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Abstract

At present, a large number of people worldwide have been infected by coronavirus 2019
(COVID-19). When the outbreak of the COVID-19 pandemic begins in a country, its impact
is disastrous to both the country and its neighbors. In early 2020, the spread of COVID-19
was associated with global aviation. More recently, COVID-19 infections due to illegal or
undocumented immigration have played a significant role in spreading the disease in South-
east Asia countries. Therefore, the spread of COVID-19 of all countries’ border should be
curbed. Many countries closed their borders to all nations, causing an unprecedented
decline in global travel, especially cross-border travel. This restriction affects social and eco-
nomic trade-offs. Therefore, immigration policies are essential to control the COVID-19 pan-
demic. To understand and simulate the spread of the disease under different immigration
conditions, we developed a novel mathematical model called the Legal immigration and
Undocumented immigration from natural borders for Susceptible-Infected-Hospitalized and
Recovered people (LUSIHR). The purpose of the model was to simulate the number of
infected people under various policies, including uncontrolled, fully controlled, and partially
controlled countries. The infection rate was parameterized using the collected data from the
Department of Disease Control, Ministry of Public Health, Thailand. We demonstrated that
the model possesses nonnegative solutions for favorable initial conditions. The analysis of
numerical experiments showed that we could control the virus spread and maintain the num-
ber of infected people by increasing the control rate of undocumented immigration across
the unprotected natural borders. Next, the obtained parameters were used to visualize the
effect of the control rate on immigration at the natural border. Overall, the model was well-
suited to explaining and building the simulation. The parameters were used to simulate the
trends in the number of people infected from COVID-19.
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1. Introduction

In December 2019, there were many reports of a novel coronavirus renamed by the World
Health Organization (WHO) as COVID-19 on February 11, 2020 [1]. This disease spread
quickly, and the number of infected individuals increased rapidly. According to the WHO
reports, there were 6,530,992 confirmed cases and 406,665 deaths globally as of June 5, 2020
[2]. One month later, the numbers had doubled to a confirmed 11,172,123 cases and 557,558
deaths globally, as reported on July 5, 2020 [2]. The COVID-19 disease is highly infectious
with an average incubation period of 5 to 7 days [3]. Moreover, the virus could quickly spread
from asymptomatic patients by direct contact, coughing, sneezing, and talking. The virus
could survive in aerosol form or the surfaces or breath droplets for up to 72 hours [4].
Without prompt diagnosis and treatment, COVID-19 could cause severe symptoms and even
death [5].

Initially, the first case of COVID-19 was reported in Wuhan, China [6]. Later, due to the
global aviation industry and the limited COVID-19 diagnostic tools, the disease spread to sev-
eral countries. Beginning in January of 2020, tourists from China with COVID-19 were first
reported in Thailand [7]. To contain the disease, the Thailand government restricted interna-
tional air travel, resulting in the containment of the disease and reducing the number of new
cases to almost zero. However, since March of 2021, the Thai government reported that the
virus was diagnosed on people who had immigrated illegally. Due to inadequate disease pre-
vention measures and poor access to medical diagnostic and treatment, the spread of COVID-
19 increased [8]. Recent studies reported that the high prevalence of COVID-19 and deaths
occurred in unauthorized immigrants globally [9, 10]. As a result, it is necessary to under-
stand and simulate the spread of the disease under different immigration scenarios. The analy-
sis of control rates of illegal immigration should be addressed. Long-term behavior of the
situation under a control policy should be studied and revealed to simulate the number of peo-
ple in different classes of the populations in the country.

To understand the spread of infectious diseases, mathematical models of epidemics were
evaluated to simulate the dynamic transmission and plan effective strategies to control the
spread. One of the model most often used is the Susceptible-Infected-Recovered (SIR) model,
which describes the flow of individuals through three subpopulations: susceptible (S), infected
(D), and recovered (R) [11-14]. This simple model has been the standard for explaining the
spread of disease. Over many years, many subsequent models were developed based on this
standard [12, 15, 16]. Recently, a model was developed to study the COVID-19 infection in
Italy [17]. The model’s name reflects eight subpopulations: susceptible (S) (uninfected),
infected (I) (asymptomatic infected, undetected), diagnosed (D) (asymptomatic infected,
detected), ailing (A) (symptomatic infected, undetected), recognized (R) (symptomatic
infected, detected), threatened (T) (infected with life-threatening symptoms, detected), healed
(H) (recovered), and extinct (E) (dead) - SIDARTHE. The aim of this work is to find the cause
of the COVID-19 epidemic and help plan an effective control strategy. The model results also
confirm the benefits of mass testing, whenever facilities are available.

In 2020, Din et al. developed a new infectious disease model based on the SIR model and
some other models [18] and used for explaining the spread of COVID-19 in Thailand. The
model’s name reflects six subpopulations: susceptible (S), latent (L) or a group of infected pop-
ulations that do not show symptoms, infected populations showing symptoms (I), quarantine
(Q), hospitalized (H), and recovered (R) - SLIQHR. Then, the disease transmission was
described by six differential equations. This model worked well with the theoretical data under
fixed-parameter constants. Although the model simulated the spread of COVID-19, there
were still many factors in the second wave related to people who enter the country without
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tests or quarantine. The inclusion of Thai people in one population (S susceptible) was insuffi-
cient to explain and simulate that condition.

At the end of 2020, the second wave of COVID-19 shocked the Thai people again because
the number of infected people in the country increased dramatically, especially in Samut
Sakhon province, Thailand. There, many illegal immigrants worked at the seafood market
[19]. The type COVID-19 carried from Myanmar was identified as the delta strain (or
B.1617.2), which is transmitted more quickly and more contagious than the other strains; how-
ever, the symptoms were less severe than the original type spreading from Wuhan, China. Cur-
rently, the Thailand government controls these conditions by locking down some regions
infected with the virus [19]. The control scenarios and the data were recorded as the reference
data to model the spread of this disease, expand our knowledge, and understand the situation
mathematically. Additionally, the model can help reveal the rate of infections, control the
spread from the unprotected natural border, and develop policies and a strategy to protect peo-
ple from the virus.

Based on the basic concepts of the SIR and SLIQHR models, we developed a novel compart-
ment diagram to model the spread of COVID-19 under the conditions that some infected peo-
ple will enter the country through the uncontrolled natural border. The model’s name reflects
six subpopulations: Legal immigrants (L), Undocumented immigrants from natural border
(U), Susceptible people (S), Infected people (I), Hospitalized people (H) and Recovered people
(R) - LUSIHR. We also developed another model, LSIHR, by setting the value of the control
rate of undocumented immigration (w) as 1, removing the natural border population from the
LUSIHR model. The assessment of the model focused on its positivity, the equilibrium point,
and the basic reproduction number (R,) or the average number of cases generated per infected
individual [20] for the LSIHR model. The simulation was conducted using various scenarios
and control rates. Finally, the simulated results were compared with real collected data in Thai-
land. More details on the LUSIHR and LSIHR models are presented in Section 2. Data manipu-
lation and numerical parameters are explained in Section 3. Section 4 describes the results of
the well-posedness and mathematical analysis for the equilibrium points, as well as the model
simulation results, comparing them to the actual collected data. Section 5 describes the conclu-
sions of this work. Finally, the benefit and limitation of this work are discussed in Section 6.

2. The spread of disease model and LUSIHR model
2.1 Background

The mathematical models of disease spread have been studied for some time. The most basic
and simple model is the SIR model that describes the virus spread using only three variables.
In contrast, currently, much of the derivative family of this base model can be found for a spe-
cific condition or disease [12, 15, 16, 21]. Under the conditions in which Thailand faces the
COVID-19 disease, the first proposed model SLIQHR was reported recently in 2020 [18].
Notice that both models start with a single susceptible group set as the single source of the pop-
ulation in the model. However, based on the conditions of illegal immigration in Thailand, we
can add a group of immigrants into the susceptible group. The susceptible group represents all
the people who can be expected to be infected in the future. This scenario was proposed in this
study as the LUSIHR model, described in the following section.

2.2 The LUSIHR model

The LUSIHR model is an epidemic model based on the SIR and SLIQHR models. In principle,
the whole population was divided into six subgroups: Legal immigrants (L) are people who
travel into the country legally, Undocumented or illegal immigrants are people (U) who travel
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Fig 1. Diagram of the LUSIHR model. Nodes represent population classes and edges represent transmissions and
their rates.

https://doi.org/10.1371/journal.pone.0273558.g001

across unprotected natural border, Susceptible population (S) are those who have not been
infected with the disease, Infected populations (I) are those who are already infected and not
tested for the disease, Hospitalized populations (H) are those who are already infected, have
tested positive, and are being treated in a hospital, finally, Recovered populations (R) refer to
those who have recovered from the disease and cannot be infected again. Notice that people
who travel into Thailand legally must be tested for the disease and be quarantined until they can
travel to all regions of Thailand. Following quarantine, people in this group can move into either
susceptible or hospitalized groups. In contrast, people who enter through the natural border
enter the country without any test or quarantine. As a result, people in this group can move into
either susceptible or infected groups. The diagram of the LUSIHR model is shown in Fig 1.

The diagram of the LUSIHR model (in Fig 1) represents the states of the people in Thailand.
At a specific time £, the number of populations in each group could be changed over time. Let
T(t) be the total population at time t. For any >0, we then have T(f) = L()+ U(t)+S(£)+I(t)+H
()+R(t) where L(t), U(t), S(t), I(t), H(t), and R(#) are the number of legal immigrants, undocu-
mented immigrants from the natural border, susceptible people, infected people, hospitalized
people, and recovered people over time t. Based on the diagram, the system of ordinary differ-
ential equations for the LUSIHR model can be written as follows:

L(t) = A, — e, L(t) — L (1) (1)

U'(t) = A1~ ) —2,U() — 0,U(1) 2)

$(1) = o, L(1) + %, U(t) — BS(HI(E) — (1) 3)

1(6) = 2,U(t) + BS(OI(E) — 31(t) — £,1() — 7,1(1) — ul(1) (4)
H'(1) = o,L(1) + 31(t) — £, H(t) — 7,H(1) (5)

R(£) = 7,1(t) + 9, H(t) — uR(1) (6)

The model parameters are as follows:
A, is the number of recruitments per day into legal immigration group (L).
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A, is the number of recruitments per day into undocumented immigration from the natural
border (U).

w is the control rate of undocumented immigration from the natural border.

a; is the proportion of people transfers from legal immigration group (L) to susceptible
group (S).

o, is the proportion of people transfers from legal immigration group (L) to hospitalized
group (H).

o is the proportion of people transfers from the undocumented immigrant group (U) to
the susceptible group (S).

ay is the proportion of people transfers from the undocumented immigrant group (U) to
the infected group ().

¥1 is the recovery rate per unit of time of the infected people.

¥, is the recovery rate per unit of time of the hospitalized people.

B is the transmission rate per unit of time of the susceptible people who interact with
infected people.

¢ is the proportion of infected group (I) aware that they are infected and tested at hospital.

£, is the death rate per unit of time of the infected people.

£, is the death rate per unit of time of the hospitalized people.

u is the rate per unit of time of the people traveling out of the country.

Notice that the control rate of undocumented immigration at natural border (w) was intro-
duced to measure the success of efforts to slow the rate of immigration at Thailand’s borders. This
rate was assigned a value from 0 to 1. In those cases where there is no control at the border, w was
set to zero. On the other hand, if w = 1, no one could enter the country via the natural border. As
a result, the natural border subpopulation was removed from the LUSIHR model and placed in
the LSIHR model. Therefore, the control rate was divided into two parts, 0<w<1 for the LUSIHR
model, and w = 1 for the LSTIHR model. The diagram of the LSIHR model is shown in Fig 2.

The system of ordinary differential equations for the LSIHR model is different from the
LUSIHR model by removing the undocumented immigrants from the natural border and
introducing new equations for the susceptible people and infected people. Therefore, the sys-
tem of the differential equations for the LSIHR model derived from the LUSIHR by replacing
Eqs (3) and (4) with the following Eqs (7) and (8):

§'(t) = o, L(t) — BS(O)I(£) — uS(2) (7)

and I'(£) = BS(6)I(t) — 0I(t) — &,I(t) — y,I(¢) — ul(2). (8)
3. Data manipulation and numerical parameters

3.1 Data sources

The Department of Disease Control, Ministry of Public Health, Thailand, provided the data
used in this study [19]. The data includes the number of people in quarantine, infected people,
recovered people, hospitalized people, infected migrant workers, and deaths. We focused on
the data for hospitalized people from December 1, 2020 (Day 1) to February 23, 2021 (Day 85)
(see S1 Table). The data for the number of people who immigrated via the natural border
route and via legal immigration was obtained from the Immigration Bureau [22].

3.2 Numerical solution

To parameterize the LUSIHR model, it is necessary to identify the optimal parameters to
use in the model equations. Some parameters, including A;,A,,w,01,0,003,004,Y1,Y2,€1,€2, and y,
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Fig 2. Diagram of the LSIHR (Legal immigration-Susceptible-Infected-Hospitalized—Recovered) model. Nodes represent population classes and edges
represent transmissions and their rates.

https://doi.org/10.1371/journal.pone.0273558.9g002

can be estimated using the actual data. The estimated value of each parameter is shown in
Table 1.

The number of people who illegally immigrated daily (A;) and the rate of the people travel-
ing out of the country (¢) were calculated based on the average number of tourists recorded in
an Immigration Bureau report of December 2020 [22]. We assumed that the control rate of
undocumented immigration over the natural border (w) was approximately 0.4. Actually, it is
impossible to approximate the actual value of w because only the number of arrested immi-
grants can be recorded. Obviously, the total number of undocumented or illegal immigrants
should be considered but it is hard to know this number. Therefore, let’s assume that about

Table 1. The value of each parameter in the model.

Parameters Value
Ay 5219.77 persons/days
Ay 297.5 persons/days
w 0.4
oy 0.9971
5 0.0029
as 0.7484
oy 0.2516
o 0.3
U 0.00230154

https://doi.org/10.1371/journal.pone.0273558.t001
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half or lower a half would be an approximated rate that cause an effect to the situation. It
means that the number of illegal immigrants arrested at the natural border was 40% of the
expected total illegal immigrants. From this, we calculated the number of people who immi-
grated via natural border daily (A,). The value of a, was calculated using the ratio of the total
imported cases to the total number of people entering the country in December 2020. Simi-
larly, a4 was calculated using the ratio of the total infected migrant workers to the expected
total people entering the country illegally in December 2020. The values of &;; and o3 were 1
—-a, and 1-ay, respectively. The value 6 was assumed to be 0.3.

Because the values of ¥, and £, were for hospitalized people, they were calculated using the
data from each region. The remaining parameters were difficult to obtain because they are rel-
evant to the infectious disease represented by infected people; however, no tests or data from
the hospitals were available. Therefore, the optimal parameters were obtained by minimizing
the error between the actual data and simulated data. The loss function that we used for the
error was the root mean square error (RMSE). The value of RMSE was always non-negative,
and closer to zero is better. The formula for the RMSE is:

where
RMSE is the value of the root mean square error,
N is the number of non-missing data points, in this model, the total number of days,

x;is actual data at day 4, and

X, is simulated data at day i.

4. Results

4.1 The nature of model parameters

For the LUSIHR and LSIHR models, since the number of each subpopulation could not be nega-
tive, it was essential to prove that the solutions were non-negative (all populations more than or
equal to zero) if the initial conditions were positive. The model positivity for these two model
can be derived from the proof of the model positivity for the feedback vaccination law for SIR
model [21]. The population functions L(t), U(t), S(¢), I(t), H(t), and R(¢) are continuous and dif-
ferentiable as shown in Eqs (1)—(8). Then, if the population decreased to zero, the derivative
was positive to increase the population to be positive again. With this concept, the proof of
these two models was shown in S1 Appendix (Appendix A2: the proof of model positivity).
Therefore, all the solutions are non-negative for all times and these two proposed models can be
applied to analyze its equilibrium points further and simulate the growth of the populations.

4.2 The equilibrium points

A system has an equilibrium point if there is no change in the system at all times. Commonly,
there are two types of equilibrium points: an endemic equilibrium point (EE) and a disease-
free equilibrium point (DFE). The EE point is the state that the spread of disease still exists all
the time. On the other hand, the DFE point is the state at which the infection disappears from
the system at all times.

For the LUSIHR model, the equilibrium point was calculated by setting Eqs (1)—(6) equal
to zero as a non-linear system. The way to find the solution is represented in S1 Appendix
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(Appendix A3: The analysis of an equilibrium points). We obtained only one EE point in
which the infection was not removed from the system as

(L7 U7 S7I7H7R) = (L*7 U*7S*7I*7H*7R*)

A « _ M(io) g C—+/C*—4upAB ., ,U* v oapL*4I* w _ 4 H*
where L* = o+’ U = agtoy 2up I A—/iS*’H T eyt and R" = u >

with A = 6+&1+y1+4, B = oy L*+o3U* and C = yA+pB+a,fU".

For the LSIHR model, we obtained two equilibrium points (see S1 Appendix (Appendix A3:
The analysis of an equilibrium points)), one of which was the EE point and the other was the
DEFE point. The DFE point of the LSIHR model is

(L,S,I,H,R) = (L;,S,I;,H;,R})

where L} =

e S = “IL I =0,H = “fjé’ ,and R} = % Note that the DFE point of

the LSIHR should have I* =0 in all components of the DFE.
The EE point of the LSIHR model is

(L,S,I,H,R) = (L;,S,,1,,H,,R})

i S = SL = M — 5 H; = "ZELI‘" ,and R; = 1t *”H , with A = §+&,+y,+.

where L} =
Because the LUSIHR model has only one EE point, the infected group did not disappear from
the system. The best option was to reduce the number of infected people as much as possible. One
way to reduce the number was by increasing the value of the control rate of undocumented immi-
gration over the natural border (w). On the other hand, the LSIHR model was formed by setting w
= 1, the maximum value of the control rate. This model had two equilibrium points, the DFE
point, and the EE points. Under actual conditions, we sought to reduce the infection and converge
to the DFE point so that the infection disappeared from the system. The condition that the popu-

lation trajectory would converge to DFE or EE depended on the basic reproduction number (Ry).

4.3 The local stability of the equilibrium points and the basic reproduction
number (R,)

The stability of the DFE and the EE points was determined by the condition of eigenvalues [23,
24]. To obtain the eigenvalue, the Jacobian was built and considered at each equilibrium point
(see S1 Appendix (Appendix A4)). The results in Appendix A4 in S1 Appendix show us that
both systems eventually converge to the equilibrium points. To classify the type of the equilib-
rium points, the basic reproduction number (Ry) helps us to better understand the stability of
the system. R, is the basic reproduction number, meaning the average number of cases gener-
ated per infected individual [20]. When R,>1, infections will spread in a trajectory that con-
verges at the EE point. However, when Ry<1, infections will decrease over time and the
number of infected people will reach the DFE point. For the LUSIHR, the system is always sta-
ble and towards to the EE point while the LSTHR model provides two phase transitions: the EE
point and DFE point as shown in S1 Appendix (Appendix A4).

4.4 Simulation results

This part presents an example based on specific parameters to simulate the population growth
with the LUSIHR and LSIHR models. The results are compared to the values for the simulation
trajectory trend to the EE point for the LUSIHR model calculated previously. For the LSIHR
model, we gave examples for the DFE and EE depending on the value of the basic reproduction
number (R,). These simulations were conducted using the MATLAB computing platform.
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Assume that the initial values of all variables for LUSIHR model are as follows:

L(0) = 0, U(0) = 0, S(0) = 15000, I(0) = 20, H(0) = 0, and R(0) = 0.

The values of all parameters are set as A; = 30, A, = 15, w =0, @; = 0.7, o, = 0.02, ;3 = 0.3,
=02, f =2 5=0.1, 7, = 0.002, y, = 0.005, &, = 0.01, &, = 0.008 and y = 0.001.

The simulation began with only the susceptible and infected populations. Initially, the num-
ber of susceptible persons was set at 15,000 people, and the number of infected persons was 20.
Approximately 30 people per day were assumed to enter the country legally, and 15 people per

day entered the country illegally without testing or quarantine. The control rate of undocu-

mented immigration across the natural border was set at zero, meaning there were no controls
at the border. About 70% of legal immigrants were assumed to be susceptible to the virus (a; =
0.7) and 2% were hospitalized (o, = 0.02). The percentage of people crossing the natural border
who were susceptible and infected was 30% and 20% (a3 = 0.3, a4 = 0.2), respectively. The
transmission rate of the infection was 0.2/15000 people daily who were susceptible after inter-
acting with infected people. Approximately 10% of infected people were assumed to be hospi-
talized. The daily recovery rate for infected and hospitalized people was 0.002 and 0.005,
respectively. The daily death rate for infected and hospitalized people was 0.01 and 0.008,
respectively. Finally, the daily rate for susceptible, infected, and recovered populations emi-
grating from the country was 0.001.

In the long run, the simulation resulted in the same equilibrium points calculated in the
analysis, with the same parameters and initial values. The plot of the simulation results is
shown in Fig 3. The EE point (L*, U*, §*, I*, H*, R*) = (41.667, 30, 7103, 327.9967, 2523.9,
12849) meant that in the long run, stability was achieved at 41.667 for the legal border, 30 for
the natural border, 7,103 for susceptible persons, 327.9967 for infected persons, 2,523.9 for
hospitalized persons, and 12,849 for recovered populations.

As shown in Fig 3, the solution trajectory trends to the EE point calculated previously. The
simulation results confirmed that the analyzed equilibrium point was accurate in explaining
the conditions. We could use this equilibrium point to calculate the state of the population in
the long run if we have a non-negative initial condition of the population and specific values
for the parameters. For the simulations using the LSIHR model, the initial values were

L(0) = 0, S(0) = 15000, 1(0) = 20, H(0) = 0, and R(0) = 0.

The parametric values for the DFE were A; =30, a1 = 0.4, 0, = 0.6, § = %, 6=0.6,y,=
0.01, 7, =0.3,&; = 0.03, £, = 0.001 and y = 0.001, which Ry = 0.2576<1. The simulation results
are shown in Fig 4. The DFE point was (L}, St, I, H}, R}) = (30, 12000, 0, 59.801, 17940).

The parametric values for the EE were A; =30, 0 = 0.8, 2, = 0.2, f = (22, 6=0.1,7, =
0.005, 7, =0.2,&; = 0.01, £, = 0.001 and y = 0.001, which Ry = 2.7586>1 The simulation results
are shown in Fig 5. The EE point was (L, S;, I;, H;, R;) = (30, 8700, 131.9, 95.471, 19754).

The LSIHR model, which represents the LUSIHR model with @ = 1, is a model for no
undocumented immigrants entering into the country. Notice that when all parameters are
constants but only the proportion of people transfers from legal immigration (e;) and the
transmission rate per unit of time of susceptible people interacting with infected people (5)
vary. The spread of the COVID-19 still occurs in the case that ; is large enough to make
Ro>1. It means that the system contains more susceptible cases which lead to more contact
and interactions with the infected people and cause the pandemic. In the same manner, if §is
large meaning that it is a fast and high transmission rate when people contact to an infected
people, the pandemic will occur. Obviously, Ry>1 as shown in Fig 5. On the other hand, if
these two parameters are smaller enough, then Ry<1 (in Fig 4) which causes a disease-free
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equilibrium (DFE) eventually and the spread of the COVID-19 can be controlled. On the
other hand, in LUSIHR model, the analysis shows that only endemic equilibrium (EE) occurs
over time. However, there are many factors to curb the spread of COVID-19. Each parameter
in the model can help to see the control of the spread of the disease if, in practice, a policy mea-
sure would be released to yield the parameter values fitting to the disease-free equilibrium.

4.5 Subdivided time intervals for calculating parameters relative to specific
conditions

Based on the recorded data, the number of hospitalized people was of interest. The plot of the
growth of these numbers is shown in Fig 6. Of particular interest were the effect of different
conditions, changing behaviors of the people, and the rate of COVID-19 infections in Thailand
since the government had issued various containment measures to control the spread. There-
fore, the growth period could be divided into four subintervals:

i. Day 1-38: the curve continued to increase due to more hospitalized people entering the
country illegally across the natural border.

il. Day 39-53: the number of hospitalized people decreased due to the entire country being
under a locked-down state.

iii. Day 54-64: the number of hospitalized people increased rapidly due to a domestic super
spreader event in a night club caused by non-compliance with the strict lockdown
measure.

iv. Day 65-85: the final interval shows that the number of hospitalized people decreased after
Samut Sakhon announced the closure of the shrimp market to prevent the spread of
COVID-19.
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Table 2 shows the government policy and containment measures issued during these four sub-
intervals. The epidemic had started when some undocumented immigrants entering Thailand
approximately at the beginning of December 2020. Consequently, some infected immigrants who
worked at a seafood market were the spreaders causing the epidemic heavily in Samut Sakhon
province. The government then raised the level of strict preventive measures by dividing area of
the country for different levels of control during Interval I. Then, Interval I, the number of hospi-
tal people were reduced because of the locked-down state and people were requested to avoid or
refrain from travelling across the provinces. Only the person who passes the screening could be
travelled. Then, during the joint between Interval II and III, the whole country began to relax but
still under the strict control. People were asked to apply the “D-M-H-T-T” measures. However,
some people against the rules and were super spreaders causing the second wave of the epidemic.
Therefore, the early time in Interval IV, the government then started specific strategies with par-
ticipatory approaches (called “Bubble and Seal principle”) to control the center of the infection.
Thus, the number of hospitalized people were decreasing in this interval.

Notice that the recovery rate of hospitalized people per day (y,) could be calculated from
the ratio of the newly recovered people to the current hospitalized people. In the same manner,
the death rate of hospitalized people per day (g,) could be calculated from the ratio of new
deaths to currently infected people. The trends of these two rates in each time step (in days)
are shown in Fig 7. To examine the rate for each interval, the average value for a specific time
interval was calculated and applied in the model. Fig 8 shows the box plot of the values for
these two rates for each time interval.

As shown in Fig 8, the median recovery rate and death rate in the first interval were 0.03
and 0, 0.064 and 0 in the second interval, 0.043 and 0.00009 in the third interval, and 0.113
and 0 in the last interval.
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Table 2. Containment measures issued by the government during the four subintervals.

Interval

Containment measures

Interval I: 1st (Dec. 01, 2020)-
38th day

« The Center for COVID-19 Situation Administration (CCSA) had raised the level
of strict preventive measures against COVID-19 by dividing area of the country
into 4 types: 1) Maximum Control Area, 2) Control Area, 3) High Level
Surveillance Area, and 4) Surveillance Area.

Interval II: 39th- 53rd day

» The CCSA requested the collaboration from all people to avoid or refrain from
travelling across the provinces except the person who passes the screening.

Interval III: 54th- 64th day

« The establishments and public service centers in Bangkok and other provinces
had begun to relax. Still, the measures of the Ministry of Public Health are strictly
controlled.

« People should apply Department of Health’s measures which is “D-M-H-T-T” as
follows; M: wearing a cloth Mask or face Mask all the time, H: wash your Hands
frequently with water and soap or alcohol gel, T: Testing for COVID-19 and
measuring body Temperature, and the last T: scanning Thai Cha Na application
before entering in—out of public places every time and clean body immediately
when returning home.

Interval IV: 65th- 85th day
(Feb. 23, 2021)

« The Ministry of Public Health had designed a specific strategy; especially, for an
infected province, Samut-Sakhon, by using COVID-19 management in the factory
with participatory approaches (called “Bubble and Seal principle”) to control the
infection not to spread outside.

* Data from the website of Department of Disease Control, Ministry of Public Health, Thailand (https://ddc.moph.

go.th/viralpneumonia/eng/situation_more.php).

https://doi.org/10.1371/journal.pone.0273558.t1002
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The values for the infection rate (f3), the recovery rate of infected people (y;) and the death
rate of infected people (g;) were then obtained by performing a grid search to minimize the
RMSE between the actual data and the model with the median value of the recovery rate of
hospitalized people (y,) and the induced death rate of hospitalized people (g,) for each interval
(see Section 3.2 Numerical solution for more detail). The results are shown in Table 3.

For the behavior of the infection, we expected the values of parameter to be the same in its
partition and different for other partitions. Because we divided the time into four intervals
depending on the behavior of the infection, we sought to obtain the optimal representative val-
ues for the parameters of each interval in the model, as shown in Figs 7 and 8. Under real con-
ditions, it was easy to use the most detailed parameters possible to explain the behavior of the
spread. Therefore, the time was divided into four intervals.

In Table 3, for Interval 3, the rate of the COVID-19 transmission () was increased since
there were higher interactions to the infected people due to the night club event. When S is
large enough, eventually the model turns to an endemic equilibrium. With all four intervals of
time, the model reflects the cause of the spread based on illegal immigrations. The second

Table 3. The values of the parameters fitted to the model.

Time Interval 1 Interval 2 Interval 3 Interval 4
Parameter
Infection rate (), 2.21x107¢ 9x10~° 2.59x107¢ 3.73x107®
Recovery rate of infected people (y;) 4.16x107° 9.34x107° 2.18x107* 3.8x1072
Death rate of infected people (£,) 2.33x107° 4.59x107° 1.05x107* 1.91x1072
https://doi.org/10.1371/journal.pone.0273558.t003
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wave in Interval 3 occurred because of not only the illegal immigrations but also the domestic
event that some people were non-compliance with the rules. These two coincident events
(domestic event and illegal immigration) cause the spread of the COVID-19 in Interval 3. In
fact, the cause of the nation people was infected with COVID-19 at that time originally from
the undocumented immigrants entering from natural borders. However, it would be a valuable
study if these two causes were then separately modelled. The cause of a night club might be
modelled by the LSIHR model with more reference data supported.

4.6 The LUSIHR model compared to the actual data

The growth of the number of infected people explained by the LUSIHR model was calculated
based on the obtained parameters discussed above. The results are shown in Fig 9. The figure
shows the comparison of the simulated results to the actual number of hospitalized people.

Fig 9 shows that, in the first interval, the number of infected people increased following an
exponential curve with a low power. In the third interval, the number of infected people
increased exponentially with a higher power. The second interval showed a decay curve, while
the actual data showed some fluctuations due to the control policy and incomplete data.
Finally, the last interval exhibits the exponential decay rapidly with the lockdown policy. The
simulated results of the model illustrated that the proposed model and the obtained parameters
explained the spread of the COVID-19 infections in Thailand exceptionally well. Later, the
model could be used to simulate future conditions and analyze different scenarios to control
the virus spread resulting from undocumented immigration across the natural border.

4.7 Different control rates for undocumented immigration

The spread of COVID-19 was analyzed with different control rates of undocumented immi-
gration across the natural border to determine the effects of the epidemic. The control rate was
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Fig 9. The comparison of the simulated results and the actual number of hospitalized people. The star dots represent the report daily hospitalized; blue line
corresponds to the best fit of the LUSIHR model to the data.

https://doi.org/10.1371/journal.pone.0273558.g009
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specified by the parameter w. The higher the value of w, the greater the rate of arrests of undoc-
umented immigrants crossing the natural border. For current measures, we set w = 0.4, which
corresponded to the actual data for the control rate of the illegal immigration in Thailand (see
Fig 10). If the control rate of undocumented immigration across the natural border was less
than 0.4, the virus spread increased. Fig 10 shows the results of different values for w ranging
from 0 to 1. The analysis of the control rates with the number of hospitalized people from the
simulation results provides us a guide for decreasing the number of patients with different
control rates (S1 Appendix: Appendix A5 and Table A5).

According to the resulting curves in Fig 10, fully controlled undocumented immigration (w
= 1) reduced the number of infected people, yielding a basic reproduction number of Ry =
0.2349 at the last interval. If we can maintain this policy over time, infected people would dis-
appear from the system because the DFE and the epidemic could not spread. However, some
levels of control could maintain conditions in a safe zone. The study indicated that when the
control rate of the undocumented immigrants reached below or equal to 50% (w < 0.5), the
number of cases in a new peak is expected to rise by at least 60% or 0.6-fold increase in the
number of the patient (see the control rate analysis in S1 Appendix: Appendix A5 and
Table A5). Although the control rate of 100% (w = 1) would be the only method to reduce the
number of patients in the second wave, the control rate of 90% (w = 0.9) could also greatly alle-
viate the impact of the undocumented immigration. The maximum number of people hospi-
talized in a day would then decrease from about 4,406 to 1,108 cases in the first wave (Day 38)
and from 7,208 to 1,431 cases in the second wave (Day 63). The analysis of the control rate (in
Appendix A5 in S1 Appendix) also suggests that the undocumented immigrants were con-
trolled by 80% (w = 0.8), the impact of COVID-19 would be reduced and the number of new
cases in the second wave would rise lower than 50% compared to that of the first wave.
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Fig 10. The comparison of actual data and simulation results with the different values for the control rate of undocumented immigration across the
natural border (w). The star dots represent the report daily hospitalized; The colored lines correspond to the different values of the control rate of
undocumented immigration across the natural border (w).

https://doi.org/10.1371/journal.pone.0273558.9010
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5. Conclusion

In this study, we proposed a model for the COVID-19 epidemic in Thailand and the effects of
legal and illegal immigration. This model consisted of six subpopulations: legal immigration,
undocumented immigration across natural border, susceptible people, infected people, hospi-
talized people, and recovered people. The control rates of unlawful immigration across the nat-
ural border were evaluated under two scenarios: 0<w<1 for the LUSIHR model, and w = 1 for
the LSIHR model. The model parameters were adjusted to identify the best values consistent
with the actual data by minimizing the RMSE. We analyzed the positivity of the model, the
equilibrium points, and the basic reproduction number (R,). The analysis of equilibrium
points was performed for both models. One EE point was obtained in the LUSIHR model in
which the infection still appears. Two equilibrium points were obtained in the LSTHR model,
the DFE and the EE. The simulations showed that the trajectory of the solutions was in the
direction of the analyzed equilibrium points. For the actual data analysis, the obtained values
for the parameters were used in the LUSIHR model, and the resulting simulation fit the real
data. Finally, the effect of the different rates for controlling illegal or undocumented immigra-
tion at the natural border was compared to the actual data. This study provides a guide to the
control strategies for the immigration in term of the effective control rate which can be varied.
If we could not completely control the undocumented immigrants, nearly full controls more
than 80%-90% could help to reduce the number of overall tendencies of the disease spread.

6. Discussion

The effective control rate of the undocumented immigrants was still arbitrary. However, the
model could suggest that if we could control more than 80%-90%, we could reduce the number of
hospitalized people and the spread could be under control. As shown in the result, an effective
control rate of 90% can reduce the maximum number of hospitalized cases down for both first
and second waves of the virus spread. Notably, the actual data was then used as a reference data to
compare the fitting and simulation results via the proposed models. Therefore, the 90% control of
the illegal immigrants here is a relative claim that can be optimized when the reference data is
changed. However, the simulation results reveal that if there is a better control of the illegal immi-
grants to maintain the number of hospitalized people lower the reference data, it will decelerate
the number of cases and only the domestic events will cause the spread of the disease.

The LUSIHR model provides us both theoretical analysis and real-data analysis to investi-
gate the spread of the COVID-19 within Thailand. This proposed model is well-suited to
explain the spread of COVID-19 in Thailand related to immigration across the natural border
under uncontrolled, partially controlled, or fully controlled conditions (based on the control
rate w). In addition, the model can be applied to other communities to better understanding
the spread of the virus with the time evolution considering the immigration from other coun-
tries. This model might be applied to mitigate the COVID-19 spread associated with uncon-
trolled international immigration as it is now rising globally [25]. Indeed, our study pointed
out the significant impacts of the undocumented worker who could be COVID-19 carriers
and this could bring a new wave of COVID-19 to a country in which the immigration control
measures are compromised. Basically, the study suggests that when the control of undocu-
mented immigrants reached less than 80%, the rise of COVID-19 cases related to the immi-
grant works would be expected. It would be necessary for the government to establish a policy
in order to quickly register and enroll undocumented workers for COVID-19 screening. Obvi-
ously, the model successfully simulated peaks and the sizes of the infected population based on
the given reliable data. Our results show that the LUSIHR and the LSIHR models are suitable
to explain the epidemic trend due to the spread of the disease.
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The LUSIHR model is suitable for simulating the population growth with the case of the
illegal immigration in Thailand but the control rate of undocumented is hard to obtain. We
obtained only the report that how many people were arrested for crossing the natural border
not for the number of people who can enter the country. The hardest step for both models is to
obtain the values related to the infected individuals which there is no any report. In this study,
the analyzed data are taken in between December 2020 and February 2021 that are the datasets
from the early detection of the first case infected immigrant into Thailand to the time of the
implementation of strict control via the lockdown policy. After that, the strict lockdown poli-
cies were relieved and caused a new wave of the COVID-19 spread. Different strains of the
COVID-19 are found in different area, and it causes a new wave of infection. Therefore, our
model can be applied to the lockdown situation as well; especially, in the case of a widespread
of the COVID-19 from the immigrants via uncontrolled natural borders. Since the different
COVID-19 strains cause different infection rates [26], a family of the model can be created to
foretell the situation. Thus, the modification of the models can be applied to fit with such a
change of the situation. The LUSIHR model used here can be a base starting model to over-
come the control strategies of the immigration into the country. Finally, the model can be a
good hint to test various strategies to control the spread of COVID-19 not only in Thailand
but also all around the world.

Supporting information

S1 Table. The data of the cumulative COVID-19 infected cases in Thailand.
(XLSX)

S1 Appendix. Al: Description of the data in S1 Table. A2: The proof of model positivity. A3:
The analysis of the equilibrium points. A4: The local stability and the basic reproduction num-
ber. A5: The control rate (w) analysis.

(PDF)

Author Contributions

Conceptualization: Apichat Suratanee, Sittiporn Pattaradilokrat, Kitiporn Plaimas.
Data curation: Tanatorn Intarapanya.

Formal analysis: Tanatorn Intarapanya, Apichat Suratanee, Kitiporn Plaimas.
Funding acquisition: Tanatorn Intarapanya, Apichat Suratanee.

Methodology: Tanatorn Intarapanya, Apichat Suratanee, Kitiporn Plaimas.
Resources: Sittiporn Pattaradilokrat.

Supervision: Sittiporn Pattaradilokrat, Kitiporn Plaimas.

Writing - original draft: Tanatorn Intarapanya.

Writing - review & editing: Apichat Suratanee, Sittiporn Pattaradilokrat, Kitiporn Plaimas.

References

1. Novel Coronavirus (2019-nCoV): situation report, 22 [Internet]. World Health Organization. 2020 [cited
28 July 2021]. Available from: https://apps.who.int/iris/handle/10665/330991.

2. WHO Coronavirus (COVID-19) Dashboard [Internet]. World Health Organization. [cited 28 July 2021].
Available from: https://covid19.who.int/.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273558  August 25, 2022 18/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273558.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273558.s002
https://apps.who.int/iris/handle/10665/330991
https://covid19.who.int/
https://doi.org/10.1371/journal.pone.0273558

PLOS ONE

LUSIHR - Modeling the spread of COVID-19

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,
25.

Dhouib W, Maatoug J, Ayouni I, Zammit N, Ghammem R, Fredj SB, et al. The incubation period during
the pandemic of COVID-19: a systematic review and meta-analysis. Syst Rev. 2021; 10(1):101. Epub
2021/04/10. https://doi.org/10.1186/s13643-021-01648-y PMID: 3383251 1; PubMed Central PMCID:
PMC8031340.

van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A, Williamson BN, et al. Aerosol
and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N Engl J Med. 2020; 382
(16):1564—7. https://doi.org/10.1056/NEJMc2004973 PMID: 32182409

Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. Pathophysiology, Transmission, Diag-
nosis, and Treatment of Coronavirus Disease 2019 (COVID-19): A Review. JAMA. 2020; 324(8):782—
93. https://doi.org/10.1001/jama.2020.12839 PMID: 32648899

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. Lancet. 2020; 395(10223):497-506. Epub 2020/01/28. https://doi.org/10.
1016/S0140-6736(20)30183-5 PMID: 31986264; PubMed Central PMCID: PMC7159299.

Smith DR. Review a brief history of coronaviruses in Thailand. J Viro Met. 2021; 289:114034. https://
doi.org/10.1016/j.jviromet.2020.114034 PMID: 33285189

COVID-19: Impact on migrant workers and country response in Thailand [Internet]. International Labour
Organization. 2020 [cited 28 July 2021]. Available from: https://www.ilo.org/wecmsp5/groups/public/—
asia/—ro-bangkok/—sro-bangkok/documents/briefingnote/wcms_741920.pdf.

Page KR, Venkataramani M, Beyrer C, Polk S. Undocumented U.S. Immigrants and Covid-19. N Engl J
Med. 2020; 382(21):e62. Epub 2020/03/29. https://doi.org/10.1056/NEJMp2005953 PMID: 32220207.

Hasan Bhuiyan MT, Mahmud Khan I, Rahman Jony SS, Robinson R, Nguyen UDT, Keellings D, et al.
The Disproportionate Impact of COVID-19 among Undocumented Immigrants and Racial Minorities in
the US. Int J Environ Res Public Health. 2021; 18(23). Epub 2021/12/11. https://doi.org/10.3390/
ijerph182312708 PMID: 34886437; PubMed Central PMCID: PMC8656825.

Allen S. LJ. An introduction to stochastic processes with applications to biology: Pearson Education
New Jersey; 2003.

Allen S. LJ. An Introduction to Stochastic Epidemic Models. Mathematical Epidemiology. Berlin, Heidel-
berg: Springer Berlin Heidelberg; 2008. p. 81-130.

Hethcote HW. Three Basic Epidemiological Models. Applied Mathematical Ecology. Biomathematics.
Berlin, Heidelberg: Springer Berlin Heidelberg; 1989. p. 119-44.

Rodrigues HS. Application of SIR epidemiological model: new trends. Int JApp Mathinfo. 2016; 10:92—
7.

Hethcote HW. The mathematics of infectious diseases. SIAM review. 2000; 42(4):599-653.

Manfredi P, D’Onofrio A. Modeling the Interplay Between Human Behavior and the Spread of Infectious
Diseases: Springer, New York, NY; 2013.

Giordano G, Blanchini F, Bruno R, Colaneri P, Di Filippo A, Di Matteo A, et al. Modelling the COVID-19
epidemic and implementation of population-wide interventions in Italy. Nat Med. 2020; 26(6):855—60.
Epub 2020/04/24. https://doi.org/10.1038/s41591-020-0883-7 PMID: 32322102; PubMed Central
PMCID: PMC7175834.

Prathumwan D, Trachoo K, Chaiya I. Mathematical Modeling for Prediction Dynamics of the Coronavi-
rus Disease 2019 (COVID-19) Pandemic, Quarantine Control Measures. Symmetry-Basel. 2020; 12
(9):1404. WOS:000587587100001.

COVID-19 Situation Reports [Internet]. Ministry of Public Health. [cited 28 July 2021]. Available from:
https://ddc.moph.go.th/viralpneumonia/eng/situation.php.

Leung NHL. Transmissibility and transmission of respiratory viruses. Nat Rev Microbiol. 2021. Epub
2021/03/24. https://doi.org/10.1038/s41579-021-00535-6 PMID: 33753932; PubMed Central PMCID:
PMC7982882.

Saralegui U, De la Sen M, Alonso-Quesada S. A feedback vaccination law for an SIR epidemic model:
A case study. 2016 UKACC 11th International Conference on Control (CONTROL); Belfast, UK: IEEE;
2016. p. 1-6.

Travel Statistics Classified by Nationality and Type of Visa [Internet]. Immigration Bureau. 2020 [cited
28 July 2021]. Available from: https://www.immigration.go.th/?page_id=1564.

Bohmer CG, Harko T, Sabau SV. Jacobi stability analysis of dynamical systems-applications in gravita-
tion and cosmology. Adv Theor Math Phys. 2012; 16(4):1145-96. WOS:000320072800002.

Roussel MR. Stability analysis for ODEs. Nonlinear Dynamics: Morgan & Claypool; 2019.

Saifee J, Franco-Paredes C, Lowenstein SR. Refugee Health During COVID-19 and Future Pandem-
ics. Cur Trop Med Rep. 2021. https://doi.org/10.1007/s40475-021-00245-2 PMID: 34306967

PLOS ONE | https://doi.org/10.1371/journal.pone.0273558  August 25, 2022 19/20


https://doi.org/10.1186/s13643-021-01648-y
http://www.ncbi.nlm.nih.gov/pubmed/33832511
https://doi.org/10.1056/NEJMc2004973
http://www.ncbi.nlm.nih.gov/pubmed/32182409
https://doi.org/10.1001/jama.2020.12839
http://www.ncbi.nlm.nih.gov/pubmed/32648899
https://doi.org/10.1016/S0140-6736%2820%2930183-5
https://doi.org/10.1016/S0140-6736%2820%2930183-5
http://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1016/j.jviromet.2020.114034
https://doi.org/10.1016/j.jviromet.2020.114034
http://www.ncbi.nlm.nih.gov/pubmed/33285189
https://www.ilo.org/wcmsp5/groups/public/asia/ro-bangkok/sro-bangkok/documents/briefingnote/wcms_741920.pdf
https://www.ilo.org/wcmsp5/groups/public/asia/ro-bangkok/sro-bangkok/documents/briefingnote/wcms_741920.pdf
https://doi.org/10.1056/NEJMp2005953
http://www.ncbi.nlm.nih.gov/pubmed/32220207
https://doi.org/10.3390/ijerph182312708
https://doi.org/10.3390/ijerph182312708
http://www.ncbi.nlm.nih.gov/pubmed/34886437
https://doi.org/10.1038/s41591-020-0883-7
http://www.ncbi.nlm.nih.gov/pubmed/32322102
https://ddc.moph.go.th/viralpneumonia/eng/situation.php
https://doi.org/10.1038/s41579-021-00535-6
http://www.ncbi.nlm.nih.gov/pubmed/33753932
https://www.immigration.go.th/?page_id=1564
https://doi.org/10.1007/s40475-021-00245-2
http://www.ncbi.nlm.nih.gov/pubmed/34306967
https://doi.org/10.1371/journal.pone.0273558

PLOS ONE LUSIHR - Modeling the spread of COVID-19

26. Janik E, Niemcewicz M, Podogrocki M, Majsterek I, Bijak M. The Emerging Concern and Interest
SARS-CoV-2 Variants. Pathogens. 2021; 10(6):633. https://doi.org/10.3390/pathogens 10060633
PMID: 34064143

PLOS ONE | https://doi.org/10.1371/journal.pone.0273558  August 25, 2022 20/20


https://doi.org/10.3390/pathogens10060633
http://www.ncbi.nlm.nih.gov/pubmed/34064143
https://doi.org/10.1371/journal.pone.0273558

