shingles can be transmitted in the form of chickenpox,
especially by nursing mothers. When considering by age group, it was
found that the 5–9-year-old group had the highest morbidity rate of 579
per 100,000 population, followed by the 0–4 age group, 10–14 years
old and the group over 15 years old. Early chickenpox symptoms start
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with a low-grade fever in young children, but adults tend to have a
high fever and blisters appear within 1–2 days. It starts from the body
and face and then spreads to the arms and legs [19,20].

In history, there exist numerous number of research articles that
studies the spread dynamics of Chickenpox by the aid the mathematical
models. For instance, the authors of [21–23] were studied the effects
of implementing vaccination strategies against VZV by developing SIR,
SVEIR models. In [24], SVEITR models of Chickenpox is analyzed in the
presence of control measures such as vaccinations, medical assistance
for infected individuals. The authors of [25], thought about how the
conventional SEIR model was used to quantitatively describe the im-
portance of immunization of newborn infants against the chickenpox
and treatment of both latently and actively infected individuals in
preventing the spread of the disease. Anyways the vaccine protects up
to 70 to 90 percent of people from severe illness [18]. In [26], the
characteristics of a basic discrete-time stochastic model is examined.
According to [17], suitable compartmentalized mathematical is pro-
posed and analyzed the model analytically as well as numerically for
its stability results. In [27], a mathematical model in both deterministic
and stochastic models were examined via the Euler Maruyama method.
Also, the author proved that the susceptible population increase in size
when the vaccine wanes. In recent years fractional order models of
VZV spread is also attracts the researchers. In [28], the author studied
the detailed analysis of fractional order MSEIR model in the sense of
Atangana–Baleanu (Caputo).

Various field studies of chickenpox recorded in [29–32]. Chickenpox
in Phuket is a highly contagious disease. Especially in school nurseries
or according to the general residential community, It is a disease that
can be found all year round. Still, it tends to spread during the winter at
the end of the year and at the beginning of every year [33]. Information
on surveillance of chickenpox at level Thailand found that in 2016 there
was a morbidity rate of 71.52 cases per 100,000 population. In 2017,
there was a morbidity rate of 91.28 cases per 100,000 population.
Found in the school-age group the most. Surveillance of the disease
in Phuket found that in 2016 there was a sickness rate of 90.70 cases
per 100,000 population, and in 2017 there was a sickness rate of
115.63 cases per 100,000 population. It is most common in the school-
age group. This information reflects that chickenpox is a problem.
Important public health in Phuket For this reason, the study authors
saw the benefit of evaluating the chickenpox surveillance system in
hospitals, schools, and other places in Phuket would allow them to
know. Surveillance system performance can improve and plan for the
protection and better control of the disease.

By studying a mathematical model, the chickenpox epidemic is
known to spread. Moreover, complications are caused by chickenpox.
This complication is often found in newborns, adults, or people with
impaired immune systems. Bacterial skin infections, bloodstream infec-
tions, thrombocytopenia, pneumonia, encephalitis, and other serious
consequences are the most usual and severe. The model helps the
researcher to understand the factors that can control the spread of the
disease. as well as having an accurate understanding of the transmission
of chickenpox in Phuket. The advantage of the mathematical model
is that it can modify the characteristics of the epidemic. In the data
analysis process, the researcher focused on the study of patients with
complications from chickenpox.

Furthermore, patients without complications will help researchers
understand outbreaks’ evolution and disease control measures. There-
fore, the results of this study are highly beneficial in reducing the risk
of chickenpox infection. Moreover, chickenpox control with the preced-
ing, the researcher realized and saw the benefits, so they researched a
mathematical model to control the chickenpox epidemic in Phuket.

The following is the paper’s main contribution:

∙ The Mathematical model was used to investigate Chickenpox
outbreaks in order to assist researchers better understand the
mechanisms that control the disease’s progress.
2

∙ Demonstrate the disease transmission dynamics of infected per-
sons with and without complications.

∙ The local and global asymptotic stability of equilibrium points
were examined through Routh Hurwitz’s and Castillo-Chavez’s
theorems. While studying the influence of the transmission rate
𝜆1, we ended up with forward bifurcation.

∙ With varied levels of precautionary measures, this study would
be extremely advantageous in lowering the risk of infection and
reducing the basic reproductive number.

2. Model formulation

The study of a mathematical model demonstrates the role and utility
of a mathematical model in solving the ongoing chickenpox crisis in
Phuket. It simulates populations at risk of infection–pathogens, vectors,
and those infected–by converting the data into mathematical equations
to describe the nature of the outbreak and progression of chickenpox
without the researcher needing to study directly with humans, which
may endanger the lives of the researcher and the patient. It also helps
to reduce the budget for supplementing measures for treatment and
prevention of chickenpox in Phuket according to actual needs as quick.
When numerous interacting factors are present, an infectious disease
can spread in a complex manner. A mathematical model is one of the
methods used to investigate and anticipate the spread and severity
of a disease. This study developed a biological compartmental model
that separates the human population in a Phuket city 𝐶 into six com-
artments in order to better understand the dynamics of chickenpox.
usceptible (𝐶𝑆 ), Vaccinated (𝐶𝑉 ), Exposed (𝐶𝐸), Infected individuals
ith complications (𝐶𝐼𝑊 ), Infected individuals without complications
𝐶𝐼𝑊 ), Recovered (𝐶𝑅) individuals are in a Phuket city 𝐶. Let 𝛬 is the
otal recruitment. Here also we consider that susceptible individuals
nter into the infected with or without complication compartment
hrough exposed class. Susceptible people will have a rate of 𝜆1 con-
act with infected individuals and 𝜂 be the modification parameter
hat accounts for reduced transmission in infected individuals without
omplications. People move to vaccination class with rate of 𝜆2. 𝜆3

be the wanning effect, so that proportion will move to susceptible
class. 𝜃 be the vaccine efficacy, so (1 − 𝜃) proportion with infected
and vaccinated individuals are move to exposed compartment. Disease
progression rate of infectious of exposed individuals is 𝜆4. From there,
𝜗 proportion move to without complicated infected compartment and
remains be in complicated infected compartment. 𝜓1 and 𝜓2 are rate
of recovery of infected with and without complication respectively.
𝛾1, 𝛾2 and 𝛾3 are natural death rate and death rate of infected with and
without complication respectively. Rate of loss of infection-acquired
(natural) immunity is 𝜓3. The interactions and parameter descriptions
are explained in Fig. 1 and summarize in Table 1. The system as follows:
𝑑𝐶𝑆
𝑑𝑡

= 𝛬 − 𝜆1𝐶𝑆 (𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 ) + 𝜆3𝐶𝑉 + 𝜇𝐶𝐸 − (𝛾 + 𝜆2)𝐶𝑆 + 𝜓3𝐶𝑅
𝑑𝐶𝑉
𝑑𝑡

= 𝜆2𝐶𝑆 − (1 − 𝜃)𝜆1𝐶𝐼𝑊 𝐶𝑉 − (1 − 𝜃)𝜆1𝜂𝐶𝐼𝑊 𝐶𝑉 − (𝜆3 + 𝛾)𝐶𝑉
𝑑𝐶𝐸
𝑑𝑡

= (1 − 𝜃)𝜆1𝐶𝐼𝑊 𝐶𝑉 + (1 − 𝜃)𝜆1𝜂𝐶𝐼𝑊 𝐶𝑉 + 𝜆1𝐶𝑆 (𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 )

− (𝜆4 + 𝛾 + 𝜇)𝐶𝐸
𝑑𝐶𝐼𝑊
𝑑𝑡

= 𝜗𝜆4𝐶𝐸 − (𝜓1 + 𝛾 + 𝛾1)𝐶𝐼𝑊 (1)
𝑑𝐶𝐼𝑊
𝑑𝑡

= (1 − 𝜗)𝜆4𝐶𝐸 − (𝜓2 + 𝛾 + 𝛾2)𝐶𝐼𝑊
𝑑𝐶𝑅
𝑑𝑡

= 𝜓1𝐶𝐼𝑊 + 𝜓2𝐶𝐼𝑊 − (𝛾 + 𝜓3)𝐶𝑅

where Table 1 contains a description of the parameters utilized in the
aforementioned model. Model (1) presupposes that each of its variables
are positive. 𝐶𝑆 (0) = 𝐶𝑆0 ≥ 0, 𝐶𝑉 (0) = 𝐶𝑉0 ≥ 0, 𝐶𝐸 (0) = 𝐶𝐸0

≥
0, 𝐶 (0) = 𝐶 ≥ 0, 𝐶 (0) = 𝐶 ≥ 0, 𝐶 (0) = 𝐶 ≥ 0.
𝐼𝑊 𝐼0 𝐼𝑊 𝐴0 𝑅 𝑅0
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Fig. 1. Illustration for the dynamics of Chickenpox transmission.
Table 1
Detailed description of parameters of the model (1).

Parameters Description

𝛬 Recruitment rate
𝜆1 Disease transmission rate
𝜂 Modification parameter that accounts for reduced

transmission in
infected individuals without complications in 𝐶

𝜆3 Waning effect
𝜆2 Vaccination rate
μ precaution taking individuals
𝜃 Vaccine efficacy
𝜆4 Disease progression rate of infectious of exposed individuals
𝜗 Proportion of individuals to infected individuals with

complications
𝜓1 The rate of recovery for those who have been infected but

have complications
𝜓2 the rate of recovery for those who have been infected but do

not have complications
𝛾1 Death rate for those who have been infected and have

complications
𝛾2 Death rate for those who have been infected and do not

have complications
𝛾 Natural death rate of individuals
𝜓3 Rate of loss of infection-acquired (natural) immunity

2.1. Analysis of the model: Basic qualitative properties

The dynamic system’s solution must be positive and bounded for all
values of time 𝑡 in order for the mathematical model to have biological
validity. The boundedness and positivity of the solution are established
by the ensuing theorem.

Theorem 2.1 (Positivity). Let the initial data 𝐶𝑆0 ≥ 0, 𝐶𝑉0 ≥ 0, 𝐶𝐸0
≥

0, 𝐶𝐼0 ≥ 0, 𝐶𝐴0
≥ 0,

𝐶𝑅0
≥ 0. Then, the solutions (𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 , 𝐶𝑅) of model (1) are

nonnegative for all 𝑡 > 0 in ℜ6 .
3

+

Proof. Since it is assumed that every parameter utilized in the model
is positive, the following lower bound can be determined for each
equation in (1):

𝑑𝐶𝑆
𝑑𝑡

> −
(

𝜆1(𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 ) + (𝛾 + 𝜆2)
)

𝐶𝑆 ,

𝑑𝐶𝑉
𝑑𝑡

> −
(

(1 − 𝜃)𝜆1𝐶𝐼𝑊 + (1 − 𝜃)𝜆1𝜂𝐶𝐼𝑊 + (𝜆3 + 𝛾)
)

𝐶𝑉
𝑑𝐶𝐸
𝑑𝑡

> −(𝜆4 + 𝛾 + 𝜇)𝐶𝐸 ,
𝑑𝐶𝐼𝑊
𝑑𝑡

> −(𝜓1 + 𝛾 + 𝛾1)𝐶𝐼𝑊
𝑑𝐶𝐼𝑊
𝑑𝑡

> −(𝜓2 + 𝛾 + 𝛾2)𝐶𝐼𝑊 ,
𝑑𝐶𝑅
𝑑𝑡

> −𝛾𝐶𝑅

Solving the above inequalities respectively leads to:

𝐶𝑆 > 𝐶𝑆0𝑒𝑥𝑝
(

−
(

𝜆1 ∫ (𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 )𝑑𝑡 + (𝛾 + 𝜆2)𝑡
)

)

> 0,

𝐶𝑉 > 𝐶𝑉0𝑒𝑥𝑝 −
(

(1 − 𝜃)𝜆1 ∫ 𝐶𝐼𝑊 𝑑𝑡 + (1 − 𝜃)𝜆1𝜂 ∫ 𝐶𝐼𝑊 𝑑𝑡 + (𝜆3 + 𝛾)𝑡
)

> 0,

𝐶𝐸 > 𝐶𝐸0
𝑒𝑥𝑝(−(𝜆4 + 𝛾 + 𝜇)𝑡) > 0, 𝐶𝐼𝑊 > 𝐶𝐼0𝑒𝑥𝑝(−(𝜓1 + 𝛾 + 𝛾1)𝑡) > 0,

𝐶𝐼𝑊 > 𝐶𝐴0
𝑒𝑥𝑝(−(𝜓2 + 𝛾 + 𝛾2)𝑡) > 0, 𝐶𝑅 > 𝐶𝑅0

𝑒𝑥𝑝(−𝛾𝑡) > 0

Thus, for all 𝑡 > 0 the solutions (𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 , 𝐶𝑅) of model
(1) are nonnegative in ℜ6

+. □

Theorem 2.2 (Boundedness). The solutions (𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 , 𝐶𝑅)
of model (1) are bounded.

Proof. We add each equation in the model (1) to demonstrate bound-
edness,

𝑑𝐶𝑁
𝑑𝑡

= 𝛬−𝛾𝐶𝑁 −𝛾1𝐶𝐼𝑊 −𝛾2𝐶𝐼𝑊 , where 𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 ,

𝐶𝑅 ≥ 0. This implies that
𝑑𝐶𝑁
𝑑𝑡

is bounded by 𝛬− 𝛾𝐶𝑁 , Using standard

comparison theorem [34], we obtain 0 < 𝐶𝑁 (𝑡) ≤ 𝛬
𝛾
(1 − 𝑒−𝛾𝑡) + 𝐶𝑁 (0)

Hence, lim sup𝑡⟶∞ 𝐶𝑁 (𝑡) ≤ 𝛬 . □

𝛾
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The model (1) is feasible in the following region 𝛶 =
{

(𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 ,

𝐶𝐼𝑊 , 𝐶𝐼𝑊 , 𝐶𝑅) ∈ ℜ6
+|0 ≤ 𝐶𝑁 (𝑡) ≤ 𝛬

𝛾

}

. Also, it is the model’s (1)

ositively invariant region. Moreover if 𝐶𝑁 (0) > 𝛬
𝛾

the solution of (1)

either enters 𝛶 in a finite time or 𝐶𝑁 (𝑡) approaches 𝛬
𝛾

asymptotically.
Consequently, the region 𝛶 attracts all solutions to (1) in ℜ6

+.
According to the above theorem, the region 𝛶 contains all of the

model’s (1) feasible solutions. It is sufficient to examine the dynam-
ics the system generates in 𝛶 because the model is said to be both
mathematically and biologically well-posed [35].

2.2. Basic characteristics of the model and its local stability

In this section, we will outline the model’s key characteristics before
calculating its mathematical output in terms of stability analysis. We
emphasize the disease free equilibrium (DFE) of model (1) given by
𝒟1, and computed as follows

𝒟1 =
(

𝐶𝑆 , 𝐶𝑉 , 𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 , 𝐶𝑅

)

=
(

𝛬(𝜆3 + 𝛾)
(𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2

,
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2) − 𝜆3𝜆2
, 0, 0, 0, 0

)

The primary factor in mathematical epidemiology that determines
whether a disease may spread or be controlled is the basic reproduction
number. Consequently, to derive the model’s (1) basic reproduction
number is denoted by 1. We apply the strategy described in [36]. The
following matrices are available to us based on [36],

ℱ =

⎛

⎜

⎜

⎜

⎜

⎝

0
𝜆1𝛬

[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

(𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2

𝜆1𝜂𝛬
[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

(𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2
0 0 0
0 0 0

⎞

⎟

⎟

⎟

⎟

⎠

𝒱 =
⎛

⎜

⎜

⎝

(𝜆4 + 𝛾 + 𝜇) 0 0
−𝜗𝜆4 (𝜓1 + 𝛾 + 𝛾1) 0

−(1 − 𝜗)𝜆4 0 (𝜓2 + 𝛾 + 𝛾2)

⎞

⎟

⎟

⎠

Finally, the spectral radius of the matrix 𝜌(ℱ𝒱 −1) yields the fundamen-
tal reproduction for the model (1) as

1 =
[ 𝜆1𝛬𝜗𝜆4

[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

((𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2)(𝜓1 + 𝛾 + 𝛾1)(𝜆4 + 𝛾 + 𝜇)

]

+
[ 𝜆1𝜂𝛬(1 − 𝜗)𝜆4

[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

((𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2)(𝜓1 + 𝛾 + 𝛾2)(𝜆4 + 𝛾 + 𝜇)

]

=11 +12

where

11 =
[ 𝜆1𝛬𝜗𝜆4

[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

((𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2)(𝜓1 + 𝛾 + 𝛾1)(𝜆4 + 𝛾 + 𝜇)

]

,

12 =
[ 𝜆1𝜂𝛬(1 − 𝜗)𝜆4

[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

((𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆3𝜆2)(𝜓1 + 𝛾 + 𝛾2)(𝜆4 + 𝛾 + 𝜇)

]

Next, we show the result that the model (1) at 𝒟1

2.3. Local stability DFE

When the basic reproduction number 1 < 1, the dynamics of the
model (1) at the disease-free scenario 𝒟1 are locally asymptotically
stable. We provide the outcome listed below.

Theorem 2.3. The model (1) at 𝒟1 is locally asymptotically stable if
1 < 1.

Proof. The Jacobian matrix of the system (1) at the disease-free case
𝒟1 is obtained in order to demonstrate this fact, and it is provided by
4

(see Box I),
It can be seen that the matrix 𝒟1
has the eigenvalues, −(𝛾 +

𝜓3),−𝛾,−(𝜆2+𝜆3+𝛾) with negative real parts. It is possible to determine
the remaining four eigenvalues of the Jacobian matrix 𝒟1

using the
following equation:

𝜆3 +ℒ1𝜆
2 +ℒ2𝜆 +ℒ3 = 0

ℒ1 = (𝑙1 + 𝑙2 + 𝑙3),ℒ2 = ((1 −11)𝑙1𝑙2 + (1 −12)𝑙2𝑙3 + 𝑙1𝑙3),

ℒ3 = (1 −1)𝑙1𝑙2𝑙3
𝑙1 = (𝜆4 + 𝛾 + 𝜇), 𝑙2 = (𝜓1 + 𝛾 + 𝛾1), 𝑙3 = (𝜓2 + 𝛾 + 𝛾2)

Now, ℒ1ℒ2 − ℒ3 = (𝑙1 + 𝑙2 + 𝑙3)
[

(1 − 11)𝑙1𝑙2 + (1 − 12)𝑙2𝑙3
]

+ 𝑙21𝑙3 +
𝑙1𝑙23 +1𝑙1𝑙2𝑙3 > 0

Since all 𝑙𝑖 > 0, where 𝑖 = 1, 2, 3, from the above we can clearly
observe that ℒ𝑖 > 0, where 𝑖 = 1, 2, 3, only if 1 < 1. Hence by Routh
Hurwitz’s theorem we can says that the 𝒟1 is locally asymptotically
stable if 1 < 1. □

Remark 2.4. Theorem 2.3 indicates that an epidemic will not occur if
there are only a few infected people in a population so far 1 < 1. This is
true from an epidemiological perspective. It should be noted that somehow
this outcome is dependent upon that population’s initial infection rates.
Consequently, a global stability analysis is required in order to rule out this
dependency.

2.4. Global stability of DFE

The following explores the global asymptotic stability of the model
(1) for the disease-free condition 𝒟1. Using Castillo-Chavez’s theo-
rem [37], global stability analysis of DFE was investigated. Then (1),
𝑑𝑋
𝑑𝑡

=𝐹 (𝑋,𝑍)

𝑑𝑍
𝑑𝑡

=𝐺(𝑋,𝑍), 𝐺(𝑋, 0) = 0 (2)

where 𝑋 = (𝐶𝑆 , 𝐶𝑉 , 𝐶𝑅) ∈ ℜ3 denotes uninfected populations and 𝑍 =
(𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 ) ∈ ℜ3 represent the infected population. 𝒟1 = (𝑋∗, 0)
represents the DFE. If this holds the condition (𝛩1), (𝛩2)
𝛩1) For 𝑑𝑋

𝑑𝑡
= 𝐹 (𝑋, 0), 𝑋∗ is globally asymptotically stable.

(𝛩2)
𝑑𝑍
𝑑𝑡

= 𝐷𝑍𝐺(𝑋∗, 0)𝑍 − 𝐺(𝑋,𝑍), 𝐺(𝑋,𝑍) ≥ 0 for all (𝑋,𝑍) ∈ 𝛶
In light of the fact that 𝒟◦ is globally asymptotically stable, we

draw the following conclusion, which is supported by Castillo-Chavez’s
theorem [37].

Theorem 2.5. The equilibrium point 𝒟1 = (𝑋◦, 0) of the system (1) is
globally asymptotically stable if 𝐴 < 1 and (𝛩1), (𝛩2) are satisfied.

Proof. By defining additional variables and segmenting the system
into smaller systems, we begin the proof. 𝑋 = (𝐶𝑆 , 𝐶𝑉 , 𝐶𝑅) and 𝑍 =
(𝐶𝐸 , 𝐶𝐼𝑊 , 𝐶𝐼𝑊 ). We have two vector valued functions 𝐺(𝑋,𝑍) and
(𝑋,𝑍) provided by from (1),

(𝑋,𝑍) =

⎛

⎜

⎜

⎜

⎝

𝛬 − 𝜆1𝐶𝑆 (𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 ) + 𝜆3𝐶𝑉 + 𝜇𝐶𝐸 − (𝛾 + 𝜆2)𝐶𝑆 + 𝜓3𝐶𝑅
𝜆2𝐶𝑆 − (1 − 𝜃)𝜆1𝐶𝐼𝑊 𝐶𝑉 − (1 − 𝜃)𝜆1𝜂𝐶𝐼𝑊 𝐶𝑉 − (𝜆3 + 𝛾)𝐶𝑉

𝜓1𝐶𝐼𝑊 + 𝜓2𝐶𝐼𝑊 − 𝛾𝐶𝑅 − 𝜓3𝐶𝑅

⎞

⎟

⎟

⎟

⎠

nd

(𝑋,𝑍) =

⎛

⎜

⎜

⎝

(1 − 𝜃)𝜆1𝐶𝐼𝑊 𝐶𝑉 + (1 − 𝜃)𝜆1𝜂𝐶𝐼𝑊 𝐶𝑉 + 𝜆1𝐶𝑆 (𝐶𝐼𝑊 + 𝜂𝐶𝐼𝑊 ) − (𝜆4 + 𝛾 + 𝜇)𝐶𝐸
𝜗𝜆4𝐶𝐸 − (𝜓1 + 𝛾 + 𝛾1)𝐶𝐼𝑊

(1 − 𝜗)𝜆4𝐶𝐸 − (𝜓2 + 𝛾 + 𝛾2)𝐶𝐼𝑊

⎞

⎟

⎟

⎠

.

ow, let us look at the simplified system 𝑑𝑋
𝑑𝑡

= 𝐹 (𝑋, 0) from (𝛩1)

𝑑𝐶𝑆
𝑑𝑡

= 𝛬 + 𝜆3𝐶𝑉 − (𝛾 + 𝜆2)𝐶𝑆
𝑑𝐶𝑉 = 𝜆 𝐶 − (𝜆 + 𝛾)𝐶

𝑑𝑡 2 𝑆 3 𝑉
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w

e

w

𝑘

𝑘

𝒟1
=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

−(𝛾 + 𝜆2) 𝜆3 𝜇 −𝜆1𝐶𝑆1 −𝜆1𝜂𝐶𝑆1 𝜓3
𝜆2 −(𝜆3 + 𝛾) 0 −(1 − 𝜃)𝜆1𝐶𝑉1 −(1 − 𝜃)𝜆1𝜂𝐶𝑉1 0
0 0 −(𝜆4 + 𝛾 + 𝜇) (1 − 𝜃)𝜆1𝐶𝑉1 + 𝜆1𝐶𝑆1 (1 − 𝜃)𝜆1𝜂𝐶𝑉1 + 𝜆1𝜂𝐶𝑆1 0
0 0 𝜗𝜆4 −(𝜓1 + 𝛾 + 𝛾1) 0 0
0 0 (1 − 𝜗)𝜆4 0 −(𝜓2 + 𝛾 + 𝛾2) 0
0 0 0 𝜓1 𝜓2 −(𝛾 + 𝜓3)

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

Box I.
𝐷𝑍𝐺(𝑋∗, 0) =

⎛

⎜

⎜

⎜

⎝

−(𝜆4 + 𝛾 + 𝜇) (1 − 𝜃)𝜆1
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
+ 𝜆1

𝛬
(𝛾 + 𝜆2)

(1 − 𝜃)𝜆1𝜂
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
+ 𝜆1𝜂

𝛬
(𝛾 + 𝜆2)

𝜗𝜆4 −(𝜓1 + 𝛾 + 𝛾1) 0
(1 − 𝜗)𝜆4 0 −𝜓2 + 𝛾 + 𝛾2

⎞

⎟

⎟

⎟

⎠

.

Box II.
𝑑𝐶𝑅
𝑑𝑡

= 0. (3)

We see that the dynamics of this class of infected people without
complications are independent of the initial conditions in 𝛶 , implying
that the convergence of the solutions of the simplified Eq. (3) is global
in 𝛶 .

Then (see Box II) From (𝛩2) we get

𝐺(𝑋,𝑍) =
⎛

⎜

⎜

⎝

𝐴1
0
0

⎞

⎟

⎟

⎠

,

here, 𝐴1 = (1 − 𝜃)𝜆1
( 𝜆2𝛬
(𝛾 + 𝜆3)(𝛾 + 𝜆2)

− 𝐶𝑉
)

+ 𝜆1
( 𝛬
(𝛾 + 𝜆2)

− 𝐶𝑆
)

+ (1 −

𝜃)𝜆1𝜂
( 𝜆2𝛬
(𝛾 + 𝜆3)(𝛾 + 𝜆2)

− 𝐶𝑉
)

+ 𝜆1𝜂
( 𝛬
(𝛾 + 𝜆2)

− 𝐶𝑆
)

Here,
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
≥ 𝐶𝑉 ,

𝛬
(𝛾 + 𝜆2)

≥ 𝐶𝑆 , so we can say that

𝐺(𝑋,𝑍) ≥ 0 for all (𝑋, 𝑌 ) ∈ 𝛶 . This demonstrates that DFE is
globally asymptotically stable according to LaSalle’s invariance prin-
ciple [38]. □

2.5. The endemic equilibrium point

If infection persists with in the population(ie, 𝐶𝑆 ≥ 0, 𝐶𝑉 ≥ 0, 𝐶𝐸 ≥
0, 𝐶𝐼𝑊 ≥ 0, 𝐶𝐼𝑊 ≥ 0, 𝐶𝑅 ≥ 0), the model has an equilibrium point called
ndemic equilibrium point represented by 𝒟⋆

1 .

That is
(

𝐶⋆𝑆 , 𝐶
⋆
𝑉 , 𝐶

⋆
𝐸 , 𝐶

⋆
𝐼𝑊 , 𝐶

⋆
𝐼𝑊

, 𝐶⋆𝑅1

)

≠ 0. Then we obtain

𝐶⋆𝑆 =
𝑘8 − 𝑘4𝑘7𝐶⋆𝐸
𝑘6 + 𝑘7𝐶⋆𝐸

, 𝐶⋆𝑉 =
𝜆2𝑘4

𝑘6 + 𝑘7𝐶⋆𝐸
, 𝐶⋆𝐼𝑊 = 𝑘1𝐶

⋆
𝐸 ,

𝐶⋆
𝐼𝑊

= 𝑘2𝐶
⋆
𝐸 , 𝐶

⋆
𝑅 = 𝑘3𝐶𝐸 ,

here,

1 =
𝜗𝜆4

(𝜓1 + 𝛾 + 𝛾1)
, 𝑘2 =

(1 − 𝜗)𝜆4
(𝜓2 + 𝛾 + 𝛾2)

,

𝑘3 =
𝜓1𝑘1 + 𝜓2𝑘2
𝜓3 + 𝛾

, 𝑘4 =
(𝜆4 + 𝛾 + 𝜇)
𝜆1(𝑘1 + 𝜂𝑘2)

,

𝑘5 =
((1 − 𝜃)𝜆1𝑘1 + (1 − 𝜃)𝜆1𝜂𝑘2)

𝜆1(𝑘1 + 𝜂𝑘2)
, 𝑘6 = 𝑘5 + (𝜆3 + 𝛾),

𝑘7 = (1 − 𝜃)𝜆1𝑘1 + (1 − 𝜃)𝜆1𝜂𝑘2,

8 = 𝑘4𝑘6 − 𝑘5𝜆2𝑘4
5

and 𝐶⋆𝐸 is the positive root of the equation 𝑃1𝐶2
𝐸1

+ 𝑃2𝐶𝐸1
+ 𝑃3 = 0,

where,

𝑃1 = 𝜆1𝑘1𝑘4𝑘7 + 𝜂𝑘2𝑘4𝑘7 + 𝜇𝑘7 + 𝜓3𝑘3𝑘7,

𝑃2 = 𝛬𝑘7 − 𝜆1𝑘1𝑘8 − 𝜂𝑘2𝑘8 − (𝛾 + 𝜆2)𝑘4𝑘7 + 𝜇𝑘6 + 𝜓3𝑘3𝑘6
𝑃3 = 𝛬𝑘6 − (𝛾 + 𝜆2)𝑘8 + 𝜆3𝜆2𝑘4 + 𝜇𝑘6

2.6. Existence of forward bifurcation

The system’s center manifold theory may be used to demonstrate
the forward bifurcation occurrence (1). We conduct bifurcation anal-
ysis by applying the center manifold theorem. The following variable
rearrangements and modifications must be made to the model in order
to use the center manifold theory (1). Let us start by considering that,
𝐶𝑆 = 𝜑1, 𝐶𝑉 = 𝜑2, 𝐶𝐸 = 𝜑3, 𝐶𝐼𝑊 = 𝜑4, 𝐶𝐼𝑊 = 𝜑5, 𝐶𝑅 = 𝜑6.
Additionally, by employing vector notation 𝐶 = (𝜑1, 𝜑2, 𝜑3, 𝜑4, 𝜑5, 𝜑6)𝑇

with
𝑑𝐶𝑆
𝑑𝑡

= ℒ1,
𝑑𝐶𝑉
𝑑𝑡

= ℒ2,
𝑑𝐶𝐸
𝑑𝑡

= ℒ3,
𝑑𝐶𝐼𝑊
𝑑𝑡

= ℒ4,
𝑑𝐶𝐼𝑊
𝑑𝑡

=

ℒ5,
𝑑𝐶𝑅
𝑑𝑡

= ℒ6. (𝑑𝐶
𝑑𝑡

) = (ℒ1,ℒ2,ℒ3,ℒ4,ℒ5,ℒ6)𝑇 provided in the
following by choosing 𝜆1 as a bifurcation parameter and solving 1 = 1,
which leads to

ℒ1 =𝛬 − 𝜆1𝜑1(𝜑4 + 𝜂𝜑5) + 𝜆3𝜑2 + 𝜇𝜑3 − (𝛾 + 𝜆2)𝜑1 + 𝜓3𝜑6

ℒ2 =𝜆2𝜑1 − (1 − 𝜃)𝜆1𝜑4𝜑2 − (1 − 𝜃)𝜆1𝜂𝜑5𝜑2 − (𝜆3 + 𝛾)𝜑2

ℒ3 =(1 − 𝜃)𝜆1𝜑4𝜑2 + (1 − 𝜃)𝜆1𝜂𝜑5𝜑2 + 𝜆1𝜑1(𝜑4 + 𝜂𝜑5) − (𝜆4 + 𝛾 + 𝜇)𝜑3

ℒ4 =𝜗𝜆4𝜑3 − (𝜓1 + 𝛾 + 𝛾1)

ℒ5 =(1 − 𝜗)𝜆4𝜑3 − (𝜓2 + 𝛾 + 𝛾2)𝜑5 (4)
ℒ6 =𝜓1𝜑4 + 𝜓2𝜑5 − (𝛾 + 𝜓3)𝜑6

We choose 𝜆⋆1 = 𝜆1 as the bifurcation parameter, especially because it
is more sensitive to changes in 𝜆1 than any of its other parameters, in
1. If we consider 1 = 1,

𝜆⋆1 =
((𝛾 + 𝜆2)(𝛾 + 𝜆3) − 𝜆2𝜆3)(𝜆4 + 𝛾 + 𝜇)(𝜓1 + 𝛾 + 𝛾1)(𝜓1 + 𝛾 + 𝛾2)

[

𝛬𝜆4
[

(𝛾 + 𝜆3) + (1 − 𝜃)𝜆2
]

][

𝜗(𝜓1 + 𝛾 + 𝛾2) + 𝜂(1 − 𝜗)(𝜓1 + 𝛾 + 𝛾1)
]

(5)

Now, at problem DFP, the Jacobian of the linearized system (5) using
the identity 𝒟1 when 𝜆⋆1 = 𝜆1 is given by (see Box III), where

𝐴1 = −𝜆⋆ 𝛬 , 𝐴2 = −𝜆⋆𝜂 𝛬

1 (𝛾 + 𝜆2) 1 (𝛾 + 𝜆2)
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𝒟1
(𝜆⋆1 ) =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

−(𝛾 + 𝜆2) 𝜆3 𝜇 𝐴1 𝐴2 𝜓3
𝜆2 −(𝜆3 + 𝛾) 0 𝐴3 𝐴4 0
0 0 −(𝜆4 + 𝛾 + 𝜇) 𝐴5 𝐴6 0
0 0 𝜗𝜆4 −(𝜓1 + 𝛾 + 𝛾1) 0 0
0 0 (1 − 𝜗)𝜆4 0 −(𝜓2 + 𝛾 + 𝛾2) 0
0 0 0 𝜓1 𝜓2 −(𝛾 + 𝜓3)

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

Box III.
𝐵1 =
𝜆2

(𝜆3 + 𝛾)
, 𝐵2 =

𝐴3𝜗𝜆4(𝜓2 + 𝛾 + 𝛾2) + 𝐴4(1 − 𝜗)𝜆4(𝜓1 + 𝛾 + 𝛾1)
(𝜓2 + 𝛾 + 𝛾2)(𝜆3 + 𝛾)(𝜓1 + 𝛾 + 𝛾1)

, 𝐵3 =
𝜗𝜆4

(𝜓1 + 𝛾 + 𝛾1)
,

𝐵4 =
(𝐵2𝜆3 + 𝜇 + 𝜓3𝐵3)(𝜓1 + 𝛾 + 𝛾1)(𝜓2 + 𝛾 + 𝛾2) + (𝜓2 + 𝛾 + 𝛾2)𝐴1𝜗𝜆4 + 𝐴2(1 − 𝜗)𝜆4(𝜓1 + 𝛾 + 𝛾1)

(𝜓2 + 𝛾 + 𝛾2)((𝛾 + 𝜆2) − 𝐵1𝜆3)(𝜓1 + 𝛾 + 𝛾1)

Box IV.
h
T
c
a

𝑎

𝐴3 = −(1 − 𝜃)𝜆⋆1
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
, 𝐴4 = −(1 − 𝜃)𝜆⋆1 𝜂

𝜆2𝛬
(𝛾 + 𝜆3)(𝛾 + 𝜆2)

,

𝐴5 = (1 − 𝜃)𝜆⋆1
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
+ 𝜆⋆1

𝛬
(𝛾 + 𝜆2)

,

𝐴6 = (1 − 𝜃)𝜆⋆1 𝜂
𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)
+ 𝜆⋆1 𝜂

𝛬
(𝛾 + 𝜆2)

To compute the right eigenvector, 𝜏 = (𝜏1, 𝜏2, 𝜏3, 𝜏4, 𝜏5, 𝜏6)𝑇 , take the
system  𝜏 = 0.

− (𝛾 + 𝜆2)𝜏1 + 𝜆3𝜏2 + 𝜇𝜏3 + 𝐴1𝜏4 + 𝐴2𝜏5 + 𝜓3𝜏6 = 0

𝜆2𝜏1 − (𝜆3 + 𝛾)𝜏2 + 𝐴3𝜏4 + 𝐴4𝜏5 = 0

−(𝜆4 + 𝛾 + 𝜇)𝜏3 + 𝐴5𝜏4 + 𝐴6𝜏5 = 0

𝜗𝜆4𝜏3 − (𝜓1 + 𝛾 + 𝛾1)𝜏4 = 0 (6)
(1 − 𝜗)𝜆4𝜏3 − (𝜓2 + 𝛾 + 𝛾2)𝜏5 = 0

𝜓1𝜏4 + 𝜓2𝜏5 − (𝛾 + 𝜓3)𝜏6 = 0

From (6) we get,

𝜏1 =𝐵4𝜏3
𝜏2 =(𝐵1𝐵4 + 𝐵2)𝜏3
𝜏3 =𝜏3 > 0

𝜏4 =𝐵3𝜏3

𝜏5 =
(1 − 𝜗)𝜆4𝜏3
(𝜓2 + 𝛾 + 𝛾2)

𝜏6 =

[

𝜓1𝜗𝜆4(𝜓2 + 𝛾 + 𝛾2) + ((1 − 𝜗)𝜆4𝜓2)(𝜓1 + 𝛾 + 𝛾1)
]

𝜏3
(𝜓1 + 𝛾 + 𝛾1)(𝛾 + 𝜓3)(𝜓2 + 𝛾 + 𝛾2)

where (see Box IV)
Next, we must determine the left eigenvector,

𝜏∗ = (𝜏∗1 , 𝜏
∗
2 , 𝜏

∗
3 , 𝜏

∗
4 , 𝜏

∗
5 , 𝜏

∗
6 )
𝑇 , take the system 𝜏∗ = 0.

− (𝛾 + 𝜆2)𝜏∗1 − 𝜆2𝜏∗2 = 0

𝜆3𝜏
∗
1 − (𝜆3 + 𝛾)𝜏∗2 = 0

𝜇𝜏∗1 − (𝜆4 + 𝛾 + 𝜇)𝜏∗3 + 𝜗𝜆4𝜏∗4 + (1 − 𝜗)𝜆4𝜏∗5 = 0 (7)
𝐴1𝜏

∗
1 + 𝐴3𝜏

∗
2 + 𝐴5𝜏

∗
3 − (𝜓1 + 𝛾 + 𝛾1)𝜏∗4 + 𝜓1𝜏

∗
6 = 0

𝐴2𝜏
∗
1 + 𝐴4𝜏

∗
2 + 𝐴6𝜏

∗
3 − (𝜓2 + 𝛾 + 𝛾2)𝜏∗5 + 𝜓2𝜏

∗
6 = 0

𝜓3𝜏
∗
1 − (𝛾 + 𝜓3)𝜏∗6 = 0

From (7),

𝜏∗1 = 𝜏∗2 = 𝜏∗6 = 0,

𝜏∗3 = 𝜏∗3 > 0,

𝜏∗ =
𝐴5 𝜏∗, 𝜏∗ =

𝐴6 𝜏∗
6

4 (𝜓1 + 𝛾 + 𝛾1) 3 5 (𝜓2 + 𝛾 + 𝛾2) 3
To guarantee that the eigenvector satisfies the condition 𝜏3.𝜏∗3 = 1, We
ave considered the expression for the 𝜆1⋆, in which 𝜏∗3 is computed.
he bifurcation’s direction 𝐶 = 1, the direction of the bifurcation
oefficients 𝑎 and 𝑏, which were determined from the partial derivatives
bove, defines:

= − 2𝜏23𝜏
∗
3𝜆

⋆
1

[

𝐵3(𝐵1𝐵4 + 𝐵2)(1 − 𝜃) + 𝐵3𝐵4

+
(1 − 𝜗)𝜆4(𝐵1𝐵4 + 𝐵2)(1 − 𝜃)𝜂

(𝜓2 + 𝛾 + 𝛾2)
+
𝐵4(1 − 𝜗)𝜆4𝜂
(𝜓2 + 𝛾 + 𝛾2)

]

< 0

𝑏 =𝜏∗3 𝜏3

(

𝛬
(𝛾 + 𝜆2)

+
(1 − 𝜃)𝜆2𝛬

(𝛾 + 𝜆3)(𝛾 + 𝜆2)

)(

𝜗𝜆4
(𝜓1 + 𝛾 + 𝛾1)

+
𝜂(1 − 𝜗)𝜆4𝜏3
(𝜓2 + 𝛾 + 𝛾2)

)

>0

The model experiences forward bifurcation because the sign of coeffi-
cient 𝑏 is positive while that of coefficient 𝑎 is negative. We therefore
reach the theorem that follows

Theorem 2.6. At 𝐶 = 1, the model (1) indicate forward bifurcation.

3. Numerical simulations

To validate the findings of analytical experiments, numerical exper-
iments are examined. The population of Phuket in 2021 is 418,785 peo-
ple. Phuket Province, Thailand consists of 3 districts, Mueang Phuket,
Kathu and Thalang. Mueang Phuket District has more than 300 cases
of chickenpox. And Thalang has less than 300 cases of chickenpox as
shown in Fig. 2.

The research results as a mathematical model for chickenpox epi-
demic control can be used as preliminary information on disease pre-
vention to reduce the number of cases and to be used as academic
information for surveillance agencies. With infectious diseases for chil-
dren of the Epidemiology Unit, Department of Disease Control, Phuket
Province, as well as presenting information to the public health au-
thorities, taking measures to control and prevent chickenpox following
various measures suitable for the general population in Phuket at risk
of contracting chickenpox and reduce the number of chickenpox cases.
The suggested model’s experimental baseline parameters can be found
in Table 1. Stability of the model (1) is investigated numerically by
initial population such as (see Table 2)

- Number of Susceptible individuals: 83,812 people
- Number of Vaccinated individuals: 573 people
- Number of Exposed individuals: 604 people
- Number of Infected individuals with complications: 70 people.
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Fig. 2. Spread map of Chickenpox in Phuket province.
Table 2
Defining the model’s parameter values.

Variables Value (day−1) Source

𝛬 9 [39]
𝜆1 0.000010778 [39]
𝜂 0.002218 [39]
𝜆3 0.03423 Assume
𝜆2 0.000504 [39]
μ 0.157 Assume
𝜃 0.0684 [39]
𝜆4 0.00242 [39]
𝜗 0.000318 [39]
𝜓1 0.000106 [39]
𝜓2 0.002105 [39]
𝛾1 0.00001694 [39]
𝛾2 0.00001694 [39]
𝛾 0.00001694 [39]
𝜓3 0.000429 [39]

- Number of Infected individuals without complications: 464 peo-
ple.

- Number of Recovered individuals: 178 people.

Table 3 depicts the association between 1 and preventative mea-
sures. Its apparent from the table that even a slight change in u reflects
7

Table 3
Impact of μ in 1.
Precaution (μ) 1

0.0006 16.39017
0.0012 13.68622
0.0083 4.63595
0.0342 1.35862
0.0783 0.61652
0.2383 0.20676
0.6423 0.07720
0.8123 0.06109

a significant variation in 1, that is a slight increase in 𝜇 causes a sharp
decline in 1.

Figs. 3–5 illustrates a plot which shows the dynamics of the re-
production number by varying the parameters. The plots helps to
forecast reproduction number in relation to the input variables. With
the use of the plot, we can understand how each parameters affect the
reproduction number.

Figs. 6–11 shows the simulation of susceptible individuals, vacci-
nated individuals, exposed individuals, infected individuals with com-
plications, infected individuals without complications, and recovered
individuals, respectively. In Fig. 6, which represents the simulation
of susceptible individuals, there is an increase till day 10 and then a
decrease from day 10 to day 30. But after day 30, the simulation of
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Fig. 3. The behavior of reproduction numbers (1) with respect to to precaution (𝜇) and Disease transmission (𝜆1).

Fig. 4. The behavior of reproduction numbers (1) with respect to to Vaccination rate (𝜆2) and Disease transmission (𝜆1).

Fig. 5. The behavior of reproduction numbers (1) with respect to to Proportion of individuals to infected individuals with complications (𝜗) and Disease transmission (𝜆1).
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Fig. 6. Simulation of susceptible individuals.
Fig. 7. Simulation of vaccinated individuals.
susceptible individuals is increased. As shown in Fig. 7, simulation is
increasing gradually for vaccinated individuals. From Fig. 8 of exposed
individuals, it is showing a steady decrease till day 20 and is having
a constant momentum afterwards. In Fig. 9, infected individuals with
complications show a steep decrease from day 1 to day 100. In Fig. 10,
for infected people without complications, till day 10 there is a steady
increase, but after that it is decreasing. In Fig. 11, there is a steep
increase in the simulation for recovered individuals.

Efficacy of precautionary measures on the model

From Figs. 12–13 we can observe that when we started to follow
precautionary measures there are notable decrease in the infected
population. In our model (1), we considered one parameter 𝜇 as a pre-
cautionary measure, which influence the rate of disease spread. In our
simulation we tried to show that how this particular parameter used to
reduce the size of the infected population. When we gradually increased
the use of precautionary measures such as quarantine and individual
hygiene there is a notable decrease in both infected individuals with
and without complications compartments.

We are implementing the precautionary measures in an increasing
manner and see how it influence the disease spread. That is, when 𝜇
9

takes the values such as 0, 1%, 5%, 20%, 40%, 80%. We observe that when
there is no precautionary measure (𝜇 = 0), the number of infected
individuals without complication is 661 and 1150 in 50 and 100 days
respectively. And when we increasing the precautionary measures such
as 𝜇 = 1%, 5%, 20%, 40%, 80%, we can notice a considerable amount
of decrease in infected individuals without complication is 622&938,
533&618, 457&448, 438&412, 428&394 in 50 and 100 days respectively.
From this illustration we can simply conclude that to control the spread
and deaths due to chickenpox by strictly following the precautionary
measures.

These total number of infected people on days 50 and 100 for
various preventive measures is shown in Table 4. From Figs. 12–13 we
also notice that the impact is higher in infected individuals without
complication compare to infected individuals with complication while
imposing preventive measures.

Conclusion

This research studies the mathematical model built to investigate
the dynamics of chickenpox transmission with precautionary measures
in Phuket province. The study results found that the factors affecting

the activity of chickenpox were:
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Fig. 8. Simulation of exposed individuals.

Fig. 9. Simulation of infected individuals with complications.

Fig. 10. Simulation of infected individuals without complications.
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Fig. 11. Simulation of recovered individuals.

Fig. 12. Effect of precaution on Infected individuals with complications.

Fig. 13. Effect of precaution on Infected individuals without complications.
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Table 4
Cumulative number of infected individuals in 50 and 100 days as varying precautionary
measures.

Days μ = 0 μ = 0.01 μ = 0.05 μ = 0.2 μ = 0.4 μ = 0.8

50 661 622 533 457 438 428

100 1150 938 618 448 412 394

1. The rate of a precaution for the spread of chickenpox was found
to be a factor that influenced the basic reproductive number, and
it was found that if the precaution was increased, the reproduc-
tion number was decreased, which meant that the precaution
value would result from a reduction in the disease transmission
of chickenpox in Phuket.

2. It was found that vaccination against chickenpox was directly
related to the reproduction number. Therefore, an increase in the
number of chickenpox vaccinations will result in lower levels of
infection, which means that a large increase in the chickenpox
vaccination rate will result in the spread of chickenpox decrease

3. The factors affecting the activity of chickenpox were the number
of individuals with complication group and the individuals with-
out complication group. It was found that reducing the number
of individuals with complication group to a smaller number
would reduce the spread of the epidemic.

By studying efficacy of precautionary measures in mathematical
odel of chickenpox spread in Phuket province, the model helps the

esearcher to understand the factors that can control the spread of the
isease, as well as having an accurate understanding of the disease
ransmission of chickenpox in Phuket. The advantage of the mathemat-
cal model is that it can modify the characteristics of the epidemic.
herefore, researchers understand outbreaks’ evolution and disease
ontrol measures in the data analysis. Therefore, the results of this
tudy are highly beneficial in reducing the risk of chickenpox infection.
oreover, the researcher saw the benefits of chickenpox control with

he preceding, so they researched a mathematical model to control the
hickenpox epidemic in Phuket.
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