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Sensitivity analysis and global
stability of epidemic between Thais
and tourists for Covid -19

Rattiya Sungchasit?, I.-Ming Tang? & Puntani Pongsumpun3**

This study employs a mathematical model to analyze and forecast the severe outbreak of SARS-CoV-2
(Severe Acute Respiratory Syndrome Coronavirus 2), focusing on the socio-economic ramifications
within the Thai population and among foreign tourists. Specifically, the model examines the impact

of the disease on various population groups, including susceptible (S), exposed (E), infected (1),
quarantined (Q), and recovered (R) individuals among tourists visiting the country. The stability theory
of differential equations is utilized to validate the mathematical model. This involves assessing the
stability of both the disease-free equilibrium and the endemic equilibrium using the basic reproduction
number. Emphasis is placed on local stability, the positivity of solutions, and the invariant regions of
solutions. Additionally, a sensitivity analysis of the model is conducted. The computation of the basic
reproduction number (RO) reveals that the disease-free equilibrium is locally asymptotically stable
when RO is less than 1, whereas the endemic equilibrium is locally asymptotically stable when RO
exceeds 1. Notably, both equilibriums are globally asymptotically stable under the same conditions.
Through numerical simulations, the study concludes that the outcome of COVID-19 is most sensitive
to reductions in transmission rates. Furthermore, the sensitivity of the model to all parameters

is thoroughly considered, informing strategies for disease control through various intervention
measures.

Coronavirus disease (COVID-19) is an infectious disease caused by the SARS-COV-2 virus which has spread
throughout the world. The World Health Organization (WHO) has declared it a serious epidemic!~>. The World
Health Organization (WHO) has coordinated and asked for international cooperation to stop the spread of the
coronavirus -19, which the epidemic is continuously spreading. From reports around the world starting with
HINI1 influenza infection, there was a clear outbreak in 2009, with a new outbreak starting on December 31,
2019. A group of cases of pneumonia of unknown ethology in Wuhan, Hubei Province in China. The outbreak
was later reported to WHO in January 2022. An outbreak of a new virus'™ and®® was identified, and the new
virus was later named the 2019 novel coronavirus. By analyzing the genetics of viruses from personal illnesses,
including Coronavirus Disease 2019 by WHO in February 2020 on behalf of the virus. This virus is called SARS-
CoV-2 and a disease in the same family is COVID-19>".

Coronaviruses are a set of viruses that cause sicknesses such as respiratory diseases or gastrointestinal diseases.
Respiratory diseases can extend from the common cold to the more serious diseases e.g. Middle East Respiratory
Syndrome (MERS-COV), Severe Acute Respiratory Syndrome (SARS-COV). The novel coronavirus (nCOV) is a
new strain that has not been identified in humans. New diseases caused by viruses are named according to where
they were first discovered, such as the Spanish flu and the Hong Kong flu. West Nile Flu, etc. The official name
of the disease in this article is COVID-19, not Wuhan Flu (or Chinese flu) Coronaviruses are zoonotic'~* and®®
and'*'8, which means they are transmitted between animals and humans meaning that they are transmitted
between animals and humans. It has been definite that MERS-COV was transmitted from dromedary camels to
humans and SARS-COV from civet cats to humans®*. While the original source of the COVID-19 virus has not
been precisely determined, ongoing investigations point it to be zoonotic!>!¢.

In a person infected with the COVID-19 virus, respiratory symptoms can appear almost immediately. In most
cases, the person can exhibit no symptoms or mild symptoms. The symptoms of this disease are very similar to
those of seasonal flu'” and?*-*. Laboratory and clinical signs of the COVID-19 infection can appear 2-14 days
after exposure. The period between the initial exposure to the disease and the time when the symptoms first
appear is called the incubation period. During the incubation of the disease, there is a probability of transmitting
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or spreading the COVID-19 virus. The clinical signs of COVID-19 infections are a fever, a cough, and a general
tiredness. Other early symptoms of COVID-19 of the slight loss of taste or smell, shortness of breath or difficult
breathing, muscle aches, chills, sore throat, runny nose, headache, chest pain, pink eye (conjunctivitis), nausea.
While many of the other illnesses are caused by other viruses, the main cause at the early stages of the current
pandemic was the COVID-19 and it seems to have targeted older people*'~?. Older people (people over 70 years
of age) often suffer from other serious chronic illnesses, such as diabetes, cardiovascular disease, chronic respira-
tory disease, cancer, hypertension, chronic liver disease and people who are physically inactive! ™ and'*-!¢ have
weaker immune symptoms and may succumb to the disease (COVID-19). The WHO reported cases of COVID-
19 from January 2020 to the present. The number of cases and the number of deaths in Thailand are shown in
the following in Fig. 1. The reasons for separating the populations into Thais and foreigners are that there is
shortage of season labor (needed for the farming industry) and tourism is one of the top industries in Thailand.
The spread of this disease to become a pandemic is due to the ease of moving from one country to another. The
slowness of the great Spanish Flu was the difficulty of traveling from country to country or continent to continent.

WHO has issued guidelines for the treatment of COVID-19 in the high-risk groups (older people and people
with serious chronic illness). These are the people who are the most susceptible to infection by the virus and who
are in most danger of dying. The World Health Organization has issued guidelines for preventing COVID-19
infection. Not separated from each other, but able to live together with groups of people at risk. They will take
care of their treatment and social care. In Thailand from January 2020 to October 2022, there were 4,689,897
confirmed cases of COVID-19 and 32,922 deaths, according to the WHO 2022 September report. A total of
142,635,014 vaccine doses have been administered.

To understand the nature and dynamics of the COVID-19 of epidemic (a pandemic in the larger scheme),
mathematical modeling is used to forecast the transmission dynamics needed for controlling and planning strate-
gies. Most epidemiological modelling studies of COVID-19 are based on WHO data. The studies on COVID-19
modelling done in Thailand'® and?®. The authors considered a mathematical model for the transmission dynamics
of COVID-19. The data from Thailand, which considers the special features pertaining to Thailand and other
neighboring countries*® and'*"'%, and**. From the information obtained, we estimate the values of unknown
parameters by statistical and mathematical methods. It should be noted that the effective parameters for the
spread of the virus differ from country to country and that the effective control over the rate of virus transmis-
sion from country to country will be different. In necessary to stop the spread of the virus. It was found in other
studies, that the spread of COVID-19 be managed by minimizing the contact rate of infected and increasing the
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Fig. 1. Number of patients and deaths of COVID-19 cases per month around the world and in Thailand'~*.
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quarantine of exposed individuals!’-**. This study examined a mathematical model of the COVID-19 transmis-
sion dynamics by dividing it into two groups of coronavirus transmission. The research was organized as follows:
explanation of the mathematical models, formulation of the differential equations, mathematical analysis of
models, followed by numerical solutions of the differential equations, summarization and discussion.

Materials and methods

In this study, a deterministic mathematical model was created. It covers the well-known SEIR epidemic
model**-?¢, By adding people who are in quarantine and do not have symptoms of the disease. Symptomatic
and asymptomatic infected people will be collected. The SEIQR epidemic model was thus obtained, which
evolved with the following subpopulations: Susceptible (S), Exposed (E- (people not yet infectious)), Infectious
(I), Quarantined (Q- (setting aside individuals who are exposed), and Recovered (R). This is because people in
the Q (Quarantined) group, which represents people who are required to stay in the hospital and at home for a
period of time due to the disease, are concerned about their illness. The COVID-19 pandemic in Thailand, we
used a ten-dimensional SEIQR (Susceptible, Exposed, Infected, Quarantined and Recovered) containing two
populations S1,E; I1,Q;,R; are Thais population respectively and S, E» I Q2 R; are Foreign (tourist) or migrant
workers) population respectively of COVID-19 transmission model*'-%.

The Recruitment term of the susceptible population in Thais and the rest if the Foreign (tourist) are given as
and C respectively. Only exposed and infectious are considered, it is assumed that those infected show symptoms
of Thais and Foreign (tourist). The natural death rate of Thais population and the natural death rate of Foreign
(tourist) population is assumed to be the same across the world are given as §; and §,. The force of infections
in Thais population ¢; S1(E; + I;) (Transmission rate of virus between population from Thais population to
Foreign (tourist) population (in Thais) and ¢12S1 (E; + I) (When Foreign (tourist) are present, a susceptible
Thais can also be infected by an infected or exposed Foreign (tourist) (in Thais)) are the new infections caused
by other infected individuals in Thais. The force of infection in rest of Foreign (tourist) population ¢S, (E; + )
(Transmission rate of virus between population from Foreign (tourist) population to Thais population (in For-
eign (tourist)) and ¢2182(E;1 + I1) (When Thais are present, the susceptible Thais can also be infected by an
infected or exposed Thais (in Foreign (tourist)) are the new infections caused by other infected individuals in
Foreign (tourist). Taking into consider the above discretion, the schematic flow diagram for COVID-19 model
is appeared in Fig. 2.

The host population was divided into five compartments: §; number of Thais susceptible to COVID-19
infection at time ¢, E; number of Thais exposed to COVID-19 infection at time ¢, I; number of infectious Thais
at time ¢, Q; number of Thais quarantined for COVID-19 at time ¢, R; number of recovered Thais at time ¢, S,
number of Foreign (tourist) susceptible at time ¢, E; number of Foreign (tourist) exposed at time ¢, I number of
Foreign (tourist) infected at time ¢, Q, number of Foreign (tourist) quarantined at time ¢, R, number of Foreign
(tourist) recovered at time ¢.

A system of ordinary differential equations can be used to model the influence of two populations on each
other as a set nonlinear differential equation?® and*** as follows:
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Fig. 2. The flowchart illustration the dynamics of the model.
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with initial densities: S >0,E; >0,I; >0,Q; >0,R; >0 in Thais population and
S2 > 0,E; > 0,1 > 0,Q > 0,R, > 0in the Foreign (tourist) population.

All the parameters and corresponding biological meaning are defined in Table 1.

The total Thais population Ny, is S + E1 + I + Q; + R;. The equations for the human compartment are the
following Eq. (1) and the total Foreign (tourist) population is Ny = S + E; + I + Q + R,. We assume that
there are constant total number of human Thais population and of Foreign (tourist) population. Therefore the
rate of change for total number of human Thais population and of Foreign (tourist) population are equivalent
to zero. Thus, the Recruitment term of human and death rate are equivalent. We defined the new state vari-

ables as follows: §- = sl,ﬂ —El,— —11,@ = Ql,& =R =S =B =L, E=Q, & =R,

Renormalizing model (1) we obtain the following:

Description Symbol
Recruitment term of the susceptible population in Thais N
Total Thais population Ni
Recruitment term of the susceptible population in Foreign (tourist) C
Total Foreign (tourist) population Nr
Transmission rate of virus between population from Thais population to Foreign (tourist) population (in Thai) ¢1S1 (E1 + 1) 7]
When Foreign (tourist) are present, a susceptible Thais can also be infected by an infected or exposed Foreign (tourist)(in Thais) 1251 (E2 + I») P12
Transmission rate of virus between population from Foreign (tourist) population to Thais population (in Foreign (tourist)) 925, (E; + I) 72
When Thais are present, a susceptible Thais can also be infected by an infected or exposed Thais (in Foreign (tourist))@21S2 (E1 + 1) 21
Per capita rate of progression of Thais population from the exposed state to the infectious state 1P,
Per capita rate of progression of Foreign (tourist) population from the exposed state to the infectious state 1P,
The rate at which the exposed Thais are put into quarantine from the exposed and infected Thais g
The rate at which the exposed Foreign (tourist) are put into quarantine from the exposed and infected Foreign (tourist) o
The number of infected Thais that leave the quarantine period with the virus intact QT
The number of infected Foreign (tourist) that leave the quarantine period with the virus intact qsT
Per capita recovery rate for population in Thais from the infectious state to the recovered state Vi
Per capita recovery rate for population in Foreign (tourist) from the infectious state to the recovered state 2}
Natural death rate of Thais population 8
Natural death rate of Foreign (tourist) population 8
Per capita rate of loss of immunity in Thais population ay
Per capita rate of loss of immunity in Foreign (tourist) population o
Rate at which Foreign (tourist) population move out the country v
Death rate due to COVID-19 of Thais population 01
Death rate due to COVID-19 of Foreign (tourist) population 0

Table 1. The description of the state variables and parameters of the model.
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Positivity of solution
Model (2) must been found to be biologically and epidemiologically meaningful and well positioned. To do
this, we needed to show that the solutions of all state variables were non-negative all the time. The following
theorem?®*-2® were required.

Theorem 1: The given solution {Sl,El,Il, Q1,R,82, E, I, QZ,RZ} of the epidemiological systems (2) with
non-negative initial data when $; > 0,E; > 0,I; > 0,Q; > 0,R; > 0and S; > 0,E; > 0,1 > 0,Q; > 0,

R, > 0 stills non-negative for all time non-negativet > 0.

Proof of Theorem 1 Given the initial data S; (0), E1(0), I;(0), Q1 (0), R (0) and S (0), E»(0), I>(0), Q2(0), R, (0) are
non—negative. It is clear from the first sub-equation of the model (2) that

! 1 4 / ’ /
% = |:(p151 (El +Il) + 6181 + 91281 (Eé +I£) > 0 so that

d [l t o
I {sl exp(81 + @1 + 912 {El(co + 1) + B3 (6D + L(e))do ] = 0} 3)

Integrating (3) gives
/ ! t 7
S1(t) = $1(0) exp {— (51 +o1+ W12£E1(£1) + (60 + By (&) + Iﬁ(é‘l)) dé‘l] >0,Vi>0 (4)
Further, one sees from the second sub-equation of the model (2) that
!
E; 1

d [ / / / ’
=S| E 41 S1(Ey+ 1) —81Ep — — (5)
at ®1 1( 1+ 1)+</)12 1( 2+ 2) 1£1 i) 1

/ / / / t o7
ddEtl [3151 + ﬁEl] > 0 implies % |:E1exp 1 + ﬁ {El ({Q)d{l} > 0 which on integration yields

’ ’ 1 t
E1(t) > E1(0)exp {— (51 + i fEl(s“l))dEl} > 0,Vt > 0. (6)
10

Further, one sees from the third sub-equation of the model (2) that

I
dh _ 1 g L— (80 +pil,
ar i) 1~ q2Th 141 T p1l1
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dl / ’ / d
CTS qorli + 8111 + 10111:| 2 0 so that—> {h exp qar + 81 + p1 fll(fl))d§1:| > (7)
which upon integration yields
!/ I t 7
Li(t) > L1(0)exp {— (lZZT +31+ o1 {h (Cl))dé’l} >0,Vt>0 (8)
Further, one sees from the fourth sub-equation of the model (2) that
dQ/l / / / / /
Frale Grh —1Q1 —61Q1+ &1 (El +I1),
aQ dQ
71 [y1+61) Q] > 0 implies dt {Q exp(y1 + &1 fQ({l))dgl] > 0 which upon integration yields
?(t) > (12(0) exp {_(Vl + 41 {?(Cl))dﬁ} >0,Vt > 0. 9)
dR

Further, one sees from the fifth sub-equation of the model (2) that dt =y Q (61 +a1)R,

dR dR
I {(51 + ay) R} > 0 implies W {R exp (51 + o fR ({1)) d{l} > 0 which upon integration yields.

lll(t) z Ilz(O)exp {— (51 +oa .Oflli(il))dé“l] >0,Vi >0 (10)

In a similar model, it can be shown that S (t) =0, E (t) =0, I >0, Q > 0 and R (t) > 0 for all time ¢t > 0.
2
This completes the proof. It is important to note that the model (2) has be analyzed in the region g given by

ﬂ={<s, ELQRS.E, ,Q,R) €R1+0:S+E+I+Q+R+S+E+I+Q+R=l}
1112 2 2 1 1 1 1 1 2 2 2 2 2

Divided into two groups S +E+ I + Q +R=1and S+ E + I + Q + R = 1which can easily be shown to be
1

1 2
positively univariate accordlng to model (2) In the followmg, model (2) is ep1dem1olog1cally and mathematically
well-positioned in S.

Theorem 2:  The solution of system (1) is possible for all if entering an invariant region. Q = Q) x Q3, where
= {S1,E1,I;,Q1,R; € R::'F 10 < Np(t) < %} as t—>o0o, when 6 =min{6;,61+ 00} and

Q) = {Sz,Ez,Iz,Qz,Rz IS Ri_ :0 < N7r(t) < %} ast — 0o, when 9, = min {8, + 9,8, + o + v}

Proof of Theorem 2 The invariant region is received from the bounded situation of the system. Here,
Nh(tl)lT S1(t) + Ex(t) + L (1) + Qu(#) + Ry(t) and N1 (8) = S2(8) + Ex(t) + I () + Qa(#) + Ra(#). It follow-
ing that,
dNy, dS, dEi dIi  dQp dR;
@ Tar Tar ar o dr
=pn—(p1+g)h —gE1 — 81Ny
<u—8Ny
This inequality can be expressed in a general solutions as

Nu(® < & 4+ (Ny0) = £ )eo,
81 81

where Ny, (0) is the initial values, i.e., N (t) = Nj(0) att = 0.

In a similar model, it can be shown that N7 (¢) = S,(¢) + E>(t) + L (t) + Q2 () + Ry (¢) for the bounded situ-
ation of the system all time ¢ > 0. Moreover, every solution for systems (1) with initial conditions in €2 remains
in Qforallt > 0. Therefore, the dynamics of our model will be poised in €2.

Analysis of the model

Basic reproduction number

The next generation matrix method is used to calculate the basic reproduction number, R¢*’73¢ the number of
secondary infections caused by a single infected individual in a completely susceptible population (including of
the local Thais and the Foreign (tourist)). The behavior of the disease in the total system defined by Eq. (2)'*"*
will be determined by Ry which has the form
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Ro =+/RorRorF (11)

1) (14+11Py (8 . . . .
(@171 +0) (TP G0 is the basic reproduction number for Thais and

81(1+11P181) (81921 +(qar +y1+61) (B1+01))

a3C(14+alIPy) g . . . . . . .
a1 (@arrpor) TP 6ot ) 1 the basic reproduction number for the Foreign (tourist) population only with

oy =82+ﬂ+ﬁ,az=52+ﬁ+pz,a3=8z+z9+yz+q3Tanda4=6z+ﬁ+az,wehave

where Ror =

Rop =

Theorem 3: To find the basic reproduction number of our proposed differential Eq. (2), using help of the next
generation matrix formulas'~2. We initially define K = (E, I, Q)T and Ky = (E, I, Q). The model (2) is rewritten
111 222

in the following form % = F(y) — V(y), where F(y) is the non-negative matrix of the newly infected (Thais and
Foreign (tourist) populations) and V (y) is the non-singular matrix for the transfers between the parts in the infective
equations (Thais and Foreign (tourist) populations) (when y represents Thais populations and Foreign (tourist)
populations) as follows:

81E+5E
11 Py

¢1S(E+I>+§0128(E+I> .
F(y) _ 1\1 1 . 1\2 2 and V(y) _ —ﬁ}15+<61{+p1{> +qu{
0 a1 B+ ) + 01 80 Q-aar ]
for the Thais population.
A N 2+ ) E+7p;, E
Fi(y) = ¢2§(1;5 g) Omlg(lf {) and Vi (y) = —ﬁ§+(52+ﬂ+pz)£+qw£
0 —gz<§+£)+(V2+82+ﬁ+pz)<22—q3T£

for the Foreign (tourist) population.

The basic reproductive number (Ry) is the threshold for the stability of the disease-free equilibrium B, It can
be calculated by Rg = p(FV ') where, FV~!is called the next generation matrix and p (FV!) is the spectral
radius of the matrix FV L. Then we get reproduction number (Ro) where,

Q3C(1+a211P) @2 (qor+y1+81 ) it (L+HIIP (81+p1)) 1

Ry = .
a1 (203 + §2q37) IIP2 (87 + 9)81 (1 + IIP181) (81921 + ¥1 + 81) (81 + p1))

(12)
Finally, the Routh-Hurwitz criteria is used for determining the stabilities of the model. If Ry > 1, then the

endemic equilibrium is local asymptotically stable, but if Ry < 1, then the disease free equilibrium point is local

asymptotically stable.

Equilibrium point

The standard method is used to analyze the model. The equilibrium points are found by setting the right-hand

side of Eq. (2) to zero. By doing this, the equilibrium points are determined as follows*~*’.

(A) The COVID-19 free equilibrium of the Eq. (2) exists and then given by

(B) The COVID-19 endemic equilibrium of the Eq. (2) exists with infection and then given by
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pa 2
S= s
2 * *
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1IP, S 2I+(p21 E+1
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= 2
2 Iipa(—qsr + 62+ 0 + p2)
E+I)—1
6_g2 2 2 2q3T
3 nthtOte’
*
E— )’2(22
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Local asymptotically stability of disease—free equilibrium point

Lemma 1: (The Generalized Routh-Hurwitz Criterion). Given the charactistic equation

a2t ra =0

a 1 a) 10
Hi = (a1),Hy = | ! Hy= | as ax a1 |,...
3 a2 as a4 az

Define k matrices as follows:

a1 0 0 ...0 ald.. 8

_ as a) ay 1 ... 0 _ as az ai ...
H]_ as a4 as a ... 0 - Hy = Lo .
azj—1 a2j—2 G2j—3 A2j—4 ... 4j 00 ... ak

where the (I, m) term in the matrix H;is ay_p, for 0 < 2l —m < k, 1 for 2l = m.

0 for 0 <2lor2l < k+m.

Then all eigenvalues have negative real parts; that is, the steady-state N is stable if and only if the determinants
of all Hurwitz are positive:
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detHj >0j=(2,...,k).

Whenis N = N; + aje™! + aze2! + - - - + ape*’.

Theorem 4:  The local stability of disease-free equilibrium point is determined from the Jacobian matrix of the
model of Eq. (2) evaluated at the equilibrium points. If Ry > 1, the point is stable and unstable otherwise.'*™'8,
and**?, and’'.

Proof of Theorem 4 To determine the local stability of Jy, we evaluate the Jacobian matrix at the disease-free

state to be , , , ,
1 —¢ ? —¢1 § 0 ag 0 - <ﬂ12§ - ¢12§ 00
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0 = —(i+m+aqr) 0 0 0 0 0 00
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where Glzgols—(él—kﬁ), Gz:(pzs—<Sz+0+ﬁ), O3=—G2+9+q37+02 ),

i1 2
Oy =G+ +y2+p)andbs = —(8; + U + ).

The eigenvalues of the Jj are obtained by solving Det(Jo — AI) = 0. We obtain the characteristic equation,
where 4 is an eigenvalue of the matrix Jo. The, root of the model (2) i.e., eigenvalue of the matrix Jj are

A8+ 0 +0)(h+ 8+ ) A+ 8) (A + AL + Ay + Asit + Ayl® + Asi> + Al + A7 =0
(15)
The three eigenvalues from Eq. (15) were 1; = —8, — % — az, 1, = —8; — oy and A3 = —§; and all of them
must have negative real parts. For the other seven eigenvalues, we examine the stability of disease-free equilib-
rium state by using the Routh Hurwitz principle (R-H criterion) to show that all eigenvalues given by Eq. (14)
has a negative real part, i.e., coefficients of the seventh order the polynomial appearing in Eq. (14) satisfies all
R-H conditions when A1, A3, A3, A4, As, A, A7 > 0(The coefficients appearing in Eq. 15 from the Routh Hur-
witz condition are plotted on the graph by the x axis being the coefficient A,. and the Y-axis is the coefficient of
A1, Az, A3, Ay, As, Ag and A7 obtained by finding determinants from size nxn, parameter values from Table 1
by the use the Mathematica program.) This is displayed for Ry < 1, disease-free equilibrium point will be stable
as showed in Fig. 3.
When

Br=A1A; — A3, Po = —A3 — ATAy + A1 (A2A3 + A5),
By = —As(—A1ArAs + A} + ATAL) + (—A1A3 + ArAs + 2A1A4) As — A,

Bs = —As(As(—A1A2A3 + A+ ATAL) + (—A2As + Ay (AS —2A4))As + A3)
+ (A3 — A1A3(A2A3 + 245) + AT (A3A4 + ArAs)) As,

Bs = Ag(—As(Ag(—A1ArA3 + AL+ AJAL) + (—A2As + A1 (A3 — 244))As + A2)
+ (A3 — A1A3(A2A3 + 245) + AT (A3A4 + ArAs) ) Ag,

Bs =A7(As(—As (As(—A1A2A3 + A + ATAy) + (—A2As + A1 (A} — 244)) A5 + A2)
+(A3 — A1A3(ArA3 + 3A5) + AL(A3A4 + 2A245)) Ag — ATAL) + (A1A4(—AzA3A4 + A3As — 2A4A5)
+Ay (A§A4 — AyA3As + Aé) + A3(—A2A;3 + 3A5)As + Ay (2A3A3 + A3A4 — ArAs)Ag + Af (Ai = 3AA446 + 3Aé))A7
— (—A3A3 + 24344 + ArAs + A1 (A — ArAq + 3A6)) A2 + AD),
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Fig. 3. The parameter areas for disease free equilibrium state which satisfies the Routh-Hurwitz criteria with
the value of parameters: respectively, for with (17 4+ A1 28 + A% + A3J* 4+ A2 + As2? + Ag/ + A7 = 0.

and B7 = Ag(A7 (Ag(—A5 (A§A4 — AyA3As + Aé + A§A5) + (A4 (A§A4 — AyA3As + Aé) + A3z(—2A2A5 + 3A5)A5)A7
+(A3A3 — 243A4 — ArAs) A% + A3) + (A — A3AL(ArAs + 4A7) — (A3(AsAg + 2A4A7) + ASA4A2
+342A5A7 + 2A%)) Ag + ASAL + A1 (A7 (—Ag (As(—A2A3A4 + A3 — 2A4A5)) A7 — (A3 — 3A2A4 + 3A6) A2)
T (—2A4A§ + 3434246 + 4A3A4A5A7 + A2AgA7 + 44542 + A2 (Ag - 3A3A5A7> T Ay (A3As(—AgAs + A3Ag)+

+ (2A3Ai - A2A4A6> + AyAsAg + 5A5A6)A7 F3(—Ay+ A4)A§)A8 + A2A4 + 3454345 + 242 + 4A3A7)A§)-
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Local asymptotically stability of disease endemic equilibrium point

Theorem 5: The disease endemic equilibrium point is set from the Jacobian matrix of the sys-
tem of Eq. (2) evaluated at every equilibrium point. If Ry < 1the state is stable and unstable
otherwise'? 8, and?*2¢, and3%31,

Proof of Theorem 5 The Jacobian matrix of the model (2) at pandemic equilibrium point is

I 7 ! 7
m —e181 —181 0 ag 0 —¢1251 —912S1 0 0
! 7 !
non3 0181 0 0 0 ¢St ¢St 00
0 g —(Gar + 81+ p1) 0 0 0 0 0 00
0 @ g1+ Q1 —(y1 +81) 0 0 0 0 00
0 0 0 —(a1 + 6 0 0 0 00
]1 = ’ / " ( ! 1) / / =0 (16)
0 —¢21S2 —0215 0 0 N4 —2S —¢S 0 a
7 ! !
0 9215 ©2152 0 0 N5 M6 S 00
1
0 0 0 0 0 0 P n7 0 0
0 0 0 0 0 0 © L+qrng 0
0 0 0 0 0 0 0 0 Y2 M9
Where m=—<p1<E+I)—¢)12<IZE+£)—31 , 772=<P1(J;5+{>+g012<§+£)
’73:‘/)15 <81+HP (]25 )—<!’21(E+I)—(52+I9)>775=—(02(125+£)+</721§<113+{),
N6 2—9025 (52+l9+HP2,777 ( T+52+,02+9) s=—(2+ 8+ p2+¥)andny = (8, + U + o).

The endemic equilibrium point (B1) exists and is positive if Ry > 1. The eigenvalues of J; are obtained
by solving Det(J; — AI) = 0. The characteristic equation is as follows; we obtain the characteristic equation
A0 4 W1)v9 + Wz)»s + W3/17 + W4)»6 + W5/15 + W6;L4 + ‘/\77/13 + ‘/Vg/l2 + Wol+Wiip=0 where/lareeigen—
values of the matrix /1. To consider the local stability of the endemic equilibrium state, we check the stability of
endemic equilibrium state by using the Routh-Hurwitz criteria required for all the eigenvalues defined by Eq. (16)
to have negative real parts. We find that the Routh-Hurwitz conditions for the above the all the eigenvalues of the
above 10th order polynomial to have negative real parts when Wy, W,, W3, Wy, W5, W, Wy, Wg, Wo, Wig > 0
(The coefficients appearing in Eq. (15) from the Routh Hurwitz condition are plotted on a graph by the x axis
being the coefficient W and the Y-axis is the coefficient of Wy, W», W3, Wy, Ws, We, W7, Ws, Wy, Wy, obtained
by finding determinants from size nxn, parameter values from Table 1 by the use the Mathematica program.)
This is displayed for Ry > 1, endemic equilibrium point will be stable as showed in Fig. 4.

210 + Wl)\,g + Wzig + W3/17 + W4/{6 + W5/15 + W6;L4 + ‘/\/'7/13 + V\/'g/l2 + Wy + Wi9 = 0. When

K1 = WiWy — Wi,k = —WE—WEW, + Wi (W3 W, + Ws), k3 = —Wa(=W Wo W3 + Wi+ W12W4)
+ (=W W3 + Wo W3 + 2W Wy) Ws — W3,

Ky = —Ws(Wi(=WI WL W3 + W3 + WEW,) + (—WoWs + Wi (W] —2W,)) Ws + W2)
(W2 — Wi W3 (W W5 + 2Ws) + WE(W3 Wy + W, W) W,

ks = We(—Ws(Wy(—Wi W W3 + W3—WiW,) + (—WoW; + Wi (W3 —2W,)) W5 + W2)
+ (W5 = Wi W3 (W2 W3 +2Ws) + Wi (W3 Wy + W2 Ws)) We),

ko =W7 (We (= Ws (Wa (- Wiwaws + W+ Wiwy) + (—waws + wi (W3 — 2wy ) ) ws + w2)
+(W33 — W1W3(Wa W3 + 3Ws) + Wi(W3 Wy +2W2W5))W6 - wfwg)
+ (W1W4 (*W2W3W4 +W3Ws — W2W5> + W4(W32W4 — W W3 Ws + W52) + W3 (=W W3 + 3Ws5) We
W1 (2W3 W3 + WaWy = WaWs ) We + WE (W] = 3Wo WaWe + 3W) )

Wy — (—W22W3 F2W3 Wy + WaWs + Wy (W23 — W Wy + 3w6))w72 +wd),
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Fig. 4. The parameter areas for endemic equilibrium point which satisfies the Routh-Hurwitz criteria with the

value of parameters: respectively, for with.
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Parameter Description Value/range (Units)
81 Natural death rate of Thais population 0.0000365
8 Natural death rate of Foreign (tourist) population 0.000033
ay Per capita rate of loss of immunity in Thais population 0.045
o Per capita rate of loss of immunity in Foreign (tourist) population 0.067
. . . . . . 0.13-0.785
1P, Per capita rate of progression of Thais population from the exposed state to the infectious state Estimation2-
. . . . . . . 0.13-0.785
1P, Per capita rate of progression of Foreign (tourist) population from the exposed state to the infectious state Estimation?-%
. . . . . . 0.341-0.854
g The rate at which the exposed Thais are put into quarantine from the exposed and infected Thais Estimation2-%
. . . . . . . . 0.341-0.854
o) The rate at which the exposed Foreign (tourist) are put into quarantine from the exposed and infected Foreign (tourist) Estimation-2
. . . . . R 0.08-0.099
Q1 The number of infected Thais that leave the quarantine period with the virus intact Estimation2-2’
. . . . . . R 0.08-0.099
q3T The number of infected Foreign (tourist) that leave the quarantine period with the virus intact Estimation-3
stimation
Vi Per capita recovery rate for population in Thais from the infectious state to the recovered state 0.0035-0.097
V2 Per capita recovery rate for population in Foreign (tourist) from the infectious state to the recovered state 0.0035-0.097
p1 Death rate due to COVID-19 of Thais population 0.000067-0.003
02 Death rate due to COVID-19 of Foreign (tourist) population 0.000067-0.003
1 Transmission rate of virus between population in Thais population 0.03125
Q12 When Foreign are present, a susceptible Thais can also be infected by an infected or exposed Foreign (in Thais) 0.239-0.988
©2 Transmission rate of virus between population in Foreign (tourist) population 0.04167
231 When Thais are present, a susceptible Thais can also be infected by an infected or exposed Thais (in Foreign (tourist) 0.239-0.988
] Rate at which Foreign (tourist) population move out the countr 0.0078-0.5
g pop Y

Table 2. Values of the parameter of the model (2) on COVID-19 transmissions.

pa :W3<W7<W6<—W5<W32W4 — WaW3Ws + W2 + Wg”ws) + W4(W32W4 W, W3Ws + W52) T W3(—2W Ws + 3W5)W6) W,

kg =

+(w22w3 C2W3 Wy — wzws) w2 + W73) + (w;,1 — W3WE(Wy Ws + 4W7) — W3(WsWe + 2W4Wy) + W2W, W2 + 3W, Ws Wy + 2W72)) Wy
+WEWE + WEWE + wy (w7(—w6(w5(—w2w3w4 +w2— 2w4w5)>w7 - (WZ3 —3W, Wy + 3W5> W72)

+(—2W4w53 +3WsW2EWg + AW Wy Ws W7 + WEWWy + 4Ws W2 + sz(wg’ - 3W3W5W7>

+w2(w3w5(fw4w5 + WaWe) + (2W32W4 + W52) Wy — 5W3W72))W8 — WEWy W3 + 4w5)W§)

+ (Wf<w7<—w4wsw6 +WIWy + W2QW, Ws + 3W7) + Wy We (W3 We — 3W2W7)) - <W5<—W§W5 W3 W We + 2w2w5w6)

F2W3 W2 — Wy Wy W + Wo W3 We + 5W5W6) W7 4 3(=W, + W4)w%) Wg + W2 Wy + 3Wo, W3 Ws 4+ 2W2 + 4W3 W7)W2)),

W Wiy — Wi, w3 + Wfo(wg — W3W3(W,Ws + 5w7) + Wi QWsW7 + Ws Wy + 3Wy Wo) + W32W5(W4W52 +4Wa Ws W7 + 5W2 + 5W5W9)
— W3 (W2Wg + 3WyWs W7 + 2Wa W2 + 5W7 Wo)) — Wip(WS — Ws W3 (Wa Wy + 5Wo) + Wa (W7 Wg + 2W3 Wy + W5 Wy (W7 Wg + 3We Wo)
+ WEW7 (WaW} + 4Wo Wy Wo + 5W3 ) — W3 (WeW} + 3Wa Wy Wo + 2Wa w3 ) + W3 (w7 (WEW7 — Ws WeWs — 2Wa W7 W)

—<2W5W62 — WaWeW7 + WaWs Wy + 5W2W7W3) W — 3(—W§ + Wy We + Ws) Wg) + wf(w7<wfw72 T Wy Ws(—WeWy7 + WsWs)

T W (—2Wy W Wy + 3Wy Ws Wy + 2W7 W) + (73Wf Ws Wy + We(4W2Ws — 3W5) + Wy (2W52 We + Wy W72) + Ws(WyWs + 7W7)Wg> Wo
+<—5W2W4W5 +7WsWe + 4WIWy7 — 7W4w7) Wo + 3W2W92> + W3(W7(W7(W2W52W6 + W5(—2W§ We +3W4W2W7 + W72>

—Ws (6W5W6W7 FEW,W2 + W52W8)) Wo + ((2w23 + 3W4) Ws — 7W, Ws Wy + sw%) Wo — 5WsW3)) + Wo(WiW3

+ Wy (- WIWs W7 + WaW2WE = WaWsW3 + Wi + WEW ) + (—WeW3

+ WsW2(We Wy — 4Wg) + WEW5 (— Wy We + 3W, Wg) + W53<W62—2W4W8))W9))
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Fig. 5. Numerical simulations of each population for the disease free state. We will see that the solutions
converge to the disease free state when it satisfy.
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Fig. 6. Numerical simulations of each population for the disease state.
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Fig. 7. The trajectories of the numerical projected onto the 2D (a)(S1, E1), (b) (S1, 1), (¢) (S1, Q1), (d) (E1, L),

(e) (I1, Q1), () (S2, E2), (8) (S2, Q), (h) (I2, Q2), (i) (E1, Ez), (§) (1, 12) and (K) (Q1, Qy). planes when there was no
vertical transmission and equilibrium state the endemic state.
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Fig. 7. (continued)
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,and
Ky =W (W Wy — Wis(2Ws W + 3Wy Wy + W3 W + 4 W5 W) — Wig W3 (W W + 4Ws W) + Wy (BWs W; W
+ 2WE Wy + Wy (Ws W + 4Wa Wo)) + W (Wo (W (= WE Wy + We(Ws We + 3Wa W) Wy — QW4 Ws + W3 We + 3W, Wy W3)
+ (W — AW WEWg + 2(W3 + 2W, We) W3 — 4W3) Wo) + Wig(W7 (WE W57 — We(WsWe + 3Ws W) Wy + QWa Ws + W3 We + 3W2 W7) W3)
+ (W2 = (—2Ws We + WyWy) + AW, Ws We — SWEW; + We(3W3 We + 2W, W) Wy
+ (W3 Wy + 2Wo Ws + TW7) W Wo + dw(We(WF — Wa We) + 2(— W2 Wy + We) We)W3) + Wiy (W3 We + Ws QW2 Ws + 5W7) + W3 BWaWs + AW, Wy + 5Wo)) — Wi BW3 (—W2
+ W2 We + Wy) — WE(WG — 2Wy W) + (=5Wa Wy + TWe) W7 Wo + 2(=3W3 + 2Wa) W5 + Ws(=WsWe W7 + W3 Ws Ws + 5Wa W7 Wy + 3W; Wy — 2W5 We Wo + 6Ws Wo) + W3 QWE W5
+ Wy W7 W + 5Wa We Wo + Wa Wy Wo))) + Wi (Wis W3 (Wa W + 5Ws) + Wig(W7 (W7 QWS Ws Wy — Wy WeRQW2 + W3 Wy) + 3We(W3 W5 We + W7)) — QW4 W2
+3W3 W2 We + 4W3 Wa Ws Wy + W3 We Wy + 4Ws W2) Wy + 4W3 W5 W§)
+ (—6WFW2W; — 3Ws We QW3 W5 We + 3W2) + (11W3 Ws We + 3W2Z W5 + 13W3 W2 Wy
+ WIWE + Wa(4W3 We + 5W3 Ws We W7 — 2W35 — W3 QW2 + 5W3 W7) Ws)) Wo + (W3 Wy W + 4Ws(2Ws We + WaWy) + W3(6W; Ws + We W7 — 2Ws Wg)) W3
+ (=TW3 Wy + 5W7) W3 + W3 (WE — AWs W2 Wo + 2(W2 + 2W3 W) WE) + W3 (= W7 (WE W Wy + 2W3 WEW; + 4W3 Ws We W7 + W3 Wa W2 + W3 + W3 (W2
— 5SW3W7)Ws)Wo — (W3 W4 Ws + 3W2 We + 3Ws W7) W3 + 7TW3W3) + W (W7 (W7 (W3 WE + Wo (Ws W — 3Wa W7) + W3 Wa(—Ws We + Wy W) — (W3 Ws (= W4 Ws + W3 W)
+ QWEWy + WHW; — SW3 W2 Wy + WIWE) + (Ws W7 (—2Ws We + LIWaW7) + W3 Wy W2 Ws — 3WEWs W7 — 5Wi W)
+ WIBWS — 8Wy))WE — 6WsW3)) + Wo(Ws(—2W3 Ws W3 + WEWs(We W7 — 4Ws Ws) + 3W3 W Ws(—We W7 + W5 Ws)
+ W3 (=3Ws Wy + 4Ws W) + Wa QW3 W Wy + W3 We W5 — 2W3 W + 4 W3 Ws W7 We)) + (W W] Ws W7 — Wy We(2W3

+ W3 Wy) + 3We(W3 Ws We + W3)) + (4WF W2 + We(— W3 We + 2Ws W7) + 2Wi (—4W3 Ws We + W2) Wg)))).

Numerical results

Numerical simulations of the impact of the strategies to control the spread of coronavirus disease 19 (COVID-19)
in the Thais population when there are Foreign (tourist) also present. Numerical values of various parameters
and data points needed for the numerical calculations in Table 2. The Data collected were from the official
website of the Ministry of Public Health and World Health Organization (WHO)'-¢ and**-*. Using the numeri-
cal values in Table 2, we obtained the time evolutions of a susceptible Thais individual, an exposed Thais, an
infectious Thais, a quarantined Thais, a recovered Thais, a susceptible Foreigner (tourist), an exposed Foreigner
(tourist), an infectious Foreigner (tourist), a quarantined Foreigner (tourist), and a recovered Foreigner (tour-
ist). The values of the parameters were first chosen to lead to Ry to be less than one so the equilibrium state will
be disease free State (0.80893). The time evolutions of the ten states were plotted in Figs. 5. Next, we change the
values of the parameters so that the value of R will be greater than one, meaning that the equilibrium state will
be the endemic state (9.4175). In Fig. 6, we see the evolution of the ten categories of individuals (susceptible
Thais, exposed Thais, infectious Thais, quarantined Thais, recovered Thais, susceptible Foreign (tourist), exposed
Foreign (tourist), infectious Foreign (tourist), quarantined Foreign (tourist), recovered Foreign (tourist)) con-
verge to their epidemic equilibrium values (0.002951, 0.0000217, 0.0001608, 0.0000236, 0.000125, 0.0000001974,
0.00000134, 0.000001218).

The behavior’s of the endemic, we has plotted the 2-D trajectories of the following thirteen pairs (Thais
susceptible-Thais exposed), (Thais susceptible-Thais infectious), (Thais susceptible-Thais quarantined), (Thais
exposed-Thais infectious), (Thais exposed-Thais quarantined), (Thais infectious-Thais quarantined), (susceptible
Foreign (tourist) -exposed Foreigner), (susceptible Foreign (tourist) -infectious Foreign (tourist)), (exposed
Foreign (tourist) -quarantined Foreign (tourist)), (infectious Foreign (tourist) -quarantined Foreign (tourist)),
(infectious Thais-exposed Foreign (tourist)), (infectious Thais-infectious Foreign (tourist)) and (quarantined
Thais-quarantined Foreign (tourist). These 2D trajectories are shown in Fig. 7. We can see that all the trajectories
converge to a central point (the equilibrium pot).

Global Stability of disease free equilibrium for model
The solutions to Eq. (2) were asymptotically stable locally in section “Analysis of the model”. We have now proved
that the two equilibrium points are asymptotically stable globally through the following theorem.

Theorem 6: If R < 1, then the disease—free equilibrium E* is globally asymptotically stable, by

81+ 1
1 =

H+pe;+?
AT nd o= 22T
5 and ¢, s ()
Proof of Theorem 6 The Lyapunov function may be constructed for the model (1) through the use of the function
POY=G1—STnS)+E+L+Q+R+ (S-S +E+L+Q+R, (17)

Differentiating with respect to time yields.
P(t) = Sl—? ++4+E 4+ +Q1+Ry + Sz—? +E+L+Q,+R;
1 2
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s*
=<(P«Nh —@1S1(Er + 1) — 8181 + 1Ry — 912S1(E2 + 1)) (51 - ?)) + (1S1(E1 + 1) + 912S1(E2 + L) — 81 By
1
ﬁEl) + ( —qrl — ili + p11) + (gorly — Q1 — 81Q1 + g1(Br + 1)) + (11 Q1 — (81+a1)R;) + ((CNt
1

S5 1
— 0282(Ex + I2) — 92182(E1 + 11)—8252 — 982 + 02Rz) (52 - *)) + (9282(E2 + L) + 92182(E1 + [1)—82E; — VE; — FEZ)
2

1
+ (FEZ*%TIZ*@Z + 02+ ML) + (@arl,—v2Qa — (65 + p2 +9)Q;y + (B2 + 1)) + (12Q2 — (8, + P +0a2)Ry)
2

S S S S¥
=uN,(1-2L CNrl1=2) =58 (1-= ) =88 [1-2) -
" h( S)+ ( 32) ”( S*) “( 52) :
S, St
1—— ) + @187+ ¢1857Q1 — a1 Ry —01Ry — 81E; — (81 + p1)1 — 61 Q1

S; St

S*
+ @218 + 92Q285 — 2R, (Sf) — (B + Ry — (S +D)Ey — (B + o2 + ), — (8, + ) Q,

S* S S1 S S,
=uNp (1= ) +CNp (1 -2 ) =58 {1-= ) =88 (1-2)—osi{1-=
(1= g ) ravr(1-3) -asi(1- ) -ass(1- ) s (- )
S*
—8E — (81 +p1 — 1S — (31 — @18)Q; — Ry(a1R; (S ) +36 ) (17a)
1 1
S*
— (b2 +Ey — (834 p2 + 09—, — (8, + 7 —9,5)Q, — (2 (S ) + (8, +9))R,
Using the condition (17), Eq. (17a) may be rewrite as,
. . ST S* * Sl * S;
P(t) =uNy, <1 — a) + CNt <1 — 5) — 8187 < §> — 6828, (1 — 5)
* $2 * * S*
05| 1— § —81E1 — (b1 + o1 — 18711 — | 61 — 15D Q1 — Ri(a1 Ry 5 +5 — (82 + D)Ey
S*
— (624 02 + 9 —028)1 — (82 + 9 —0255)Q, — (@2 (S > + (62 + PR,

Substitute with Eq. (17) we obtain

. S . S S3
P(t)y =puNy(1—= L) +8,:8F(1 - +CNp(1-=22
S] S* SZ

S S
+ 8,83 (1 - Si) +98; (1 - 37> —81E1 — (82 + 9)Ey — 81Ry — (82 + DRy
2 2

Note that on Q, we have ST = MTM and 8§ = 501{9 with this in mind, Eq. (17) becomes

by = Ny (1= S0 s (PN (1230 fong (12 22 af}CNT1S§
(t) = uNy —§ + 01 5 _57 + T —? + (62 + D) &t _5

—81E1 — (82 + 9)E; — 81R; — (82 + )R,

S* Sl S* SZ
= uNy Z—S——S—* + CNr 2—?—? —81E1 — (8 +9)Ey; — §1R; — (82 + DRy
1 2 2

(St =$1)°

(85 =)
- —CNr| G| —81E1 — (2 +HEy —81R — (B2 + )R, <0
5151 SZSZ

P(t) = _MNh(

Hence, P(t) < 0. By using LaSalle’ s (1976)*'" extension to Lyapunov method, the limit of each solution is
contained in the largest invariant set for which
S = ST,E] =0, =0,Q; =0R; =0,5, = S;,Ez =0, = 0,Q, = 0and R, = Owhich is the singleton {Ep}.

* *
This means that the disease—free equilibrium E* = < S7, E, >Ik, Q, I*{, § E, }k, Q, 1*{} is globally asymptotically stable
11112222 2

on Q. This achieves the proof of the theorem.

Theorem7: IfRy > 1, then the positive endemic equilibrium state of system (1) exists and is globally asymptotically

+ S +0
& sh oL =02 = %

stable on 2, by assuming that ¢ =
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p2 = y2, WNp = S7*(81) and CN = S3"(8, + ). (18)
Proof of Theorem 7 We construct the Lypunov function from the model as follows

o) =1 =" IS +E +L+Q+R+ (52— "InS) +E2+ L+ Q + Ry,

. Sx . . . . . Sk . . . .
cb(t)=81<1—5#> +E1+11+Q1+R1+Sz<1—si> +E+L+Q+R,
1 2

Kk

S
=(uNp — @1$1(E1 + 1) — 8181 — 01281(B2 + b)) + a1 (S1 + E1 + 11 + Q1)) (1 - §T>

1
+ (p181(E1 + 1) + 91281(E2 + ) — 81E1 — ﬁEl)
1

+ (HPI

Ey —qorl — (811 + p1l)) + @21l + (@271 — (v1 +01)Q1 + g1(E1 + 11)+)
1

S**
+ ((CNT — 029(E3 + 1) — 92182(E1 + 1)) =82 + 9)S3 + 2 ((S2 + E2 + I + Q2)) (1 - SZ—2>

1
+ (282(E2 + D) + ¢2192(E1 + 11)—(82 + 9)Ep — EEz)

1
+ (EEerquIz*(fsz + 02+ 9)) + (qarl,— (62 + p2 + 0 +2)Q + £2(B2 + ),

Kok

Sp* N
:MNh(l - ?) + 1B+ 1S +¢1(Er + DS = 8181 + 8157 + a1 — (SL> — 1S+ o8
1

1
g g g

— o E + o Ey (i) —oly +a1l (L) —o1Q1 +a1Q (L)
Si Si Si

1
- (51 + 7)51 =61 — piI1 = 1 Q1 — 61Q; — qar1;

11P;
S gE*
+ CNt (1 - SL) + @2(E2 + L)S3* 4+ @21 (Ey + 11)S55 =828 + 8,85 — 98, + 983" + . — a2 (SL)
2 2

gk gk §**
— S + Sy — B + by 2 )| —wah + b 2 ) —aQr + Qe | =
Sy S, S,

1
- (52 +9+ E>Ez—(32 + 02+ D +q3rl,— (62 + 02 + 0 + ¥2)Qy,

Parameters | Sensitivity indices | Parameters | Sensitivity indices
8 Negative 8 Negative
oy Positive o) Positive
1IP, Negative 11P, Positive
g Positive f:o) Positive
Q1 Negative 93T Positive
Y1 Negative Y2 Negative
01 Negative 02 Negative
" Positive C Positive
@1 Positive P12 Positive
©2 Positive ©21 Positive
D4 Negative

Table 3. The sensitivity index (S.I).
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Fig. 8. A bar chart showing the measurement of the sensitivity indices with various parameters of model (2)
and the reference values as indicated in Table 3.

S** Sl S**
=M%O—JJ+&$(L~—)+ma—&—m—h—QnO—iJ—&&

Si S+ Si
1
——E -1+ -8 — (n + 8 — @S Q
1IP,
g Sy
+CNT(1 - L) + (8, + 19)5**(1 - —)
S 2 ? §3* (18a)

S**
+ma—&—m—h—@(b~§)

1
- (62 +9+ F)Ez — (g7 + 8, + p2 + D +g3r — 025591,
2

-G+ o+ +1—¢;SHQ,

Since
C+ R;Olz
o2(B5 +I5) — a1 (Ef +IF) + (82 + )

R*
S = s ot —— and §* =
¢I(E1+Il)+51+¢712(E2+12)

2(t) =uN, (1 ST*) +35 Rjor + 1 (1 51 > ta1(1 =8 —E -1, —Q )(1 ST*)
w = _— Ep——— o — — — — _—
B S "\ (B + 1) + 61 + 012 (B + ) S ! L S

1
—81E — EEI — B+ =S — (1 + 81 —e1ST)Q

ok

S C+RS
+CNyp <1 - i) T (8 + 0)( + R
\Y) o

S
(-5)
E5+I5) + o (Ef +IF) + 52+ 9) S5*

Sk 1
1-8 —Ey—IL — 1-22 ) —(8+9+— |E
+ o 2—Ex—D Qz)( Sz) (2+ +HP2> 2

— (@37 + 85+ 02 + D+a37 — 025, — G2+ p2 + 9 + 2—0255)Q,
Substituting the relations in Egs. (18), we have

Rion +p

o1 (Ef +1I7) + 81 + o12(E5 + ;) )

uNp = 81(
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C + R;Olz

CNT = (8, + 9)( ),
2 02 (B3 +17) — oo (Bf +17) + (52 + )

S** Sl S**
o) =uNy (1 - = | +uNy (1 - o5 |1+ =S =B =L —QD(1- -
S1 Sl S1

S1 1 *k S;*
+a1(1-8 —E1 —I1 —Qp) I—SW _61E1_EE1_(V1+61_¢151 )Q1 + CNt I_E
1
SZ S**
+CNT(178@)+a2(17527E27127Q2)<178i>
2 2
N 1
+a(1-8—-E—-D —Q2)<1 - STz*> - (52+I9+ E)EZ — =G24+, + 9 +1n—025MQ,,
2
2 2
(S* —s1) (st* —s1)
o(t) = —uNy— 44— —a1(1 =S —E1 — I — -_
(®) “Np S 1( 1—Ei—hL—Q) S
1 S —8,)°
—51E1—7E1—CNT%
1P, 8

ok 2
—a(1— 8 —E— I —Q)i(sz “S)" (5404 L)
2 2 2 2 2 stik* 2 IIP2 2.

Substituting the relations in Eq. (18a), we have

2 2
w(t) [ N’th —al(l _ Sl _El _Il — Ql)w
S, St S 87
2
1 (3 — )
— 8B — —FE; — CNp~2—"2)
T p ! s,
2
con=S—Fr—n— =5y L),
83 1IP,
2 2
) = — Mth +o(1—8 —E — 1) — Ql)w
S8 S8t
+81Ey + ——Fy + CN (55— 5)"
LT p s

o _ g )2
(1-S,—E —I—Q)M—I— b+ 04— )E| <0
2 —E—D 2 5.5 2 1ip, 2| <

Hence, the condition (16) show that w(t) <0 of all terms. Then the equilibrium steady state
* *
By = (ST, El Q RSEI Q E) is the globally asymptotically stable in the Q.
111122222
Sensitivity analysis
The model of the parameters will affect the spread and spread of COVID-109, the results of insertion into model
(2) will be subjected to a sensitivity analysis. We begin by first introducing the following definitions of**-*¢.

Definition 1: The normalized forward sensitivity index of the variable (Ry), depending on the parameter dif-

ference, is given as: E? = % X % A new expression for Ry is introduced as:

a3C(1 + 021IP2) @y (1 + 81 + qar + 1 + 81) (1 + IIP)S1 + p1)g

Ry = .
ay (oza3 + g2q37) IP2(82 + 9)81 (1 + 1IP181) (8121 + (q21 + 1 + 81) (81 + p1))

Then the sensitivity indices of the basic reproduction number (Ry), with respect to the system model depends
on the nineteenth parameter are computed as below.

dR % JR, o JR C
Ry _ (2RO (L) o R _ (20 (%2} o SR _ (970 =0
Hoa (aa1)<Ro) > Xay <8az)(Ro) ! (3C)<Ro> ’

ko (%) (i) _ OPy(qar + 1+ 81) w(1 + ITP)S) + 1)) (82 + 0 + p2)¢192
. au /) \Ro 1+ IIPy (qar + y1 4 81) (1 4+ IIP)8; + p1)) (82 + O + p2)pr1902”
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1
Xglio =P (—g1 @1 + (q2r + 11 +81) 1 +p1))(B1 + (1 +UP151)IL<E +é + 17) (=81 @21 + (@21 + 1 +81) @1+ p») (1 +1IP))

Ry 81 1 1
— | = T 28 0} 9 — — 81+ 1P § — +34 1 T 28
( 9, )(Ro ) (q2r + 428 +p)@E2+ D+ p)e102 i 1(1+11Py ”(HPZ + 41 + )(qu + y1 4261+ p1)
(L+ TP (g1 + y1 +81) (1 + TPy (81 + p))(A + TPy (qor + 1 +81) (1 + IIP (81 + p1))

1
G2 +2 + p2)e192 — ﬁb‘l(lJrUPlb‘l)(*gl qr + (qar + n1+8)G1 + )
1
1
(L+1IP) (@21 + 0 +01)/l<1+UP1 @61+ + O+ p2)pr192) — 61 (E +8 +17> (—g1 @21 + (@21 + Y1 +81) G+ p0)) A+ HP)((q2r + y1 +81) L+ TP (81 + p1)) (82 + D +/>z)<ﬂ1(/72))
1 1
- E(HHM,(E +81 +») — (@1 @1 + (@1 + 1 +81)61+p)) A+ 1P (q2r + y1 + p1) (1 +IIPy) (1 + p1)

(=81 qor + (@21 + 1 +81)G1 + o)A+ IP)(qar + 1+ p1) (1 +1IPy) (81 + p1) (82 + D + p2)¢192))/

1
(””P“s”(ﬁ +8 +0)<—gx @r + (@21 + 1 +81) @1 +p1))? A+ Py (qar + 1 +8)u(L+1IP) B1 + p1) B2+ 9 + p2)192))
2

oR )
X(io = ( 8602 > (ﬁ) = (8(—g@r+ Br+ 2+ 8) G+ 9+ 02) (37 + V2 +82)°

(28 + 9 + p2 + IIPy (qor + 1 + 81) (1 + IIPy) (81 + p1))

(2 + 0 +8) 0o+ @ asr(gsr + 2 — O — Py (qor + y1 + 81) (1 + IIP) (81 + p1))
(7 +62° = (gs7 + v2)p2 + 0 + p2)0192))/ (@37 + v2 + 82)

(9 + 82 gsr — (37 + 12+ 82) (9 + 12+ 82))°

A+ 1Py (((qar + y1 +81) (L +1IPy) (81 + p1)) (B2 + ¥ + p2)@192))

R _( Ro \(IIP1\ _ (HPz(ﬁ +81+0) (=1 = 20IP18y + TP (a1 + 11+ 81) 101 (2 + v + p2)g192))
%Py =\ omp, J\ Ry ) T
((1+ IIPy 81 (1 + IIP2 (81 + ) (1 + 1IP1 (21 + v1 + 81 (1 + HP1 (81 + p1))((82 + P + p2)9192))s

x [ OR \(HP\ _ 1
Xup =\ 5mp, J\ Ry ) T 1+ 11P, (8, + 9)’
Ry _

IR, P 1
Xpr =\ 3 ° L) = —IP2(q21 + v1 +01) (- + 81 + D) p1(=g1921 + (G217 + v1 + 1) (81 + p1))
o ) \ &g 1P,

(1+ 1Py (qor + 1427 + ¥1 + 8012 + 9 + 02)9192)/ (1 + IIP2(81 + p1)) (1421 — (qar + v1 +81) (81 + p1))?
1+ 1Py (g2 + v1 + 81 + IIP1 (81 + p1)) (82 + & + p2)9192));

Ry _ % P2 ——(IIP(L—}—(S + 9)p2(— +( + 92 +8)8 + U+ )
Xor = 90 )\ Ry ) 2Hp, P2(—=&2431 + (@317 + V2 + 02)(02 02

(@31 + v2 + 82 + q371IP1(q21 + Y1 + 81)

w1+ IIPy (81 + p1)@192)) /(1 + IIP2 (81 + 9)) (231 — (@31 + V2 + 82)(82 + 9 + p2))*
(1 +1IP1(q2r + v1 + 8 (1 + IIP1 (81 + p1)) (82 + ¥ + p2)9p1902)),

yRo = (%) (ﬂ) _ vi(qar + 81+ p)
" a1/ \Ro (qor + 11 + 8 ((r1 +81) + (qar + 11 + 811 + p))’

Ro _ (%) (ﬁ) P, ((q21 + y1 + d1)u(1 + IIP1 (81 + p1))9102))
71 391 ) \Ro ) (1 + IIP(qar + y1 + 81)p(1 + IIPy (81 + p1)) (82 + O + p2)¢192))

s = & 12 ) _ 0
o2 0912 Ry ’
XRO — 9Ro 21 =0
o 9921/ \ Ro '
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(1) (8) < e
&\ 9g1/ \Ro aqer — (qar + 1 + 8161 + p1)’

(R = (3R0> (ﬁ) _ IIP\((qor + 1 +80)p(1 + IIP1(81 + p1)) (82 + ¥ + p2)p1¢2
92 Ro (14 1P\ (q21 + y1 + 8D (1 + IIP1 (81 + p1)) (82 + 9 + p2)pr102”

092

o = (%) (&) __ 2957
& 022 ) \Ro 297 — (@3r+ 13 +83)( + 2+ )

R dRy 1 1
pery =(a) (%) = —(UP2V1(H7P2 + 01 + ) (=q1921 + (21 + ¥1 + 1) (61 + 1)) (01 + p1 + g1927IIP1 (1 + IIPy

(81 + p1) (G2 + 9 + p2)@192)) /(1 + IIP1 (81 + p1))(—g142T + (@21 + v1 +81) (61 + p1))?
1+ 1Py (q21 + 71 + 81 + 1Py (81 + p1)) (82 + ¥ + p2)9192)),

xR — (%) (ﬁ) _ LPBTY2
vz 9y2 /) \ Ro (@1 + 12+ ) (—opr + (@31 + 172+ 82) (2 + 0 + )

dRy QT 1
—— || & | =(@rIP2(—— + 31 + D) (=192 + (g2 + ¥1 +81)(81 + p1))
9927/ \ Ro HP,

(81 — 81 — p1 + g11IP1(y1 + 1)1 + 1IP1(81 + p1))(82 + ¥ + p2)9192)) /(1 + 1IP1 (81 + p1))
(=192 + (g2 + 71 +81) 1 + p1)* (1 + 1Py (qo1 + 11 + 1)
w1+ 1Py (81 + p1)) (82 + P + p2)P192)),

Ry (&) (&T) _ ©451(r2 + 82)
BT\ dg3r ) \ Ro (@37 + 12 + 8)(—0q31 + (31 + 2 + 82)(62 + 9 + p2)’

IR, D
Xll;" :(BTSO> (Rj) = (0 (=gq31 + (@37 + v2 + 82) (62 + ¥ + p2))(—(g317 + ¥2 + 82)

(285 + 21IP,8,85 + 1IP,85% + 209 + 2IIP3810 + 41IP,8,8 + 3IIP2v% + ps
+ 1IP381 p3 + IIP285 0 + 2IIP, 0 py + IIPy (qor + 11 + 81)p(1 + IIPy (81 + 85 + 209))
(1+IIPy (1 + 81)) (82 + 0 + 02)*0102) + ©2q37(1 + IIPy (81 + 85 + 29) + IIPy (qar + 1 + 1) (1 + IiP1 (31 + 1))

1
(P2 + IiP2((82 + 9)2 + (81 + 62 + 279)/72))(#1(#2)))/(11'1’2(@ + 82 + 9)(g2q31 — (q37

+ 72+ 88 + 0 + p2)* (1 + IIP1(qar + 1 + 8L + IIP1 (81 4 1)) (B2 + & + p2)@192)).

We can estimate the sensitivity indices (S.I) of the basic reproduction number (Ry), taking into account the
parameter of the model (2). The signs of sensitivity indices (S.I) are shown in the Table 3 and bar chart Fig. 8.

The effects of changing parameter values on the functional value of the reproduction number R are obtainable
in this section. The necessary parameters must be found, which may be important criteria in disease management.
The desirable changes of the occurred when their changes produce a positive effect, i.e., when their sensitivity
indices have positive sign, i.e.ot1, 2, IIP2, g1,£2, 437> 14> C, @1, 912, 02 and @21 have a positive effect on Ry. The
determine that the increase in the number of two exposed population (E;, E;) and two infectious host popula-
tion (I1, I) with the value IIP;, g1, g2, IIP, may lead to an outbreak. On the other hand, the negative sign of the
sensitivity indices (S.I) in the Rg i.e. 81, 82, IIP1, g2, p1, Y1, U, Y2 and p; has a negative effect on the spread of dis-
ease according to the system (2). Thus, the sensitivity indices (S.I) of the Covid-19 (2) shows that there will been
appreciable change at the beginning of the transmission the disease. This would help the public health official to
plan on how best to develop a reasonable interference strategy to prevent and manage the spread of the disease.

Conclusions and discussion

Tourism has become an important source of foreign currency for many countries. This is especially true for
Thailand. It is the second major source of currency. This means that tourists are coming to Thailand every year.
When combined with the need for temporary, seasonal farmer workers to support the main source of income
in Thailand, that is the agricultural industry, foreigners (tourists), and these foreign workers diseases can be
brought into Thailand. Thailand must always be aware of the arrival of new infectious diseases. Most recently, the
novel coronavirus COVID-19 appeared in China. From a few hundred infections in Wuhan, China, it is quickly
evolved into a pandemic, which spread to five continents public health authorities in Thailand have initiated
public health measures to control the spread and stop the spread of this virus in the United States. More than one
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million people have died from the disease. In this article a standard SEIQR model has been introduced for the
transmission dynamics of COVID-19 infection in Thailand and for Foreign (tourists) entering the Thai popula-
tion. Affecting the change of COVID-19 among Thais people, they took the SEIQR model for each population
and linked them together, allowing members of each population to cross-infection with each other. The impact
of factors causing changes in the spread of COVID-19 is examined. After that, we performed a basic reproductive
number analysis and saw how homeostasis changes. Taking cross-infection (mixed) into account, we find that our
model achieves an infection-free equilibrium. When the basic reproductive number is less than one. This model
achieves local equilibrium at multiple points when the number is greater than one. Our analysis shows that the
rate of recovery rate of both Thais and tourists would be affected by decreases in the recruitment rates and death
rates. This result shows that the recovery rate for both Thais and foreigners has increased. This is because changes
in recruitment and death rates will result in a decrease in the basic reproductive number. However, changes IIP;
(capita rate of progression of Thais population from the exposed state to the infectious state), IIP, (capita rate of
progression of foreign human from the exposed state to the infectious state), o7 ( the number of infected Thais
that leave the quarantine period with the virus intact) and g3t (the number of infected Foreign that leave the
quarantine period with the virus intact), g) (the rate at which the exposed Thais are put into quarantine from
the exposed and infected Thais) and g (the rate at which the exposed Foreign (tourists) are put into quarantine
from the exposed and infected Foreign (tourists)), ¢1( transmission rate of virus between population in Thais
population), ¢, (transmission rate of virus between population in Foreign (tourists) population), u (recruitment
term of the susceptible population in Thais) and C(recruitment term of the susceptible population in Foreign
(tourists)) would cause the basic reproductive number to increase meaning increases in the severity of the
pandemic, more people being infected by the COVID-19 coronavirus. Therefore, we controlled the number of
new confirmed cases or new infections significantly by introducing a positive change in the parameter memory
value in the sensitivity analysis.

In summary, from the study of the spread of the COVID-19 virus, which is an infectious disease. This disease
is a health problem, leading to a rapid decline in the impact on the economy. Although governments and the
World Health Organization have implemented international control measures and prevented interference. By
creating a mathematical model that uses data from disease outbreaks between Thais population and Foreign
(tourist) entering Thailand. To determine some parameters affecting the outbreak under proper control of the
disease. By relying on the strategies of the government and the World Health Organization, including controlling
the spread of infection, incubation, treatment and prevention of fever. It was found that controlling the disease
transmission will be a guideline for reducing the spread and reducing the number of cases between Thai people
and foreigners.

Data availability
The data in the analysis is taken from Bureau of Epidemiology Ministry of Public Health, Thailand (https://ddc.
moph.go.th/viralpneumonia/eng/index.php).
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