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Abstract: Tourism destinations are now facing a dilemma choice of controlling the epidemic or
developing the economy. This paper takes Macao, a typical international tourist city, as an example to
study the strategy of tourist source control during the COVID-19 period. According to the published
epidemic data of Macao, this study has established an improved SEIR (Susceptible-Exposed-Infected-
Recovered) model, formulated six control strategies against the current epidemic, and used the
model above to simulate the time required for all confirmed cases to recover and discharge under
different strategies. By taking into consideration the gross revenue of Macao’s gambling industry
from 2017 to 2019, the impact of different strategies on the economy is predicted and three control
strategies are found to be feasible. This study shows that an effective way to break through the above
dilemma is to design the tourist management strategy by screening the source of passengers and
controlling the upper limit of capacity of destination. These findings provide a scientific basis for
tourism destinations in formulating public policies. The improved SEIR model is more consistent
with the actual conversion rule of patients in the current COVID-19 epidemic, and it can be applied
to further public health related research.

Keywords: improved SEIR model; COVID-19; Macao; public health; economic development

1. Introduction

Controlling the epidemic or developing the economy is a difficult choice, especially
for tourism destinations [1]. The COVID-19 is highly contagious, so, for the sake of public
health, the number of tourists needs to be reduced and even the city shall be isolated and
locked down. Many international tourist cities adopted this strategy in the early stage of
the outbreak, e.g., Wuhan, Paris, Rome, New York, Macao, etc. [2–5]. When the epidemic
situation was controlled and alleviated to a certain extent, these cities gradually loosened
the control of tourist sources to resume work and production and develop the economy.
However, this has led to a rebound in the epidemic in some areas, e.g., Zhangjiajie, most
typically. Thousands of tourists are attracted by the recent performance of “Charming
Xiangxi” to pack the performing hall. As a result, all the 2000 audience became close
contacts [6]. An authoritative paper from Science published in 2020 predicted that the
COVID-19 epidemic will always coexist with human society and there will be a small
wave peak at intervals [7]. This poses a long-term and severe challenge to the choice of
epidemic control and economic development [8–10]. Therefore, many researchers began to
consider how to achieve a reasonable balance between the two [11–13]. Taking Macao as
an example, this paper formulates six control strategies according to the actual situation
of the current epidemic, and uses the improved SEIR model to simulate and predict the
time required for all confirmed cases to recover and discharge under different strategies.
Considering Macao’s gambling industry from 2017 to 2019, the impact of different strategies
on the economy is predicted. A comparative study shows that the three control strategies
are feasible. They are only permitting local residents of Macao to enter and exit Macao,
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permitting tourists from Guangdong Province to enter and exit Macao, and admitting 20%
of the number of tourists over the past three years. These explorations and findings not
only provide practical references for tourism destinations like Macao in formulating public
policies, but also improve the previous SEIR model, and deepen and extend the existing
theories of environmental management and public health. Therefore, dual contributions in
theory and practice are expected to be achieved in this research.

Macao, located in southern China, is a special administrative region of the People’s
Republic of China. As of 2019, it had a total population of 667,400 and a total land area
of 32.9 km2. It is one of the most densely populated areas in the world. Statistics in
2018 suggest that the tertiary industry accounts for 95.8% of Macao’s total economy. The
vast majority of the tertiary industry is the tourism-related gambling and hotel indus-
try [14]. Macao’s gambling and tourism industries are in a boom, attracting an average of
35.94 million tourists from 2017 to 2019. The first case of COVID-19 infection in Macao was
confirmed on 22 January 2020, and, since then, the Macao government has launched strict
control over the flow of people. According to Macao’s gambling data, which is from the
Statistics and Census Bureau of the Macao Special Administrative Region Government,
the cumulative gross revenue of lucky gambling in Macao in 2020 decreased by 79.3%—a
heavy blow to Macao’s economy—compared with that in 2019 when there was no epidemic.
Throughout the epidemic, the influx of tourists, like a double-edged sword, brings huge
risks to the local outbreak.

At present, COVID-19 prediction, prevention, and control are being studied by many
scholars who have established models playing a positive role in regulating the pan-
demic [15–17]. Wan et al. [18] studied the data concerning the “lockdown” of Wuhan
and predicted the peak number of epidemic infections in Wuhan based on the SEIR model-
ing method. Ivanov et al. [19] researched two SEIR models: one is described by ordinary
differential equations, and the other is described by a discrete model of the first-order
difference equation, predicting the peak day and the maximum number of infections. Cai
et al. [20] considered the process of city management and control and simulated the epi-
demic situation in Wuhan. Xu et al. [21] established the differential equation of epidemic
transmission based on the traditional SEIR infectious disease model and combined it with
the actual situation to predict the scale of epidemic transmission. The literature reveals
that the SEIR model can clearly describe the logical relationship of virus transmission and
accurately predict the development trend of epidemic situations. In comparison with other
models, the SEIR model has been chosen for its strengths of simplicity and involvement of
lesser number of parameters in calculation for the spread of the COVID-19 pandemic in
different spatial situations.

With assistance from the data of the first outbreak in Macao in early 2020 and the
actual situation of Macao, this paper reorganizes the transformation process of S, E, I,
and R in the SEIR model and improves the model. The epidemic situation in Macao was
simulated by MATLAB, and the parameters of the model were determined. In the context
of the current epidemic, this paper proposes a management and control strategy suitable
for Macao Source of visitor and uses the above model to perform simulations. This strategy
calculates the time required for clearing the confirmed cases (that is, all the confirmed
cases are cured and discharged) with different strategies, estimates the economic loss, and
compares and selects the optimal scheme, thus yielding a reasonable visitor management
and control strategy for Macao to provide a scientific foundation for the new development
of epidemic control in Macao—at the same time providing a reference for the development
of passenger source control strategy for other tourism destinations.

2. Method
2.1. Model Selection

Since the outbreak of COVID-19, some scholars have used open data on the epidemic
to establish a prediction model. The prediction methods include curve fitting, epidemic
dynamics modeling, and artificial intelligence algorithms. The epidemic dynamics model,
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one of the most widely used models in the forecast of epidemic situations, considers
the transmission speed, transmission mode, and various control measures of infectious
diseases [22–30]. However, the parameters considered are not comprehensive, and the
parameters may change dynamically in different stages of the epidemic. Therefore, the
prediction effect is often unsatisfactory. Even so, these models are still of great value for
their application to early warning, control decision and management, and evaluation of
control [31].

The commonly used infectious disease dynamic models are the SIR model [32–36],
SEIR model [37–41], MSEIR (mesoscale SEIR model) [42], SEIQCR [43], and SEIRD [44].

2.2. Model Construction

The SEIR model classifies individuals as susceptible (S), exposed (E), infected (I), and
recovered (R). In the article, it is constructed as shown in Figure 1 (the meaning of the
symbols in Figure 1 and the equations are shown in Table 1). There are two conversion
situations for healthy people: (1) conversion to latent persons and (2) conversion to patients.
In the first case, the latent persons will be converted in the order of the infected, and then
the recovered.
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Table 1. Symbolic meaning of the SEIR model.

Symbol Meaning Symbol Meaning

N Population size β Probability of spreading disease
S Susceptible γ Probability of recovery
I Infected α Probability of the exposed turning into the infected
E Exposed β2 Transmission probability of the exposed
r Amount of daily contact with the infected r2 Amount of daily contact with the exposed
R Recovered

According to the conversion ideas discussed earlier, the differential equations are
created. This article improves the differential equations in light of the actual situation of
Macao’s COVID-19. rβIS/N represents the conversion relationship from healthy people to
patients in the second conversion relationship. Therefore, the formula for calculating the
latent person is moved to the formula for calculating the patient:

dS
dt

= − rβIS
N

− r2β2ES
N

(1)

dE
dt

= −αE +
r2β2ES

N
(2)

dI
dt

=
rβIS

N
+ αE − γI (3)

dR
dt

= γI (4)

The improved differential equations above are modified into iterative form, and a
MATLAB simulation is performed:
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Sn = Sn−1 −
rβIn−1Sn−1

N
− r2β2En−1Sn−1

N
(5)

En = En−1 − αEn−1 +
r2β2En−1Sn−1

N
(6)

In = In−1 +
rβIn−1Sn−1

N
+ αEn−1 − γIn−1 (7)

Rn = Rn−1 + γIn−1 (8)

2.3. Data Processing

(1) Confirmation data of COVID-19

This article selects data from the first round of the COVID-19 outbreak in Macao as the
research object data. The data come from the anti-COVID-19 page of the Health Bureau of
the Macao Special Administrative Region Government [45]. The first case was confirmed
on 22 January 2020. The 45th case was diagnosed on 8 April 2020, as recovered, and was
discharged from the hospital on 19 May 2020; the 46th case was diagnosed on 26 June 2020.
The two cases were diagnosed with a long time-interval and were imported cases from
abroad; the 46th case was not included in the study. Therefore, there were 45 confirmed
cases in the SEIR model in the article, all of whom recovered and were discharged from
the hospital.

(2) Total population

The total population in this model includes data on the local population of Macao
and the number of tourists visiting Macao. The data come from the Statistics and Census
Bureau of the Macao Special Administrative Region Government [46]. The 2017–2019
average data are selected in the strategy research.

(3) The source of tourists

In line with the 2017–2019 Macao Statistical Yearbook, tourists from the mainland of
China accounted for approximately 70% of Macao’s total tourist arrivals in 2017; Hong
Kong was second only to China’s mainland at 18.41%; international tourist sources mainly
came from East Asian countries (Japan and South Korea accounted for 0.88% and 2.25%,
respectively) and Southeast Asian countries. Regarding tourists from the mainland of
China, the largest number of tourists came from Guangdong Province, accounting for
51.36% of tourists. Combining the available data sources, this article assumes that all
tourists entering Macao enter the casino (as shown in Figures 2 and 3).



Int. J. Environ. Res. Public Health 2021, 18, 10548 5 of 12
Int. J. Environ. Res. Public Health 2021, 18, x  5 of 12 
 

 

 

Figure 2. Statistics of cumulative inbound passengers based on visa issuance from 2017 to 2019. 

 

Figure 3. Inbound Chinese tourists by major provinces and cities from 2017 to 2019. 

(4) Macao Casino Revenue Data 

Europe, 0.76%
America, 0.86%

Japan, 0.88%

Philippines, 0.97%

Korea, 2.25%

Taiwan, 2.95%

Hong Kong, 18.41%

China mainland, 
69.91%

Other regions, 
3.00%

Europe

America

Japan

Philippines

Korea

Taiwan

Hong Kong

China mainland

Other regions

Guangdong, 51.36%

Fujian, 4.25%

Zhejiang, 3.50%

Hunan, 5.24%

Jiangsu, 3.27%

Henan, 2.43%

Sichuan, 2.33%

Beijing, 1.78%

Shanghai, 3.18%

Tianjin, 

0.63%

Chongqing, 

1.31%

Hubei, 3.99%

Guangxi, 3.66%

Jiangxi, 2.41%
Liaoning, 1.52%

Anhui, 1.37%

Shanxi, 1.00%

Shandong, 1.44%

Heilongjiang, 1.42%
Hebei, 1.31%

Shanxi, 0.99%

Neimenggu, 0.52%

Jilin, 1.07%

Guangdong Fujian Zhejiang Hunan Jiangsu Henan

Sichuan Beijing Shanghai Tianjin Chongqing Hubei

Guangxi Jiangxi Liaoning Anhui Shanxi Shandong

Heilongjiang Hebei Shanxi Neimenggu Jilin

Figure 2. Statistics of cumulative inbound passengers based on visa issuance from 2017 to 2019.

Int. J. Environ. Res. Public Health 2021, 18, x  5 of 12 
 

 

 

Figure 2. Statistics of cumulative inbound passengers based on visa issuance from 2017 to 2019. 

 

Figure 3. Inbound Chinese tourists by major provinces and cities from 2017 to 2019. 

(4) Macao Casino Revenue Data 

Europe, 0.76%
America, 0.86%

Japan, 0.88%

Philippines, 0.97%

Korea, 2.25%

Taiwan, 2.95%

Hong Kong, 18.41%

China mainland, 
69.91%

Other regions, 
3.00%

Europe

America

Japan

Philippines

Korea

Taiwan

Hong Kong

China mainland

Other regions

Guangdong, 51.36%

Fujian, 4.25%

Zhejiang, 3.50%

Hunan, 5.24%

Jiangsu, 3.27%

Henan, 2.43%

Sichuan, 2.33%

Beijing, 1.78%

Shanghai, 3.18%

Tianjin, 

0.63%

Chongqing, 

1.31%

Hubei, 3.99%

Guangxi, 3.66%

Jiangxi, 2.41%
Liaoning, 1.52%

Anhui, 1.37%

Shanxi, 1.00%

Shandong, 1.44%

Heilongjiang, 1.42%
Hebei, 1.31%

Shanxi, 0.99%

Neimenggu, 0.52%

Jilin, 1.07%

Guangdong Fujian Zhejiang Hunan Jiangsu Henan

Sichuan Beijing Shanghai Tianjin Chongqing Hubei

Guangxi Jiangxi Liaoning Anhui Shanxi Shandong

Heilongjiang Hebei Shanxi Neimenggu Jilin

Figure 3. Inbound Chinese tourists by major provinces and cities from 2017 to 2019.



Int. J. Environ. Res. Public Health 2021, 18, 10548 6 of 12

(4) Macao Casino Revenue Data

The revenue data of casinos in Macao coming from the Statistics and Census Bureau of
the Macao Special Administrative Region Government [46] are used to analyze the impact
of the number of tourists on the revenue of the gaming industry and appropriate casino
management and control strategies.

(5) Model related data

In addition to the data above, the parameters used in the model are all derived from
the Report of the WHO-China Joint Mission on Coronavirus Disease 2019 [47].

In the model, β (probability of contagious disease) is 4.8%; γ (probability of regaining
health) is 99.3%; α (probability of a latent person becoming a patient) is 20%; and β2 (the
probability of a latent person being infected) is 1.6%.

3. Results

Following the SEIR model and based on China’s current main strategy to deal with the
epidemic, “external defense input, internal defense rebound” as has been determined to
be the normalized control, the epidemic situation in Macao is basically stabilized. China’s
mainland is in a situation showing multiple irregular distributions for MATLAB simulation.
Further control and management strategies of Macao casinos have yet to be studied.

In this paper, the following six management and control strategies are selected for
MATLAB simulation, and the results are shown in Figures 4 and 5.

Strategy 1: Restrict all tourists except Macao residents from entering or leaving Macao;
that is, the city is closed for management. This is the most stringent control strategy.

Strategy 2: Permit tourists from Guangdong Province to enter and exit Macao, given
that more than 51% of the tourists come from Guangdong Province.

The following four strategies aim to permit tourists from all over the world to enter
and exit Macao while adhering to booking tours, controlling capacity, and controlling
personnel proportionally; they are as follows [48]:

Strategy 3: Admit 20% of the average number of tourists over the past three years.
Strategy 4: Admit 50% of the average number of tourists over the past three years.
Strategy 5: Admit 80% of the average number of tourists over the past three years.
Strategy 6: Admit 100% of the average number of tourists over the past three years.
As shown in Figures 4 and 5, the growth rate of the recovered number of strategies 1 to

5 is gradually slowing down, while the growth trend of the recovered number of strategy 6
firstly increases and then decreases, risen as an “S”-shaped curve. Owing to the number of
days of recovery in strategy 6 is much greater than the previous five strategies, in order to
clearly present the relationship between the number of days and the number of recovered
people, strategy 6 is shown on the separate Figure 5. The simulation results suggest that, if
the city remains closed for management since discovering the first case in Macao, there
will be only six infected cases that will take 68 days to recover and be discharged from the
hospital. If the city is not closed and only permits tourists from Guangdong Province to
enter and exit Macao, the number of infection cases will be nine and will take 94 days to
recover and be discharged from the hospital. If 20% of people entering Macao over the past
three years are permitted to enter and exit Macao, the number of infection cases will be
13, and not until 156 days later can they be fully cured and discharged. If 50% of people
entering Macao over the past three years are permitted to enter and exit Macao, the number
of cases will be 24, and it will take 317 days, more than twice that of the previous control,
to recover. If 80% of people entering Macao over the past three years are permitted to enter
and exit Macao, the number of cases will be 58, and it will take 593 days to recover, and the
length of time will gradually increase. If no control measures are taken, and all tourists
are permitted to enter and leave Macao freely, the number of infection cases will increase
significantly to 33,165, approximately 5% of the local population. It will take 840 days for
the tourists to recover and be discharged from hospital.
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Figure 5. Changes in the number of recovered patients from Strategy 6.

Figure 6 shows the relationship between gross gaming revenue and the number of
tourists in and out of Macao from 2017 to 2019. A positive correlation can be seen between
the number of tourists and gross gaming revenue. Due to the control strategy mentioned
previously, the gross gaming revenue is on the decline, as shown in Figure 7.

Comparing the six control strategies above, it is obvious that, although Strategy 6 has
no impact on the economy at the moment, the number of patients is up to 33,165. This
change is not an order of magnitude compared with other control strategies, exerting a
profound impact on Macao’s gaming industry in the future. The cumulative number of
confirmed cases in Strategy 1 and Strategy 2 are each in the single digits (6 and 9), and
it takes 68 days and 94 days, respectively, to clear the cases. These strategies are ways to
reduce economic losses, in addition to Strategy 6. In Strategies 3, 4, and 5, it takes 156, 317,
and 594 days, respectively, to clear the cases, and the economic losses are 73,749 million
patacas, 148,811 million patacas, and 276,410 million patacas, respectively. These three
control strategies take longer than Strategies 1 and 2 and cause greater economic losses.
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4. Conclusions

This article builds an improved SEIR model based on the epidemic data that have
been published in Macao and advances six control strategies against the actual situation of
the epidemic. Using the improved SEIR model for simulation, the cumulative number of
confirmed cases in the first five strategies can be decreased to less than 60, but the number
of confirmed cases in strategy 6 (permitting all tourists to enter and exit Macao) is 33,165,
and it takes 2.3 years to clear the confirmed cases. Therefore, without control measures,
more damage will be done to Macao. If the control is carried out according to the different
percentages of average tourists from 2017 to 2019, it will take more than 100 days for the
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confirmed cases to be cleared. Combining the SEIR simulation results and the loss of
gross gaming revenue, Strategy 1 (only permitting local residents of Macao to enter and
exit Macao), Strategy 2 (permitting tourists from Guangdong Province to enter and exit
Macao), and Strategy 3 (admitting 20% of the number of tourists over the past three years)
are feasible.

The results above show that, during the period of COVID-19, to design the tourist
management strategy by screening the source of passengers and controlling the upper limit
of capacity of destination is an effective way to break through the dilemma of controlling
the epidemic or developing the economy. If tourism destinations are merely concerned
about the immediate economic benefits without taking any epidemic control, a large
number of people will be infected, and the economy will be seriously wrecked. On the
other hand, it can only be a short-term expedient to tighten the source of tourists and adopt
isolation and closure. If it goes on like this in the long run, its economic cost will be too
huge to be borne. Therefore, to formulate effective management and control strategies,
tourism destinations need to implement real-name registration to identify the main source
of tourists. Moreover, it is necessary to determine the capacity upper limit of the scenic spot,
and master the basic relationship between the number of tourists, source, and economic
income in the past several years. Then, with reference to the ideas and methods of this
research, a more reasonable source management and control strategy can be produced to
fit for their own development. These results are consistent with the findings of Moosa
et al. [49], as a response to the controversial issue in previous literature. Although the
methods and techniques in our study are different from theirs, the final control strategies
both led to restricting international travel to prevent the spread of epidemic. In addition,
this study fills a gap in the existing literature. Due to the unavailability of data, previous
relevant studies failed to include Macao as a research object [50].

This paper has improved the previous SEIR model [51,52] in that the conversion
process of the case state is divided into two: one is the conversion from healthy people to
latent persons, and then in the order of the infected and the recovered; the other is the direct
conversion from healthy people to patients, and then to the recovered. The differential
equation in other studies is also further improved by moving the formula of calculating
latent persons into the formula of calculating the infected persons in the conversion process.
This improvement is more in line with the reality of COVID-19 in Macao and closer to the
current situation of large-scale vaccination worldwide. Mass vaccination can effectively
reduce the hospitalization rate, severe disease rate, and mortality. Although there has been
an increasing severity of Delta variant recently, and there have been breakthrough cases of
infection after vaccination, these cases account for only a small proportion of people among
those 3 billion who have been vaccinated in the world. Therefore, the research results of
this paper can be used as a reference for follow-up researchers to apply the SEIR model to
public health related research.

The improved SEIR model in this paper can better predict the development trend of
COVID-19 in Macao. It can be used to predict the outcomes of different epidemic control
strategies and provide scientific guidance for the COVID-19 control in Macao, considering
economic losses. The improved SEIR model can be applied to other tourism destinations
with epidemic diseases to help them cope with the epidemic more effectively, which is also
the direction of our follow-up research. The limitations of this study are that, because the
spread process of the COVID-19 is very complex, we cannot fully examine every factor
affecting the spread of the epidemic, such as the different infection rates of different age
and gender groups, the different infection rates between healthy people and those who
have underlying diseases, and the influence of different regional population density on the
spread and the impacts brought about by the adequacy or shortage of medical resources
and different quarantine measures. However, it is difficult for us to take into account all
these factors in the model, which has a certain impact on the simulation results of the SEIR
model. If relevant data are available, we can add them in future research to improve the
simulation accuracy of the SEIR model.
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