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ABSTRACT

The COVID-19 pandemic has been spread globally, where all countries have taken
precautionary measures to reduce its spread. Therefore, we are motivated to introduce

some suggested solutions that may reduce the spread of the COVID-19 pandemic.

In this context, the main aim of this dissertation is to propose a mathematical model for
controlling COVID-19 transmission in the kingdom of Bahrain. The effect of
precautionary measures adopted by Bahrain to limit the spread of the coronavirus during
2020 and 2021 is investigated. Statistical data and precautionary measures are obtained
from the Ministry of Health (MOH) in the Kingdom of Bahrain website. The analysis of
these data showed that, during both years, the number of detected infected cases was
lower than expected, except for some periods when the infection number increased. The
lockdown process and application of light signal system were the top precautionary
measures that reduced the number of discovered infected people. On the other hand,
reducing the quarantine of the arrivals, contacts, and cancelling the PCR tests, increase

the risk of infection.

In this study, a SUQCR model for the disease progression in Bahrain is introduced. A
local equilibrium state is defined, and the conditions of its existence are established.
Moreover, the reproduction number Ry by the next-generation approach is calculated.
Model parameters are used as controllers to minimize the number of infected individuals
and maximize the recovered ones. According to the SUQCR model, the basic
reproduction number for Bahrain is R, < 1, where all the infected individuals decrease,
and consequently, it is taken as a measure of increasing or decreasing the precautionary

procedures.

Furthermore, the SVEUQCHR model based on the game theory is presented where the
payoff function is derived from the players strategies. A strategy's relative cost
determines which is the most appropriate for an individual. When the cost of vaccination
equals the risk of infection for un-vaccinated individuals, vaccination is selected without
social distancing. If vaccination is not available, social distancing is used only when its
cost equals the infection risk without it. It is more effective to use vaccination regardless

of cost when both are available (social distancing and vaccination).
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Additionally, vaccination and booster shots are evaluated based on the game theory
approach to determine whether they are effective at containing COVID-19 in Bahrain.
The payoff matrix and biometric are generated. To determine Nash equilibrium points,
the maximum value is marked in the first entry of each column and the second entry of
each row. Vaccination and booster shots greatly reduce the number of COVID-19,
critical, and death cases. Thus, the continuous implementation of the precautionary
measures in Bahrain, not reducing them, and vaccination contribute to containing the

epidemic.
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Chapter 1
Introduction

1.1 General Background

The World Health Organization (WHO) informed on December 31, 2019,
that a new virus COVID-19 was responsible for respiratory diseases in
Wuhan, China (2020). COVID-19 has spread widely worldwide, and
WHO declared it is a pandemic in March 2020 (World Health Organiza-
tion, 2020a, 2020b). This pandemic has negatively affected the achieve-
ment of the Sustainable Development Goals (SDGs), specifically in the
health field (SDG3) (Shulla et al., 2021), which is the focus of this re-
search.

COVID-19 infection causes a health burden due to its rapid spread,
and human behavior plays an essential role in the international spread
and expansion of this disease (Miller IF, Becker AD, Grenfell BT, 2020).
Therefore, observing the behavior of infection is a fundamental matter
to know the best methods to combat its spread (Funk, Salathé, & Jansen,
2010). As a result, researchers used mathematical models that focused
on studying the spread and development of the pandemic (Cakan, 2020;
Ndairou, Area, Nieto, & Torres, 2020; Serhani & Labbardi, 2021). In
addition, mathematical models have been used to understand the behav-
ior of infection as it reaches the population, and conditions were stud-
ied that will lead to its elimination or persistence (Kermack WO, 1927;
Nwankwo, A., Okuonghae, 2019:; Egonmwan AQ, 2019).

Many different mathematical models have been used to study the

1



behavior of the spread of COVID-19, such as SIR, SEIR and SU ocC
models (Kermack WO, 1927; Shao, Zhong, & Chen, 2020; Adekola,
Adekunle, Egberongbe, Onitilo, & Abdullahi, 2020; Zimeras, S., & Dio-
midous, 2018). These mathematical models represent the movement of
individuals between compartments, depending on the infectious state be-
tween them (Shaikh, A. S., Shaikh, I. N., & Nisar, 2020). Also, more
recently, researchers used the game theory as an approach to describe
quantitatively the decision-making processes of individuals with multi-
ple choices. Game theory models have also been used in many studies
focusing on vaccinations and behavioral changes as precautionary mea-
sures (Bauch & Earn, 2004; Verelst, Willem, & Beutels, 2016).

It is believed that, the virus entered Bahrain on February 24, 2020.
On December 8, 2022, a total of 696,851 confirmed cases were reported,
of which 694,364 have recovered, and 1,536 have died (Worldometer,
2022). At the onset of the pandemic, it has been made a priority in
Babhrain to confront the coronavirus and preserve the health of its popu-
lation. The country’s commitment, and readiness prompted the taking of
wide-ranging decisions and precautionary measures to combat the pan-
demic. Among the measures taken include the free vaccination of all its
citizens and residents, reinforcement of social distancing guidelines, and
cooperative compliance to the levels, color and traffic light schemes. As
well as the free and random examination to discover infected cases and
trace contacts of confirmed cases. Moreover, to set a quarantine on the
infected and those in contact with confirmed cases (Bahrain.bh, 2021).

Scientific research also has many contributions in this field, as some
researchers studied the COVID-19 pandemic from a medical point of
view and mathematical models (Algahtani et al., 2021; Mukherjee & Bo-
jiah, 2020). Thus, this research tries to study the dynamics of the spread

2



of COVID-19 disease in Bahrain, and the impact of precautionary mea-
sures taken by the government to combat the pandemic using mathemat-
ical models based on compartmental model and game theory.

The dissertation begins with a literature review on the impact of pan-
demic on achieving the SDGs and research that have used mathematical
models for infectious diseases such as COVID-19 pandemic. Models for
spreading COVID-19 in Bahrain through this review are then proposed.
Finally, conclusions based on the results and analysis, and proposals for

future research, are drawn.

1.2 Research Background and Context

This research seeks to explain COVID-19’s impact on the achievement
of the SDGs on the global, and national levels, with a focus on health
in the country. Furthermore, the impact of the measures that were used
in Bahrain to combat the outbreak is investigated, as well as, the system
of predicting infections. Moreover, mathematical modeling methods that
are used in literature are followed by developing them in line with the
health protocol applied in Bahrain. The compartmental method, and the
game theory approach are used to come up with the proposed mathemat-
ical modeling of COVID-19. The precautionary measures which have
been applied in Bahrain are evaluated, as well as the basic reproduction
numbers of coronavirus, using the next-generation matrix approach, are

calculated.



1.3 Research Problem

COVID-19 has spread worldwide, and in the absence of vaccination at
the start of the pandemic, many precautionary measures have been used,
such as social distancing or lockdown to limit the disease spread. Social
distancing and partial closures for specific periods were used by Bahrain,
like other countries. Also, Bahrain closed schools, institutes and univer-
sities, and began distance education. Furthermore, citizens and residents
were required to wear masks and allowed them to work from home to
reduce people’s contact with each other, thus, limiting the spread of the
disease. In addition, when the vaccine was made available, Bahrain made
it free of charge for all.

Despite implementing the precautionary measures, the number of
daily infections and deaths continued to vary since the emergence of
COVID-19 in Bahrain. Therefore, the dynamics of COVID-19, the pre-
diction of infected numbers and ending of the pandemic require them
to be studied from a mathematical point of view. Mathematical models
have been used to gain insight into the nature of infectious diseases. They
help understand the infection spread in a population, and they describe
the conditions that will either lead to the elimination or the continua-
tion of the epidemic (Kermack WO, 1927; Okuonghae & Omame, 2020;
Omame, A., Okuonghae, D., & Inyama, 2020). Therefore, mathematical
models for COVID-19 in Bahrain are proposed. The research variables
are the precautionary measures adopted by Bahrain to combat COVID-
19, such as social distancing, vaccination, contact tracing, quarantine,

random and exit tests and the basic reproduction number of COVID-19.



1.4

Research Objectives

The main aim of this dissertation is to establish a mathematical model

of transmission and controlling COVID-19 in Bahrain. The objectives of

this study may be summarized on the following points:

1.

1.5

Clarifying the effectiveness of the precautionary measures adopted

by Bahrain to combat COVID-19.

. Developing mathematical models of infectious diseases, specifi-

cally for the COVID-19 in Bahrain.

Using compartmental modeling and the game theory approach to
get estimates of the reproduction number Ry, based on available
data from government sources on the spread of the coronavirus in

Bahrain.

Analysing the effectiveness of the Bahrain government’s measures
to combat COVID-19, by using the developed mathematical mod-

els and simulations.

Utilizing the game theory approach in the mathematical modeling,
to explain individuals’ roles in taking the COVID-19 vaccine, and
how this leads to a reduction in infection numbers, hospitalization

of critical cases, and deaths.

Research Questions

To achieve the previously listed objectives, we try to find clear answers

to the following suggested questions:



1. What is the impact of Bahrain’s precautionary measures on com-

bating the spread of COVID-199.

2. How can the mathematical models of compartmental modeling,

and game theory approach help us to:

* understand the dynamics of virus spread .

* make informed decisions on adopting precautionary measures

in Bahrain?.

3. How can game theory explain the role of individual’s decisions on
vaccinations in reducing infections, hospital admissions of critical

cases, and deaths?.

1.6 Research Significance

The significance of this research is shown the effectiveness of the pre-
cautionary measures implemented by the Bahrain government to combat
the disease, such as applying social distancing and providing vaccina-
tions for all. The importance of this research is also evident in studying
the dynamics of disease spread in Bahrain using mathematical models.
Given the lack of studies conducted in Bahrain using mathematical mod-
els, mathematical models that fit the health protocol applied in Bahrain
are suggested. These models seek to study the dynamics in which the dis-
ease spreads and the effectiveness of the country’s measures to combat it.
Moreover, by using the mathematical compartmental model and the game
theory, not only on how the disease spreads is shed light, but also how the
basic reproduction Ry for COVID-19 is calculated, and, ultimately, how
the effectiveness of Bahrain’s precautionary measures against COVID-19

is proven.



1.7 Research terminology

In this section, some terminologies that are used throughout this study

are defined. The key terms are as follows:

* Asymptomatic: a patient who carries the disease but does not

show any symptoms (Yale Medicine, 2022).

* Booster: is the dose that boosts the completed vaccine or set of

vaccines (Queensland Government, 2021).

* Compartmental model: A framework for viewing a system as
a set of compartments in which individuals flow according to the
infection between them. (Shaikh, A. S., Shaikh, I. N., & Nisar,
2020).

* Confirmed: fulfils all the necessary criteria for the disease, such
as the appearance of a positive result of a laboratory examination

or the disease’s symptoms (University of Rochester, 2022).

* Contact Tracing: helps stop the disease spread by detecting con-
tacts with existing close cases (UCDAVIS, 2021).

* Coronavirus: a family of viruses, including seven viruses that in-
fect humans and cause disease. Corona viruses cause colds and se-
rious diseases such as severe acute respiratory syndrome (SARS)
and cast respiratory syndrome (MERS). The SARS-CoV-2 virus
causes COVID-19 disease (Yale Medicine, 2022).

* COVID-19: a disease caused by the SARS CoV-2 virus. COVID-
19 is an acronym for Coronavirus, where the number 19 indicates

the year it was first discovered (UCDAVIS, 2021).
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Disease-free equilibrium: steady-state solution of the model in
the absence of infection or disease (Nyang’inja, R., Lawi, G., Okongo,

M., & Orwa, 2019).

Endemic disease equilibrium point: state in which disease is
entrenched in a population (Nyang’inja, R., Lawi, G., Okongo, M.,
& Orwa, 2019).

Epidemiology : a branch of medical science that deals with the

occurrence and control of disease (Mariposa Country, 2021).

Epidemic: a speedy increase in the infection cases higher than

expected in a particular area (Yale Medicine, 2022).

Epidemiologists: are public health specialists and researchers spe-
cialized in studying patterns, causes, and methods of preventing
disease in people when an epidemic spread (NPS Medicine News,

2020).

Exposed: anyone who has come close to an infected person, re-
gardless of the whether the latter has COVID-19 symptoms or not
(Covid Act Now, 2021).

Game theory: is a branch of applied mathematics used to analyse
situations that require decisions by the parties, called players. It
will provide a quantitative description of the decision-making of

individuals facing multiple choices. (Shao et al., 2020).

Herd Immunity: the ability of a sufficient number of people to

resist spreading disease. (Mariposa Country, 2021).



Immunity: the human immune system protecting a person from

diseases (Queensland Government, 2021).

Incubation period: the period between a person’s infection with
the virus and the symptoms appearing. The incubation period for

COVID-19 ranges from two to fourteen days (Yale Medicine, 2022).

Infectious: a person or an animal capable of transmitting diseases
or a kind of disease that can be passed on through the environment

(Franciscan Missionaries of Our Lady Health System, 2021).

Isolation: to seclude a proven disease-infected person from others
who do not show any symptoms to avoid them getting infected by

the former (Johns Hopkins, 2020).

Mathematical modeling: the art of transforming issues from an
application area into tractable mathematical formulations where
theoretical and numerical analyses provide insight, answers, and

advice for the originating application (Arnold N eumaier, 2003).

Pandemic: occurs when a new virus spreads quickly between in-
dividuals and people who have little or no immunity against the

disease (Yale Medicine, 2022).

Payoff: the reward when a player reaches a particular score of the

game (Investopedia, 2021).

Players: a strategic decision-maker within the framework of the

game (Investopedia, 2021).

Quarantine: secluding an infected person or anyone who has come

in contact with such, in a home or a sanitary isolation area for 14
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days (Johns Hopkins, 2020).

Recovered: the passage of a whole day after the disappearance
of fever without taking any medication and the improvement of
symptoms, and the passage of at least ten days since the start of

symptoms of the disease (Mariposa Country, 2021).

Reproduction number R): the average number of people who
will be infected with the COVID-19 virus from an infected person,
which is the natural ability of the virus to spread (Covid Act Now,

2021).

SARS CoV-2: the name of the coronavirus that causes COVID-19
(UCDAVIS, 2021).

Social distancing: putting a physical distance between people,

about 6 feet away from others (Yale Medicine, 2022).

Strategy: the complete plan of action that a player takes in light of

the set of circumstances that the game creates (Investopedia, 2021).

Susceptible: individuals who are likely to contract a disease (Covid

Act Now, 2021).

Sustainable development: first coined by the 1987 Bruntland Com-
mission, which stands for the ”development that meets the needs of
the present without compromising the ability of future generations

to meet their own needs” (UNESCO, 2021).

The Nash Equilibrium: a result that, when achieved, means that
the player cannot increase the return by unilaterally changing de-

cisions (Investopedia, 2021).
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* Transmission: the spread of the virus between people through per-

sonal contact or by touching contaminated surfaces (Yale Medicine,

2022).

* Utility: an economic term that denotes the total contentment ob-

tained from consuming a good or service (Investopedia, 2021).

* Vaccine: stimulates the body’s immune system to produce anti-
bodies, providing the body with weak or dead germs that are in-

jected, consumed or inhaled (Yale Medicine, 2022).

1.8 Research outline

The research is consisted of five chapters in addition to the references and
appendices. Introduction, research background and context, the problem,
objectives, questions, significance, and the research terminologies are in-
troduced on in the first chapter. Previous studies, research, and reports
related to the mathematical modeling of COVID-19 are presented in the
second chapter, which is divided into two axes. Some studies related
to the COVID-19 pandemic and the SDGs are included in the first axis,
while studies on the mathematical modeling of the COVID-19 pandemic,
specifically, the compartmental modeling and the game theory approach,
are included in the second axis. The methodologies that have used in the
research are presented in the third chapter. Then, the data analysis, results
and discussion by answering the research questions are presented in the
fourth chapter. Finally, the conclusion and recommendations obtained
from this dissertation are presented in the fifth chapter.

The precautionary measures which has applied by the Bahrain gov-

ernment are studied and the number of infections, if the use of these
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measures continues, is predicted. Mathematical models that based on
the compartmental model are proposed, and the basic reproduction num-
ber Ry for COVID-19 in Bahrain is calculated. The effectiveness of the
precautionary measures applied by the Bahrain government is shown by
using this model. The game theory approach is used to determine the ef-
fectiveness of vaccination and social distancing in Bahrain. An expanded
model to the previous model is presented, and the individuals’ optimal
precautionary measures are studied. Also, the basic reproduction num-
ber Ry for the expanded model is calculated. This mode] clarifies the
optimal method for choosing social distancing or vaccination when they
are together or present in the community. Thereafter, the game theory is
studied firstly, to study the effect of taking three doses compared to not
taking any, in reducing the number of infections; secondly, the number

of cases requiring intensive care; thirdly, reducing cases of deaths.
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Chapter 2
Literature Review

2.1 Introduction

In this chapter, the impact of the COVID-19 pandemic on the SDGs
in countries around the world are reviewed. The United Nations report
2021 with some studies that show the effects of COVID-19 on achieving
SDGs in different countries are presented. The effect of the pandemic
on the achievement of the SDGs as well as Bahrain’s effort to combat it
is focused on in this chapter. In addition, some studies that showed the
effect of precautionary measures to prevent the pandemic are included.
Also, some studies that have used various mathematical models to show
the epidemic transmission dynamics, the influence of social distancing,
vaccination, and other preventive measures imposed by governments in
many countries, including Bahrain, to combat disease outbreaks are pre-
sented. The compartmental method and game theory approach are used
in these models. It is shown that, most of these studies focused on cal-
culating the basic reproduction number for the spread of the COVID-19
disease. Finally, the most important results of the literature studies are re-

viewed, and the possibility of developing these models are summarized.

2.2 COVID-19 Pandemic and the SDGs

To improve life quality, the global community adopted the SDGs (United

Nations, 2020b), and supplemented the Millennium Development Goals
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(MDGs). The 2030 Agenda includes a common vision of peace and pros-
perity for the Planet (Suresh, A., & Jindal, 2019). The seventeen SDGs
were set to shed light on human development without destroying nature,
in contrast to the MDGs that were set for emerging and developing coun-
tries. The SDGs focus on the following five pillars: People, including
SDGs1-6, Prosperity including SDGs7-11, Planet including SDGs12-15,
Peace including SDG16; and Partnerships, including SDG17.

The 17 SDGs are SDG1: No Poverty, SDG2: Zero Hunger, SDG3:
Good Health and Well-being, SDG4: Quality Education, SDG5: Gen-
der Equality, SDG6: Clean Water and Sanitation, SDG7: Affordable and
Clean Energy, SDG8: Decent Work and Economic Growth, SDG9: In-
dustry, Innovation and Infrastructure, SDG10: Reduced Inequality, SDG11:
Sustainable Cities and Communities, SDG12: Responsible Consumption
and Production, SDG13: Climate Action, SDG14: Life Below Water,
SDG15: Life On Land, SDG16: Peace, Justice, and Strong Institutions
and SDG17: Partnerships for the Goal (United Nations, 2021b). The
government allocates various industries within these major categories to
achieve its objectives (Srivastava & Sharma, 2021).

During the COVID-19 pandemic, countries’ progress on the 2030
Agenda was halted and their achievements of these goals were impacted.
For example, the global recession during the COVID-19 pandemic caused
more than 71 million additional people to live in poverty, threatening
the achievement of SDG1 (United Nations, 2020c). Reducing inequal-
ity, which is SDG10, has been negatively affected because most sus-
ceptible groups are women, youth, small and medium enterprises, and
low-wage workers, as they have to deal with the riskiest effects of the
COVID-19 pandemic (Berchin & de Andrade Guerra, 2020). Moreover,

the pandemic caused a significant economic crisis, especially in develop-
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ing countries (Sirkeci & Murat Yiicesahin, 2020). Besides, the COVID-
19 pandemic has a clear and unprecedented impact on human societies.
For example, the Human Development Index (HDI) fell sharply in 2020
for the first time since the measure was calculated 30 years ago (Hall et
al., 2020). On the other hand, one of the positive impacts of the COVID-
19 pandemic in the short term is the sharp decrease in carbon dioxide
emissions and pollution in many areas due to the decline in economic
activities (United Nations, 2020a).

The effects of the COVID-19 pandemic on achieving the SDGs have
been summarized in the report of the United Nations 2021 (United Na-
tions, 2020a), where the report states that COVID-19 pandemic has sig-
nificantly changed people’s lives. It showed that, although the achieve-
ments of the SDGs was slow before the pandemic, this pandemic added
an additional 119 to 124 million people into poverty in 2020. For the first
time since 1998, the global extreme poverty rate increased from 8.4% in
2019 t0 9.5% in 2020. In addition, nearly 255 million full-time jobs were
lost. As a result, the number of people travail from hunger also increased
by between 83 and 132 million. The report also mentioned that the pan-
demic had halted progress in the health field. About 90% of countries still
report disruptions to health services. Also, the number of children and
youth who have reached below the minimum reading proficiency level is
101 million. Over the next decade, almost 10 million girls will be at risk
of child marriage.

The report mentions that the collapse of tourism has also dispro-
portionately affected small island developing countries. Besides, vio-
lence against women and girls intensified, especially women who suf-
fered from job losses and increased housework. Inequality is also evi-

dent in countries for example, as of June 17, 2021, the United States and
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Europe have had nearly 68 vaccinations per 100 people compared to less
than 2 in sub-Saharan Africa.

Despite the economic slowdown that swept the world in 2020, the
report highlighted the negative impact to the climate, particularly with
greenhouse gas concentrations that have continued to increase. The av-
erage global temperature above pre-industrial levels was around 1.2°C,
dangerously short of the 1.5°C limits set in the Paris Agreement. Global
flows of foreign investment decreased by 40% in 2020 compared to 2019.
In addition to the rise in debt, especially for developing countries, in
2019, one third of the world’s population lacked the fuel, sanitary means
of cooking, and 759 million people were left without electricity. The fail-
ure of the world to achieve the 2020 goals is due to the loss of biological
diversity, as the world lost about 10 million hectares of forests between
2015 and 2020.

To rebuild a sustainable, inclusive and low-carbon world, countries
need to use recovery as a catalyst for reducing carbon emissions, con-
serving natural resources, creating higher-quality jobs, advancing gender
equality, and addressing growing inequalities. According to the report,
the economic recovery is being led by China and the United States, but
the rest are not expected to recover before 2022 and 2023. However,
among the solid foundations that can be built upon to accelerate progress
in achieving the SDGs are the enormous efforts made by countries in
confronting the epidemic, decisive government measures, and the rapid
expansion of social protection. In addition to the speed of digital trans-

formation of countries and the unique cooperation to develop vaccines

against COVID-19.
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2.3 The COVID-19 and SDGs: Previous Studies

In this section, some studies and literature that highlight the impact of
the COVID-19 pandemic on SDGs are reviewed. For example, Filho et
al. (2020) discussed the impact of the COVID-19 pandemic on SDGs
and their implementation. The researchers analysed the literature and
observations and evaluated current global trends. They used a critical
contextual approach based on systems theory to examine and respond
to the economic, social, and environmental effects of COVID-19. Their
approach combines a composite focus on economic, social, and envi-
ronmental impact with critical thinking about the concept of economic
development. Their results indicated that, although COVID-19 is a prior-
ity for many health systems in developing countries, they need attention
to other diseases such as malaria, yellow fever, and others. The results
also showed that, the fear of COVID-19 disrupted programs to prevent
other diseases, resulting in overlooking other health problems like men-
tal health. One of their findings indicated that COVID-19 may jeopardize
the implementation of the SDGs, adding caution on giving focus to them.

Shulla et al. (2021) analysed the effect of the new conditions formed
by the COVID-19 pandemic on the interrelationship between the SDGs.
Based on a qualitative research approach, they examined and focused on
only five goals: SDG3, SDG4, SDGS, SDG12, and SDG13. Their obser-
vations revealed evidence that COVID-19 may have had consequences
for the SDGs. Qualitative explanations indicated that additional reper-
cussions could be significant obstacles to achieve SDGS, SDGY, SDG10,
SDG17, and SDG11. Thus, they considered recent trends in international
development and their interrelated effects as a helpful framework in the

recovery era after the COVID-19 pandemic.
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Hishan et al. (2021) reviewed the previous literature on the Coron-
avirus and provided an overview of the social, environmental, and eco-
nomic impact of the COVID-19 pandemic. The researchers also sought
to find the best possible solutions under different scenarios to give a fu-
ture plan for policymakers to restrict the SDGs as well as used Scopus
and Web of Science databases to review the literature. They also followed
a rigorous screening process according to the guidelines recommended
by PRISMA. They concluded that the previous literature included Sys-
tematic reviews of many types of the coronavirus family and provided a
framework for a strategic plan to respond to the COVID-19 pandemic.

Horisch (2021) shed light on how sustainability, management, and
policy (SAMP) research can build the post-COVID-19 era and discussed
the relationship of the pandemic with the SDGs. In this study, a real-
istic analysis is conducted to determine the patterns of the impact of
the pandemic on the SDGs and stressed the interrelationship between
them. On this basis, the research agenda for SAMP is developed, where
it is shown that the COVID-19 crisis is part of the research field for sus-
tainable development. However, they found that this pandemic threatens
SDG achievement. The analysis of this study confirmed that many SDGs
have a role in helping mitigate the effects of the COVID-19 pandemic
and possible epidemics in the future.

Besides, Pradhan et al.(2021) studied the effects of the COVID-19
pandemic on achieving the SDGs in Nepal. This study relied on the joint
creativity of knowledge that included experts from different fields. They
followed five methods: an online survey seven-point scale framework,
20 online workshops, an assessment of expert opinions, review and val-
idation, and revision and synthesis. They highlighted that the impact of
the COVID-19 pandemic was negative on most of the SDGs in the short
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term. In particular, the targets of SDGsl, 4,5,8,9, 10, 11, and 13 had
weak to moderate effects. Nonetheless, some targets of SDGs2, 3, 6, and
11 can have a weak impact. These adverse effects resulted from com-
plete closure, underemployment and unemployment, closing institutions
and facilities, financing issues unrelated to the COVID- 19 pandemic,
and the expected decrease in support from development partners. How-
ever, the COVID-19 pandemic has opened up opportunities for sustain-
able transformation, including planning, work, socio-economic recovery,
use of technology, digital economy, and reverse migration.

Nundy et al. (2021) highlighted in their study the spread of COVID-
19, which brings about economic, social, and environmental changes in
all countries. Their study first searched through Google Scholar, Sci-
ence Direct, and Web of Science to investigate the literature published
in the past few decades. They used COVID-19, SARS-CoV-2, pan-
demic, COVID, transport, environment, economy, and energy as key-
words. Then, they considered the publications between January 2020
and March 2021. Finally, they reviewed the findings from different pub-
lications where they found that many countries have used old methods
of self-isolation, lockdown, and quarantine at home to stop the transmis-
sion of COVID-19 until a suitable vaccine is available. The lockdown
and the total closure resulted in many economic losses, such as jobs and
economic stagnation. It also changed the human mind and his social life,
staying indoors for 24 hours also harmed the human mind. However,
working from home and using technology has become prominent in con-
fronting COVID-19. From an environmental point, there is a noticeable
decrease in the emission of air pollutants from electricity generation due
to the closure of factories. However, they also realized that it takes a long

time to reach a pre-COVID-19 state, where attention must be paid to the
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indoor environment. The study also predicted that it would take longer
to achieve the SDGs.

Wang and Huang (2021) also conducted a comprehensive investiga-
tion into the impact of the COVID-19 pandemic on achieving the SDGs.
They resorted to systematically exploring publications related to the ef-
fect of COVID-19 on sustainability in the Web of Science database using
bibliometrics and a meta-analysis approach. Their results showed that
the challenges of the COVID-19 pandemic to sustainable development
were more significant in developing countries than in developed coun-
tries. Developed countries have committed to studying the sustainability
of education, unlike developing countries, which have paid attention to
economic sustainability during the COVID-19 pandemic. The cluster
analysis also showed that the COVID-19 pandemic had adverse effects
on all goals, while this pandemic had brought opportunities to achieve 14
SDGs.

Sarkodie and Owusu (2021) demonstrated the environmental, eco-
nomic, and health dimensions of the impact of the COVID-19 pandemic.
They used qualitative and empirical assessments and reported on environ-
mental sustainability issues, fiscal and monetary measures, and exchange
rates during countries’ lockdown period and reported on countries’ health
system policies. Reports indicated a decrease in air pollution versus an
increase in medical and municipal waste. They noted that the COVID-
19 pandemic ranks the United Kingdom as the country with the highest
level of uncertainty among 143 countries. The US also entered 100% of
its GDP at the pre-pandemic level, the highest rate of policy reduction
among 162 countries. They also indicated that with science, innovation,
and development, the measures to combat COVID- 19 would be sup-

ported and they revealed the need for future studies in the environment,

20



economy and health.

2.4 Studies Conducted in Bahrain

The studies that have conducted in Bahrain, with focus on the efforts and
the impact on the SDGs during the pandemic is presented in this section.
Among of these is the paper introduced by Abdulla et al. (2021) which
measured the effect of the virus on the environment in the country. The
study’s aim is to measure the effect of the COVID-19 pandemic on the
environment in Bahrain. In interviews with 14 environment experts in
Bahrain, who work in the public and private sectors, the following were

revealed:

The air quality was positively affected due to a decrease in air and

land transportation.

* The noise pollution and carbon footprint are also reduced. Thus,

there are indications of an improvement in biodiversity in Bahrain.

* There is an increase in medical waste and single-use waste in Bahrain,
which leads to significant concerns for biodiversity and human

health in the long run.

* The results also showed a slight increase in electricity consump-
tion, which increases the production and consumption of oil and

gas.

* In contrast, there is a positive increase in renewable energy, as its
cost has decreased compared to fossil fuels. They also found in-
creased environmental awareness among people without affecting

the environment and their green behavior.
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However, the pandemic also posed logistical challenges that led to a de-
cline in recycling and waste sorting led by the private sector. Systematic
allocation of resources for scholars and experts’ access to environmental
data is part of the recommendation, as will be seen towards the end. For
children’s curricula, they required to integrate environmental education
into these curricula further and adopt and develop a waste management
system in Bahrain. To achieve a continuous decrease in the demand for
transportation requires an increase in the study of remote work perma-
nently in the public sector. Finally, a national plan must be developed to
transform Bahrain’s economy into a more sustainable one.

Another study by the Bahrain Chamber of Commerce (2020) con-
cludes on the economic impact of the COVID-19 pandemic on business

owners in Bahrain. This study showed that,

* more than 70% of business owners benefited from the govern-
ment’s economic stimulus and support fund, and optimists foresee

a recovery with two or three years.

* more than 80 % of them expressed their fear of paying salaries and
were affected by the decision to close commercial and industrial
stores as precautionary measures to prevent the spread of the epi-

demic in Bahrain.

* approximately 43% of tourism companies in Bahrain expect clo-
sure and bankruptcy as a result of stopping tourist trips during the

COVID- 19 pandemic.

Abdulla et al.(2020) also discussed the social and economic impact of the
COVID-19 pandemic in Bahrain. They surveyed the opinions of 3,000
individuals in Bahrain, the United States, and the United Kingdom about
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the impact of the epidemic on family income, jobs, youth, gender, time
use, and psychology. Four groups responded to the survey: 1,000 resid-
ing in the United States and 1,000 residing in the United Kingdom. They

reached the following conclusions:

* Groups experienced economic distress due to job losses and lower
incomes, with Bahraini’s reporting low levels of economic hard-

ship compared to residents in both the US and the UK.

* Bangladeshis have reported the highest levels of financial hardship.
People with a lower level of education reported difficulty coping

with the epidemic compared to more educated people.

* The youth group in Bahrain is the only group that got primary and

secondary jobs, unlike other groups in Bahrain and other countries.

* Women in the 25-44 age group spent more time than men helping

the elderly and children.

With the COVID-19 pandemic occupying the entire world, countries are
paying attention to the response of this pandemic, thus, achieving the
SDGs is secondary to the 2030 timeframe. However, the epidemic’s per-
sistence and endpoint are challenging to predict. Before the COVID-19
crisis, the world was far from the right track to achieve universal health-
care by 2030. Still, positive results have been achieved over the past years
in reducing infant and maternal mortality rates, halving malaria deaths,
and diverting the current from HIV/AIDS. But with the COVID-19 pan-
demic, setbacks to what has been achieved can happen during the vacci-
nation period (United Nations, 2021a). From the seventeen goals of the
SDGs, SDG 3 focuses on ensuring healthy lives and promoting health for

all of all ages (United Nations, 2020c), including eliminating epidemics
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such as AIDS, malaria, tuberculosis, and infectious diseases by 2030, and
also providing access to medicines and vaccines for all (Fund, 2021).

Al Dallal et al. (2021) study, aimed to provide an overview of the
course of COVID-19 in Bahrain. They apply a methodology to anal-
yse the impact of the preventive measures taken by Bahrain to limit the
spread of the epidemic. The researchers used the equation POCR =

14(avega;,z;f)gb) 1% in their SIR model to calculate the percentage change

in mean basic reproduction number (Ro) values, where a is the infection
rate, and b is the recovery rate. The positive value of POCR indicates
that, the preventive measures accelerated the disease. A negative value
indicates that, the precautionary measure slows the spread of the disease.
The absolute value refers to the power of the precautionary measure to
accelerate or slow down the spread of the epidemic. Therefore, it can
be used to know Bahrain’s most successful preventive measures. The
researchers also calculated the percentage change in the number of tests
using the equation POCT = ﬂw to ensure that the mean Ry did
not arise from the number of tests conducted in Bahrain, where T}, and T,
represent the total number of tests taken during the 15 days before and
followed the intervention date, respectively. The results showed that the
preventive measures applied in Bahrain effectively limited the spread of
the epidemic by between 20.2% and 41.8%. However, the disease by
28.7% spread after a religious event in Bahrain. Researchers did not find
any sufficient evidence to conclude that the reopening of the interventions
was again the cause of the spread of the disease in Bahrain.

The study of Abdulrahman et al. (2021) aimed to show the impact of
quarantine for passengers on the spread of COVID-19 in Bahrain. They
retrospectively examined passenger data at Bahrain International Airport

and monitored infection rates upon arrival, during the quarantine period,
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and after the end of the quarantine. The results showed that, the infection
rates decreased among travellers upon arrival and during the quarantine
period, while these rates increased after they left the quarantine. The
researchers concluded that with these results, the quarantine requirement
could be patched upon arrival while keeping the medical examination in
addition to the precautionary measures in place to prevent disease.

Also, the study of Alqahtani et al. (2021) aimed to provide an indi-
vidual historical analysis of cases vaccinated with the four available vac-
cines in Bahrain, namely Astra-Zeneca (AZ/Covishield), Pfizer/ BioN-
Tech, Sinopharm and Sputnik V, in addition to providing an accurate
description of the efficacy of these vaccines with the discovery of disease
burden and risk of infection. Among the un-vaccinated compared to the
vaccinated, it was concluded that hospitalization, admission to intensive
care, or death was due to infection penetration among the vaccinated in-
dividuals. Vaccines available in Bahrain have also effectively reduced
infection, hospitalization, access to maximum care, or death. However,
those vaccinated with Sinopharm were more likely to develop the disease
after vaccination, admission to hospital or intensive care, or death than
those who received the Pfizer vaccine, especially those over 50 years of
age. These findings support the value of vaccination against the conse-
quences of COVID-19, even with the emergence of new mutations of
the Coronavirus and the urgent need for vaccination worldwide, as vac-
cination is a vital tool to control the COVID-19 pandemic. The Bahrain
government’s decision to use these four vaccines is an unparalleled op-
portunity to examine and compare the effectiveness of different vaccines
in preventing disease, admission to hospitals, extreme care, or death, with

the emergence of new variables and investigations.
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2.5 Some Efforts for Pandemic Combat in Bahrain

To combat the COVID-19 pandemic, the government of Bahrain has
taken the responsibility of preserving everyone’s health, so it raised the
degree of preparedness to confront the epidemic and issued several de-
cisions and precautionary measures to reduce the spread of the epidemic
among people. As in the website www.bahrain.bh (Bahrain.bh, 2021),
Bahrain’s efforts aim to enhance the pandemic response on several levels,
including education, work, economy, and health. For example, Bahrain
used information and communication technology in the educational pro-
cess and brought back Bahraini students stranded abroad to avoid getting
sick. It also presented a virtual laboratory project that enables students to
perform practical experiences are as close to reality as possible.

In health, Bahrain’s efforts have emerged in ensuring the protec-
tion of all citizens and residents by providing safe and free vaccines
for all. As a first step, Bahrain launched a conscious society platform
(Be Aware), which combines instructions, preventive instructions, of-
ficial and national statistics for existing cases and contacts, and track-
ing contacts and supporting precautionary quarantine. The cases sub-
ject to home quarantine or self-isolation were also provided with a smart
bracelet linked to the Be Aware application. The application also made
it possible to register, to make an appointment for vaccination or report
any vaccination problems, in addition to viewing the result of the Coro-
navirus examination, the vaccination certificate, and registration to take
the booster dose.

Moreover, Bahrain provided free preventive and health services and
laboratory tests to citizens and residents. Furthermore, Bahrain launched

a vehicle inspection service to facilitate procedures, avoid mixing and
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maintain social distance. It also launched mobile examination campaigns
that covered most areas of Bahrain.

As for travellers coming to Bahrain, health centres have been allo-
cated. Bahrain facilitated the import of medicines and medical devices
from international companies, secure the storage of medical equipment,
and developed a home delivery service to maintain the health and safety
of patients. The country also has activated a telemedicine service for sim-
ple medical consultations, requesting medical analyses and results, and
renewing prescriptions via video technology. In addition, Bahrain has
successfully implemented a community immunization policy, expanding
the scope of tests and vaccines.

The effects of the COVID-19 pandemic on achieving SDGs in Bahrain
and other countries were reviewed, focusing on health and the country’s
effort to confront the pandemic. In the next section of this chapter, previ-
ous studies are reviewed, showing the impact of government-issued pre-
cautionary measures to combat the pandemic and after that, highlighting
the role of mathematical models (compartmental method and game the-
ory method) in showing the most important precautionary measures to be

applied to prevent the spread of COVID-19 disease.

2.6 Mathematical modeling of COVID-19 Pandemic

In the absence of empirical data on the effectiveness of preventive mea-
sures introduced by governments, policymakers should use epidemiolog-
ical modeling to evaluate options for responding to a pandemic. Math-
ematical models help understand the behavior of infection as it enters
a community and investigates conditions that will be eliminated or per-

sisted (Zeb, Alzahrani, Erturk, & Zaman, 2020). Mathematical mod-
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els are important because they allow rapid assessment and may be ap-
plied within dynamic frameworks that predict the progression of disease
spread. These models play an essential role in defining strategies that
control the spread of infectious diseases (Close Rachah A., 2016). For
example, in the UK, mathematical models have been used to inform pol-
icy responses, particularly simulation models to predict the effects of dif-
ferent non-pharmaceutical interventions (Ferguson et al., 2020).

Here, some previous studies that have used mathematical models
are reviewed to demonstrate the importance of the preventive measures
adopted by countries to limit and control the spread of COVID-19 dis-
ease, such as:

Almutari et al. (2020) assessed people’s confidence in the Kingdom
of Saudi Arabia in the preventive measures imposed by the Saudi gov-
ernment to combat the COVID- 19 disease. The researchers used the
cross-sectional study method of a sample of Saudi families by using an
electronic questionnaire during the spread of the epidemic. Pooled data
were analysed using the general confidence and compliance tool, by us-
ing the chi-square test, t-test and binary logistic regression. The results
showed that, the participants had a high degree of confidence in the pre-
cautions imposed by the government. The people’s confidence in these
measures slowed the spread of the epidemic and lowered the death rate
in Saudi Arabia. The groups most respectful of these precautions were
females, the elderly and the most educated.

Alumran (2020), evaluated the impact of precautionary and preven-
tive measures to combat the COVID-19 disease in the Kingdom of Saudi
Arabia. The data was collected from the World Health Organization web-
site and other websites such as Worldometer. The expected number of

new infections was calculated by using a mathematical formula to assess

28



the difference between the observed and expected number of new cases,
which indicates the impact of the precautionary measures approved by
Saudi Arabia to combat COVID-19 disease. It was shown that the pre-
cautionary measures adopted by Saudi Arabia were effective and greatly
affected the reduction of new cases. Thus, the number of deaths de-
creased than the expected number.

Jentsch et al. (2021) developed a socio-epidemiological model as-
sociated with the transmission of COVID-19, where they compared the
expected deaths from COVID-19 under different strategies for prioritiz-
ing a COVID-19 vaccine. Moreover, they modelled how the population
responds to preventive measures with closing and reopening schools and
workplaces according to the number of informed disease cases.

Okuonghe and Omame (2020) tested the effect of precautionary mea-
sures on combating COVID-19 in Lagos State, Nigeria, where, they used
a mathematical model with the available data. Moreover, they developed
a predictive tool for the cumulative number of informed and active cases
and estimated the baseline reproduction number for disease prevalence
in this state. Then, using numerical simulation, the researchers demon-
strated the effect of precautionary measures such as social distancing,
wearing face masks, detection of infected cases by contact tracing and
subsequent testing on the spread of COVID- 19. Their results showed
that, when least 55% of the residents of Lagos State comply with the
rules of social distancing and wear face masks, the disease will end. Like-
wise, if they can increase the detection of infected cases among people
who show symptoms, this will reduce the spread of the epidemic among
people.

A proposed mathematical model to study the impact of preventive

measures in Wuhan, China, to limit COVID-19 disease is conducted by
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Lin et al. (2020). This model included an individual’s behavior with gov-
ernment measures and used estimates of the 1918 avian influenza pan-
demic in London, UK. Also, they included zoonotic introductions and
migration and calculated future trends and cases. They found that this
model has succeeded in shedding light on understanding the epidemio-
logical trends of COVID-19 in China.

Yang and Wang (2020) proposed a mathematical model to investigate
the spread of COVID-19 in Wuhan, China. In the dynamics of infection,
their model specified several transmission channels. In addition, their
model emphasized the role of the environmental reservoir in the trans-
mission of this disease. Their analytical and numerical results indicated
that COVID-19 infection would remain endemic, requiring preventive
programs and preventative measures to halt the spread of the disease.

In Morocco, Serhani and Labbardi (2021) proposed a modified math-
ematical model of COVID-19 transmission, where it considered asymp-
tomatic people and preventive measures such as hospital isolation for in-
fected people, quarantine of people who have contacted them, and home
containment of all residents to restrict movement. They established a re-
lationship between the control coefficients for different values with the
basic reproduction number. The disease-free equilibrium point is related
to the condition connecting these two values. They found that the lack of
respect for confinement leads to several setbacks in developing the epi-
demic and that home containment if strictly applied, plays a crucial role
in containing the disease and controlling it.

Zeb et al. (2020) developed a mathematical model to present the
dynamic behavior of COVID-19 infection by integrating the quarantine
category. The main task of this model is estimating the spread of the

COVID-19 epidemic in the future. The suggested model is solved by

30



using the nonstandard finite difference scheme and Runge-Kutta fourth-
order method. As a result, researchers have concluded that the main rea-
son for the spread of the COVID-19 disease is the direct contact between
people, so isolating the infected can reduce the spread of the epidemic in
the future.

The possibility of transmission of the epidemic between individuals
18 discussed in a segmented model introduced by Ndairou et al. (2020) of
COVID-19, where they studied the local stability of disease-free equilib-
rium. The numerical simulations showed the suitability of the proposed
model for the outbreak of COVID-19 that occurred in Wuhan, China,
as their results were adapted to accurate data and reflected reality in the
city. Moreover, it is shown that this model may be used to study the re-
ality of attempts made by countries where the spread of the epidemic is
increasing.

Zhao and Chen (2020) proposed a SU QC model, which is Suscepti-
ble, Un-quarantined infected, Quarantined infected, Confirmed infected,
to describe the dynamics of COVID-19 disease and the applied precau-
tionary measures in China. They showed that, the basic reproduction
number is less than 1, which means that the preventive measures imposed
by the Chinese government effectively limit the spread of the epidemic.
Therefore, they suggested maintaining these strict quarantine and mon-
itoring measures. Also, this model can be helpful to provide sufficient
evidence of the outbreak in other countries such as South Korea, Italy
and Japan.

Chen et al. (2020) developed a Bats-Hosts-Reservoir-People trans-
mission network model to calculate the transmissibility of the COVID-19
virus in China, where the transmission of the virus from the main source

of infection, which may be bats to human infection. They calculated the
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basic reproduction number using the next-generation matrix. The results
showed that, the transmissibility of the COVID-19 virus is higher than
Middle East respiratory syndrome in the Republic (MERS-CoV) in the
Middle East countries but less than MERS-CoV in the Republic of Korea.

Kouidere et al. (2020) proposed mathematical modeling (SIWICHR)
of the transmission of the COVID-19 virus by using six compartments
of susceptible persons, infected persons without symptoms, infected per-
sons with symptoms, infected persons in critical cases, those subject to
quarantine and health monitoring, in addition to those recovering from
the disease. The researchers suggested an optimal strategy with practi-
cal measures to limit the spread of the virus by conducting awareness
campaigns for citizens, diagnosing and quarantining the infected, and
monitoring airports.

A study is introduced by Sameni (2020) to study the patterns of
spread of the COVID-19 disease from the perspective of mathematical
modeling. The researcher used an extension of the SEIR model. This
model depended on the average behavior of the population, better to un-
derstand the importance of mathematical modeling of epidemics. This
model displayed the impact of social distancing, regional closures, and
public health vigilance on the model’s parameters, affecting mortality
rates and active pollutant cases over time.

An expanded model of SEIR in Saudi Arabia is introduced by Ghos-
tine et al. (2021), where the vaccination compartment is added to the
SEIR model for simulating the spread of COVID-19 inside the kingdom.
They performed a mathematical analysis to clarify the negativity, limita-
tions, epidemiological equilibrium, existence and uniqueness of endemic
equilibrium, and the basic reproductive number is calculated for the sug-

gested model. The numerical results showed the ability of the proposed
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model to achieve an accurate prediction of the evolution of the epidemic
on time scales of up to two weeks. Moreover, it is shown that the intensi-
fication of the vaccination campaign significantly reduces the number of
confirmed cases and deaths.

In Jakarta, Aldila et al. (2021) suggested a mathematical model to
predict the spread of COVID-19, where they considered undetected cases,
asymptomatic cases, and several non-pharmaceutical interventions. From
sensitivity analysis, it is found that rapid testing has a significant role in
detecting cases and thus reducing the basic reproduction number instead
of contact tracing. In addition, the vaccination strategy also plays an es-
sential role in easing the rules of social distancing. The basic reproduc-
tion number can be maintained as low as possible through vaccination,
and the disease is eliminated from the population who have a higher vac-
cination.

In India, Shaikh et al.(2020) proposed a mathematical model, Bats-
Hosts-Reservoir-People, for the spread of the COVID-19 disease, to sim-
ulate a potential transition while considering individual social response
and control measures by the government. The Picard approximation
technique and Banach’s fixed point theorem are used to check the exis-
tence and stability criteria of the model. They proved that, in the absence
of vaccination, complete closure and physical distancing effectively mea-
sure the control of the spread of the COVID-19 disease.

Also, there are some studies that are focused on finding the basic
reproduction number. For example, Al-Raeei paper (Al-Raeei, 2021) es-
timated the basic reproduction number for the Middle East region. The
researcher used the Runge—Kutta method on the SEIR model and used
the data recorded for the disease in two stages. The exposure, infection,

recovery, and death rates due to COVID-19 are estimated for the Middle

33



Eastern countries, including Bahrain. The results showed that, the basic
reproduction number of COVID-19 in the Middle East countries starts
from 1.5583 to 3.0395 in the first stage and from 1.0001 to 4.5757 in the
last stage. Based on the values of basic reproduction numbers, it is shown
that, is worse in Lebanon and Syria compared to the rest of the Middle
East countries in the last stage.

Even though there is an excellent level of uncertainty in epidemio-
logical models, they are practical tools in public health management pro-
grams. The work of Anirudh (2020) described the results and challenges
of mathematical models such as SIR, SEIR, SIERU, SIRD, SLIAR, ARIMA,
SIDARTHE, and others used in predicting and containing the spread of
COVID-19 disease. The results showed that, many countries succeeded
with the help of these models in planning and mobilizing enormous re-
sources at an early stage and the ability to combat the epidemic by im-

plementing containment policies and measures.

2.7 Mathematical Models Based on Game Theory

Some models that used the game theory approach, a branch of applied
mathematics used to analyse situations that require decisions by the par-
ties, called players are listed in this section. It is also suitable for model-
ing the decision-making process of individuals with many choices, such
as applying social distancing or taking a vaccination (Chang, Piraveenan,
Pattison, & Prokopenko, 2019).

For example, Timothy C. Reluga (2010) used the differential game
model to determine the best methods of social distancing and protection
behaviors preferred by individuals during the epidemic. The researcher

also used numerical methods to calculate the total costs of an epidemic as
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a function of the time of mass vaccination. The results showed that social
distancing is the most preferred behavior for individuals when the basic
reproduction number is around 2. However, optimal social distancing
does not recover more than 30% of the infection cost without immuniza-
tion.

Kabir et al. (2020) combined partial epidemiological models with
behavioral dynamics using game theory. The players in the game were
individuals exposed to the virus and must choose whether to stay at home
or not, to stop the spread of the epidemic, even though staying at home
will cost them economically. When selecting a stay-at-home strategy or
not, the payoff depends on balancing the perceived gain of complying
versus the risk of non-compliance. Also, they expanded the SEIR model
by adding the quarantine and hospitalized compartment. They showed
that compliance with economic shutdowns could reduce over time as in-
dividuals balance the risk of infection against the certainty of the financial
cost while staying home. Also, they showed that the shield’s Immunity
takes place in the population more efficiently when the closing costs are
low for the individuals.

Jinyu Wei et al. (2020) analysed an evolutionary game model for
the actions taken by the government and individuals in the early days of
the epidemic and combined it with interaction strategies in the natural
transmission mechanism epidemic model. They used SPSS to perform
logistic curve fitting and obtained transmission frequency equations for
cumulative confirmed cases under different scenarios. Their results stated
that the strategy adopted by the government to control the epidemic is
effective. Furthermore, they analysed the government measures taken by
the government, judged each measure’s effect on the frequency variable,

and got its impact on the spread of the epidemic.
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Choi and Shim (2020) developed a theoretical epidemiological model
for the game that considers vaccination and social distancing as neces-
sary strategies to prevent the spread of the epidemic. This model studied
three scenarios: the presence of vaccination without applying social dis-
tancing, the presence of social distancing in the absence of vaccination,
and their presence together. They determined the best strategy based on
Nash’s strategy in each of the three scenarios. Furthermore, the relative
costs of vaccination versus social distancing.

Bairagi et al. (2020) formulated an optimization problem that ac-
commodated individuals® social distancing features and resolved it by
implementing a non-cooperative game that provides an incentive for in-
dividuals applying social distancing to avoid the spread of COVID-19.
With the help of the proposed game-theoretical payoff to preserve so-
cial distancing with a Nash equilibrium, they explained the sustainability
of the lockdown policy and the proposed approach’s effectiveness in ap-
plying the desired social distancing to prevent the spread of COVID-19.
Their results showed that, individual motivation increased by more than
85%, with home isolation rising 75% for all scenarios. Moreover, as the
number of individuals increases, there is also an increase in home isola-
tion as motivation decreases.

Considering social distancing as a social dilemma that each individ-
ual plays against their people, Zhijun Wu (2021) provided a theoretical
basis for understanding the nature of social distancing in his suggested
proposal. From this perspective, where it is shown that each individual,
as a player in this game, must either apply social distancing to protect
himself from disease risks or not access the necessary social activities.
Players’ decisions depend on the actions of the rest of the population and

vice versa. Reaching a balance is the best strategy for social distancing.
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The paper explained how to determine the optimal strategy for the people
with social activities linked to the other population. It also clarified how
social distancing behaviors could be simulated as a distance in the game.
The group simulation results show that if each individual made rational
spacing decisions, the individual actions converged with the optimal dis-
tance strategy in silico and perhaps also in nature.

Martcheva et al. (2021) proposed a game-theoretical model for study-
ing human behavior associated with the disease. Their game assumed
two strategies: the first, to strictly enforce social distancing and the sec-
ond, not to implement it strictly. Their results were as follows: If the cost
of strict social distancing is less than the cost of following health stan-
dards, the epidemic can be eliminated by applying strict social distancing.
But if this cost is greater than the cost of following health standards, then
eliminating the epidemic through social distancing will be impossible,
and the disease will persist at a certain level. In addition to their results,
they found that the spread of the epidemic decreases as more residents

apply social distancing.

2.8 Chapter Summary

This chapter may be summarized as:

* The effects of the COVID-19 pandemic on achieving the SDGs
that the world’s countries have come a long way to achieve are
reviewed. As well as that, how COVID-19 affects SDG3 progress

is explained.

* From the perspective of these effects on the health side, countries’

efforts, including Bahrain, to combat the epidemic are presented.
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The studies reviewed in this chapter showed that the COVID-19
pandemic has negatively affected social, economic, environmental
and health aspects. On the other hand, other studies have con-
firmed that these goals have a key role in mitigating the effects
of COVID-19 and potential epidemics in the future. Furthermore,
other studies concluded that this pandemic provided opportunities
for sustainable transformation through planning, action and recov-
ery in various fields. However, reaching the pre-COVID-19 state,
as some studies have found, takes a long time, and they expect that

achieving the SDGs will take a long time.

Mathematical modeling is used to predict disease progression and
spread and helps to identify effective strategies for controlling in-
fectious diseases and mitigating their potential effects. By review-
ing the mathematical models, it was found that most studies used a
compartmental model such as the SIR model or an expanded model
by adding more compartments to their models. For example, some
researchers added the exposed E, vaccination V, un-quarantined U,
or quarantine Q compartments in their models to study the impor-
tance of government preventive measures, such as applying social
distancing or vaccination in preventing the spread of disease. The
mathematical models successfully demonstrated the importance of
precautionary measures in combating the epidemic. The model
showed that the main cause of the spread of COVID-19 disease is
direct contact, so isolating the infected person reduces the spread
of the disease. However, other results indicated that the COVID-19
pandemic would remain epidemic, which requires more precau-

tionary measures. Other researchers, by using the mathematical
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model, also found that the COVID-19 virus is more transmissible
than MERS in Middle Eastern countries. Different results showed
that these mathematical models have helped many countries plan
and mobilize enormous resources to combat COVID-19 by imple-

menting containment policies and measures.

The view of the game theory had a prominent role in proving the
importance of precautionary measures in combating the COVID-
19 pandemic. They showed by the game theory that, compliance
with lockdowns can decline over time as people balance the risk
of contracting COVID-19 with the financial cost of staying home.
They also proved that the most applied measure among individu-
als is the application of social distancing. Also, through game the-
ory, other researchers determined the best strategy based on Nash’s
strategy regarding vaccination and social distancing. Using game
theory, researchers also found that choosing strict social distancing
depends on its cost versus following health standards. Therefore,
the epidemic can be eliminated by strict social distancing if its cost
is less than the cost of following health standards. They also found
that the spread of the epidemic is reduced by applying social dis-

tancing by many people.

One of the results of studies conducted in Bahrain was that the
precautionary measures applied had an effective role in limiting
the spread of the epidemic by between 20.2% and 41.8%. Another
study conducted in Bahrain showed that infection rates among those
coming to Bahrain are low during quarantine, while infection rates
rise after exiting from quarantine. Another study investigated the

effectiveness of vaccinations adopted by Bahrain. Also, a model
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assumed the natural pattern of COVID-19 spread in Bahrain, Saudi
Arabia and Egypt, indicated that the number of infections will de-

crease in the tenth week from the beginning of the pandemic.

As part of Bahrain’s efforts to combat COVID-19 disease, mathematical
models are proposed to show the dynamics of the epidemic and help show
the most effective precautionary measures in preventing the epidemic in
Bahrain. It is benefited from the method used in previous studies to pro-
pose mathematical models and calculate the basic reproduction number

based on Bahrain statistics.
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Chapter 3
Methodology

3.1 Introduction

The methodologies, the suggested mathematical models, and the data
collection methods are introduced in this chapter. In Sec.(3.2), the pre-
cautionary measures during the COVID-19 pandemic in the Kingdom of
Bahrain are presented. Then a mathematical model, that may be used
to describe the behavior of COVID-19 pandemic is discussed. A modi-
fied version of this model with vaccination and social distance factors is
considered. Finally, the modified model is discussed on the context of a
game theory. In Sec.(3.3), the tools used to perform the calculations are
reviewed. Finally, the collection of the used data of this study is shown

in Sec.(3.4).

3.2 Methodologies

The methods that have used to achieve the research’s main goals are de-

scribed in this section, where different methods have been used.

3.2.1 The precautionary measures and the COVID-19 pan-

demic in Bahrain

In this subsection, the confirmed infected individuals’ number 1S com-
pared to the expected infected individuals’ number when the precau-

tionary measure was continued, where the average rate of decrease or
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increase is depicted. First, the preventive measures taken by Bahrain
between February 24, 2020, and September 18, 2020, and from J anuary
31,2021 to February 4, 2022 are reviewed and collected as stated in Table
(4.1) and Table (4.3) respectively. The periods are split into five stages
based on the preventive measures taken throughout each period, as seen
in Tables (4.2) and (4.4). Then, the observed number of infected cases
are plotted for each period, where their best-fit lines are obtained by us-
ing Microsoft Excel. The parameters x and y refer to the number of days
and the number of infected cases, respectively. The polynomial functions
which describe the best-fit lines using the polynomial approximation are
obtained. The expected number of the infected cases is estimated by
using the derived polynomial functions. Finally, the average % rate of
decrease or increase between the confirmed cases of a certain period and
the projected number of infected cases of its previous period is calculated

by using the formula:

1 0;,—E
Average% rate = —Z( -
ni Ei

x 100%), (3.1)

where O; is the confirmed number of cases on the day i, E; is the projected
number of cases on day i and #n is the number of days. The summary of
method applied to find the effect of precautionary measures in combating

the COVID-19 pandemic in Bahrain is given in Fig. (3.1)
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Figure 3.1: A summary of the method applied to determine the impact of precautionary

measures on the COVID-19 pandemic in Bahrain.

In the next subsections, the proposed SUQCR model, and the SVEU QOCHR

model for the COVID-19 epidemic in Bahrain are introduced. In ad-

dition, the basic reproduction numbers in both models are calculated.

Furthermore, the precautionary measures and their impact on combating

COVID-19 in Bahrain are included (AlSayegh & Igbal, 2021).

3.2.2 The SUQCR Model for COVID-19 in Bahrain

The SUQCR model for disease development in Bahrain is a time-dependent

Susceptible, Un-quarantined infected, Quarantined infected, Confirmed

infected, and Recovered transmission model, which is a modified ver-

sion of the Zhao and Chen (2020) SUQC model. Due to the importance

of understanding the impact of COVID-19 immunization and natural im-

munity, the recovered number referred to as R is included in the model.

The influence of patients’ disease histories A and the effect of early de-

tection of COVID-19 by the random test § on the recovered numbers are
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investigated in this model. Also, the death rate u in all compartments of
the model is included. In addition, the impact of quarantine procedures
on disease propagation is explicitly depicted in the SU QC model. The
SUQCR model, on the other hand, shows how un-quarantine and quar-
antine procedures affect disease progression in Bahrain. Furthermore,
in greater detail, it reveals the influence of random testing and contact
tracing of COVID-19 patients on detecting infected cases.

The SUQCR model contains five variables and several parameters.
The variables of the SUQCR model are: Susceptible § = $(¢), individ-
uals susceptible to disease without disease resistance at time . Un-
quarantined infected U = U (¢), infected individuals without symptoms at
time ¢. Quarantined infected Q = Q(z), people in contact with Corona pa-
tients whether they show symptoms or not at time ¢. Confirmed infected
C = C(t), the number of actual infected cases at time ¢. Recovered R —
R(t), the number of individuals who survive the infection and who have
developed a natural immunity to the virus at time ¢ (Ivorra et al., 2020).
And the total population N = N(r) = S(t) + U (r) + Q(¢) + C(t)+R(z) is
non-negative for all # > 0. The SUQCR model is presented in Fig. (3.2).
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Figure 3.2: The SUQCR model diagram of COVID-19 in Bahrain,

The SUQCR model of COVID-19 in Bahrain may be presented by

the following system of differential equations,

B — w1 - usi0) - al%w) 5(89@
dzt(") S((t))U(t) (W+8+0+n)U(r),

200 _ a;((gQ(t) ~ (n+B)Q(1) +nU (1),
d(;_ft):(6+o)U(t)+BQ(t)—(uH_l)CU)v

d’;(t) (T—A)C(r) — uR(z), G2

S(1)

where NG gives the probability that the contact is made with a suscep-
tible individual. Also, a is the influential contacts average number pro-
duced by each infectious individual (M. Y. Li, 2018). In the SUQCR
model, it is assumed that y=6+o6+nande=7—A , and consequently

the system (3.2) reduces to be,
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B _ v - uso) - ]i((t))U(t)—af%Q(t),

T =)~ (w+9u)

d?iz(t) S((t)) Q1) — (r+B)2() +nU (),

dfif” =(r=mU@)+BOt) - (u+€)C(2),

RO _ ecte) - ure), .

where N(z) is a constant, namely n = y. The model limitation will be
the positive values for S,U,Q,C, and R, with a birth rate and death rate
equal, ensuring a constant population size. The parameters used in the
system (3.3) are presented in Table (3.1).
et S(t) u@) o)
Sitting s(¢) = ==, u(t) = M) q(t) = M) c(t) = t), and r(t) =

ﬁg % then the system (3 3) reduces to its normalized form as,

P — 1= ste) — as(e)u) — as()g).

d‘(‘lg’) = as(t)u(t) — (1 +7)u(?),

dgl_gﬂ = as(t)q(t) — (1 + B)q(0) + nu(®),

) (= mute) + Ba(t) (e + £)clr),

T  ee(t) - urt) (3.4)

Now, let us consider that, the initial conditions of the system (3.4)
are: 5(0) =50 >0, u(0) =up >0, g(0) = go >0, c(0)=¢p >0, r(0) =
ro = 0, then all the solutions s(¢), u(z), q(t), c(t), r(¢) are non-negative.

In an explicit form,

ds(t)ls_o_“ >0, dl;gt)lu=0:0’ di]ig)|q0 nu(t) >0,
it o= - mu) +840 20, )y — e >0.5)
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Table 3.1: The SUQCR model Parameters of COVID-19 in Bahrain.

Parameters Description Units
a Infection rate Day~!
N Total population Day
n Birth rate Per 1000 people
7} Death rate Per 1000 people
Y Non-isolated infected people rate Day~!
o Random tests rate Day !
o COVID-19 symptoms appearing rate Day~!
B Exit tests rate Day~!
€ Recovery rate Day~!
n Contact tracing rate Day~!
T Immunization including the natural Day~!
and through vaccination rate
A Medical history rate Day~!

3.2.2.1 Equilibrium points, Local Stability and the basic re-

production number R,

The stability of the system (3.4) and the existence of a single non-negative
equilibrium depends on the basic reproduction number Ry — which is de-
termined by the next-generation matrix method (Van den Driessche, P, &
Watmough, 2002) — on the free equilibrium point Fy. Thus, if Ry > 1, the
system (3.4) is unstable and the pandemic continue spread occurs; and if
Ry < 1, the system (3.4) exhibits asymptotically high stability, and the
disease disappears (Serhani & Labbardi, 2021). The disease-free equi-

librium point of system (3.4) is the point at which there is no disease in
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the population is found as

(10,0,0,0) . (3.6)
u

The positive disease-free equilibrium point for all the equilibrium points
U = Q = C =0 for the system (3.4) is s(¢t) = 1. Thus, the disease-free
equilibrium point is Py = (1,0,0,0,0).

To give a clear definition of the basic reproduction number Ry and
the next-generation matrix approach, suppose X and Y are the vectors
of infected and uninfected classes, respectively. Suppose f(X;Y) be the
vector of new infection rates which flows from Y to X , and v(X;Y) be
the other rates which are not new infections. In v, the inflow is neg-
ative, and the outflow is positive for each compartment. Assume that
the matrix G, which connects the number of newly infected individuals
of the distinct groups with subsequent generations (Diekmann, Heester-
beek, & Roberts, 2010) is defined by G = FV~!where F = [%} (Poand

V= [%} e Van den Driessche (2002) defined the reproduction number
0

Ry as the dominant eigenvalue of the generation matrix G = FV ! 1.e,
Ry = p(FV~!) where p(G) is the spectra radius of the generation ma-
trix G. Now, the details to calculate the reproduction number Rp of the
SU QCR model for COVID-19 in Bahrain as follow:

The vectors f and v can be written as,

f=(as(t)u(t) +as(t)q(t)), (3.7)
pu(t) + yu(r)
V= pq(t) +Bq(t) +nu(r)

—(Y=m)u(t) +pc(t) - Bg(r) + ec(r)
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At the equilibrium point Py = (1,0,0,0,0) one obtains

aal ’- H+Yy 0 0
F=|o0o0o0/|, v= n u+B 0 |. (38
000 | —(r=m) B u+te |

The inverse matrix of V is given by,

1
vol= v (eif)", (3.9)

where, [V| = (4 +7)(1 +B)(1 +¢) , and

(M+B)u+e) —n(u+e) —Bn+(y—n)(u+p)
Cij = 0 (L+7)(u+e) Bu+y) ,  (3.10)
0 0 (L+B)p+7y)
The matrix G may be written as,

r -

—na
uiy+(u+y)(u+ﬁ) uj-ﬁ 0

G= 0 0 0}, (3.11)
0 0 OJ

and consequently, Ry of system (3.4) will be,

_ a(u+p-n)
R = T rormwip) G12)

Theorem 1 System (3.4) is locally stable related to the disease-free equi-

librium point By if Ro < 1 and unstable if Ry > 1.

Proof. To prove this theorem, all the eigenvalues of the Jacobian matrix
of the system (3.4) are verified as negative when Ry < 1, which means
that the system is stable at Py = (1,0,0,0,0). However, if at least one
eigenvalue is non-negative at Ry > 1, then the system 1s unstable at P.

The Jacobian matrix J of the system (3.4) is given by,
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(—,u —au(t) —aq(t) —as(t) —as(t) 0 0
au(t) as(t) — (L+7) 0 0 0
J= aq(t) n as(t) — (u+B) 0 0
0 Y—n B —(u+e) 0

i 0 0 0 € —H|

The eigenvalues of the matrix J at P, are given by,

1 = BEN(Ro—1) (1 +B)+n]
) =

A =—p, :
H+B—n
M:Ju+ﬁﬂw+vﬂﬁr4)+w—ﬁ+nH, (3.13)
H+B—n

da=—(n+e), As=-p.

It is clear that, the eigenvalues A4 < 0, A5 < 0 are always negative.
However, if Ry < 1 then all the eigenvalues are negative, and conse-
quently the disease-free equilibrium point Py is asymptotically stable lo-
calized. Furthermore, P, is asymptotically unstable if Ry > 1, since it has
two roots with positive real parts. Thus, related to the disease-free equi-
librium point, system (3.4) is locally stable at Py if Ry < 1 and unstable
ifRy>1. m

3.2.3 The SVEUQCHR Model for COVID-19 in Bahrain

The SVEUQCHR model for disease development in Bahrain is a time-
dependent Susceptible, Vaccinated, Exposed, Un-quarantined infected,
Quarantined infected, Confirmed infected, Hospitalized infected and Re-
covered transmission model. It is an expanded model of the SU QOCR
model. The diagram of the SVEU QCHR model of COVID-19 in Bahrain
is shown in Fig (3.3), where, Susceptible S = § (t), individuals exposed
to the disease at time ¢. Vaccinated V = V (¢), individuals getting vacci-

nated at time ¢. Exposed E = E(t), individuals in the incubation period
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after being infected with the virus but not displaying symptoms at time
t. Un-quarantined infected U = U(¢), infected asymptomatic individu-
als at time t who were not quarantined. Quarantined infected 0=0(),
infected individuals with or without symptoms at time . Confirmed in-
fected C = C(¢), confirmed infected individuals at time . Hospitalized
infected H = H(t), infected individuals who need hospitalization at time

t. And recovered R = R(¢), individuals who have survived at time z.
E
AP
SN
A0

niN {1-ca X

&
3

N

i -—
&

—_—
{1 -8a

|
7]
3

Figure 3.3: The diagram of the SVEUQCHR Model.

The total population is given by,

N(@E)=S({t)+ V() +E@)+U(t)+ Q@) +C(r) +H(t)+R(), (3.14)

where it is non-negative for all 7 > 0. N ow, the SVEU QCHR model may

be described by the following system of differential equations,
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“’55’ ) Nt = (@) — (1 -1 )a%((%E(f) —yS(o),

dv(t)
d

— =S (1 é)a—%E(z‘) uv(z),
dE (1) S(@) 40)

7 = (l_l)aﬁ ( ) (1 5) N( )E(t)

— UE(t) - Ka%(](t) E ;Q(I)

di]T(’) — m%U( )= (H+Y+n)U(r),
200 _ a%gm ~ (1+B)Q() + U (),
T8 W+ pow) - (u+ o)),
dil'_t(’) = 0C(1) — (u+e)H(r),
T = et () - k) G

Assuming that, N(¢) is a constant, then one can write S(¢) as,

S@)=N-V@)—E@t)-U(t)— Q) — C(t)—H(t)—R(), (3.16)
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and, consequently, system (3.15) can be described by,

POy - - £y )~V ().
B0 1-0a80 £ 1l
- HE() ~ ke SU(0) - kap (),
dlcfit(f) _ Egu(;) —(L+y+mU(r),
dift)—" 8 Q(t) - (L +B)Q(1) +nU (),
di’fl‘) = YU (1) + BO() — (u+ w)C(r),
dl:lr(t) oC(1) — (1 +€)H(r),
’;( ) 47

Table (3.2) describes the parameters and the variables which appear on

the system (3.17),
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Table 3.2: The SEVU QCHR model parameters.

Parameters Description Units
a Infection rate Day !
N Total population Day
n Birth rate Per 1000 people
u Death rate Per 1000 people
Y Non-isolated infected people rate Day ™!
B Exit tests rate Day !
€ Recovery rate Day !
n Contact tracing rate Day~!
l Social distancing rate Day !
v Vaccination rate Day !
0] Hospitalization rate Day~!
é Efficacy of vaccination Per infected people
% Latent period duration Day

To normalize the system (3.17), one sets

v(t)=%$a e(t):%, u(t)——-%, q(t :QV((?T)’
_C(t) _M R(t)

c(t) = NG h(t) = N@) r(t) = NG
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Now, the normalized system is described by,

d‘;g’) = V(1 =v(t) = e(t) —u(t) — q(t) — c(t) — h(z) — r(t))
— (1= &)av(t)e(r) — uy (),

djft’) = (1= v)a(1 = v(t) — e(t) = u(t) — g(t) — c(t) — h(t) — (1) e (z)
+ (1= &)av(t)e(r) - pe(r) — kav(r)e(t)u(t) - kav(t)e(t)q(r),

d;ﬁ” = Kav(t)e(t)u(t) — (1 +y+n)u(r),

WO _ car(tetatt) — (u-+ Ba(o) + nute),

) a0+ Bate) — -+ w)et),

%f) = wc(t) - (1 +€)h(r),

T — entt) - ur(o) (.18)

To solve this system, one considers that, the initial conditions are given

by,

v(0) =vo 2 0; e(0) = e > 0; u(0) =up > 0; g(0) = go > 0; (3.19)
c(0) =co>0; h(0) =h

o
Vv
L
~
~—~

S
N
[
S

V
o]

3.23.1 The Equilibrium point, the Control and Basic Repro-
duction number of the SVEU QCHR model

In this context, it is important to analyse the stability of the dynamics of
the system (3.18). Therefore, the equilibrium point of this system, which
is called the disease-free equilibrium point is evaluated. This point in-
dicates that there is no disease exists in the population. Based on the
next-generation matrix method, the basic reproduction number Ry at the

free equilibrium point P, which determines whether or not there is a
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single non-negative equilibrium and stability (Van den Driessche, P., &
Watmough, 2002) is determined. Moreover, the number Ry may be used
to check the stability of the system (3.18). However, if the basic re-
production number Ry > 1, then the system (3.18) is unstable, resulting
in continued pandemic spread; while, if Ry < 1, the system ( 3.18) is
asymptotically stable and the disease disappears (Serhani & Labbardi,
2021). Thus, the disease-free equilibrium point of the system (3.18) is

given by,
(L,o,o,o,o,o,o> | (3.20)

Y+u

The control reproduction number R, and the basic reproduction num-
ber Ry are calculated for the SVEUQCHR model by using the next-

generation approach. The vectors f and v are given by,

f=(A=1)a(l=v(t) —e(t) —u(t) — q(t) — c(t) = h(t) — r(t))e(r)
+ (1=8)av(t)e(t)),

( e(r) + Kae(t)u(t) + kae()q(r)
s | Trae@ult) + (+y+mu() G2
—Kae(t)q(t) + (u+ B)g(r) — nu(t)

\ ) -Ba)+ (k+ o)) )

S0,
X —(1-1)aelt) —(1-1)ae(t) —(1—1)ae(s)
0 0 0 0
F — ,  (3.22)
0 0 0 0
0 0 0 0o |
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where,

X =(1=1)a(l=v(t) = e(t) — u(t) — q(t) — c(t) — hz) — r(r))

+(1—=1)(t)ae+ (1-&)av(z),

and
K+ Kau(t) + Kaq(t)
—Kau(t
v au(t)
—Kagq(t)
0

Kae(t)
—Kae(t)+uU+7y+7
—n
4

Kae(t)
0
—kae(t)+u+p
—B

0
0
0
pto

At the equilibrium point, ( llf—:l:#’ 0,0,0,0,0, 0), the matrices F and V re-

duce to be,
F(l—z)a(l—w—ﬁu)ﬂl—g)aw—fﬂ 000
0 000
F= ,
0 000
0 00 Oj
F,u 0 0 0
Vo 0 u+y+n 0O 0
0 -n u+p 0 7
_O —7 _ﬁ N‘HOJ
The inverse of the matrix V is given by,
sl r 3.23
—M(cl]) ’ ( . )
where, [V| = p(u+y+1)(1+B)(1 + ®), and
(H+y+n)(n+B)(1+ o) 0 0 0
o 0 Kk +B) (1 +w) Ly(n+ o) 1B +v(n+p))
! 0 0 pu+r+n)(u+o)  plp+y+n)B
0 0 0 (e +v+n)(u+p)
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Now, the generation matrix G can be calculated as,

l_ _ v _ Y |

D(l Na(l—g55)+ (1= 8)agfis 00 0

i 0 000
G=FV . (3.24)

0 000

0 000

Then, the control reproduction number R.(y, 1) of system (3.18) will be

1 — -
(I—va_ (-&lay (3.25)
u 1y +u)
By supposing there are no control measures, i.e. ¥ =0and t =0, then

Re(y,1) =

the basic reproduction number Ry = ﬁ, and dei(;’,’ 1) (av(,:f)l Therefore,

%&’,”l) < 0if 1 < &. This means that, if the vaccination efficacy is more
than the social distancing rate (1 < £ ), then the control reproduction
number R. will decrease. This means that, the R, drops with a social level
in general, but only with vaccination if the vaccine’s efficacy is greater
than the social distance. On the other hand, if the vaccine efficacy is
less than the social distancing rate (1 > &), then R, will increase, and the
epidemic will be uncontrolled.

To achieve the last objective of this research, which is to use the game
theory approach to explain the role of individuals’ decisions when tak-
ing vaccinations against COVID-19 in reducing the number of infections

and critical cases and reducing the number of deaths, the game theory

approach 1s used as shown in the following section.

3.2.4 Game theory approach for vaccination against COVID-

19 in Bahrain

By using the game theory approach, the effect of complete vaccination

and the booster shots compared to non-vaccination on reducing the num-
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ber of infected cases, critical cases, and death cases due to COVID-19 in
Bahrain are examined. The game is divided into three parts (VI,VC,VD),
and in each part, the effect of booster shots by repeating the game (basic
stage) is examined. In both stages, individuals will choose whether to
take the vaccine or not. For choosing the Nash equilibrium point, defined
as the point with the best response (Prisner, 2014), no one can benefit
from individually changing their strategy, the highest value of the first
entry in each column and the highest value of the second entry in each
row (Straffin Jr Ph.D, 1993) are marked. The binary with two marks will

be the Nash equilibrium point.

3.2.4.1 The payoff matrix for vaccination and getting infected
(VD

A payoff matrix is created to compare the rewards of vaccination and in-
fection. This game has two elements in its player strategy set S = (Vy, VI')
where V; is getting vaccinated, and V; is not getting vaccinated. The
probability that has been obtained from the Ministry of Health (MOH)
statistics (MOH, 2021b) is used to find the probability of a vaccinated
and infected person, which is 0.06, while the probability of un-vaccinated
person and getting infected is 0.94. Hence the payoff for V; strategy is
I and the payoff of VI/ strategy is 1. To represent the infection effect
reflected in players’ utilities, a negative sign is used. Therefore, when
the two players select the action, get vaccinated V;, the strategy (V7,V;)
appears, and the payoff for both of them is . But when one player se-
lects the action, not get vaccinated VI/, then there is an opportunity to get
infected and the strategies (V;, V; ) or (VII, Vi) appear so that the payoff ei-

ther (I/, —I) or (—I,I'). However, when the two players select the action,
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not get vaccinated VI/, then the strategy (V;, VI’) appears, and the payoff
for both is —1.

The following is the basic payoff matrix for the first round of vac-
cination and becoming infected V;. The payoff matrix for this game is
given by,

[ Vi A
Vi=|v, (,0) (,-1 |- (3.26)
|V (L) (-1-1) |

However, by using the payoff values from the MOH, one can write (3.26)
as,

!/

Vi v,
VI= |V, (0.94,094) (0.94,-0.06) |. (3.27)
V, (~0.06,0.94) (~0.06,~0.06) |

~

To see the gain or loss of this game, one marks the highest value of
the first entry in each column and the highest value of the second en-
try in each row. According to this method, the Nash equilibrium point
is (0.94,0.94), which is (I',1') if the two players choose to get the vac-
cine, where a low chance of infection is depicted. On the other hand, the
worst choice is (—0.06,—0.06) when the players choose not to be vac-
cinated, and there is a chance to be infected. From this game, it is clear
that the strategy (—1,—I) is not worth playing while the strategy (', 1 Vis
the best to play. The basic stage is repeated, if the players decide to get
the booster shots after completing the COVID-19 doses or not to get the

vaccine. The tree diagram of the repeated stage is shown in Fig. (3.4).
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Player B Vv, (1.88,1.88)

Player A v, <
v, (1.88,0.88)

\

4]
Player B
(0.94,0.94) vV, (0.88,1.88)
VI,‘<
vV, (0.88,0.88)
Vi
Player A V, (1.88,0.88)
4
/ V' (1.88,-0.12)
v,
(0.94,-0.06) V, (0.88,0.88)

v, (0.88,-0.12)

V, (0.88,1.88)

=

/
AR

v, (0.88,0.88)
V;

/ 06,0.94)

!

v
v, (0.88,0.88)
v, (0.88,-0.12)
VI’

vV, (—0.12,0.88)

V, (-0.12,1.88)

/\
)

v, (-0.12,0.88)

(—0.06,—0.06)

/

=

\
]

Vv, (-0.12,-0.12)

Figure 3.4: Tree diagram of the two rounds of the game (Sec.3.2.4.1).
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The payoff biometric of the two rounds is given by,

| (T85,T88) (T8.088) (I85,088) (T85,_0.12)
(0.88,1.88)  (0.88,0.88)  (0.88,0.88)  (0.88,—0.12)

(088,T.83)  (0.88,0.88)  (0.88,0.88)  (0.88,—0.12)

(—0.12,T.88) (-0.12,0.88) (—0.12,0.88) (—0.12,~0.12)

(3.28)

From this payoff matrix, the Nash equilibrium point is (1.88,1.88), where
the same method is used. Therefore, to reduce the chance of infection,
the best choice of players is to get the booster dose. In contrast, the
worst strategy is (—0.12,—0.12) which means that the chance of being
infected is doubled when players decide not to get vaccinated. To find
out the effect of full vaccination and booster shots in reducing critical
cases or deaths due to COVID-19, the same procedure is followed in VC
and VD parts.

3.2.4.2 The payoff matrix of vaccination and being as critical
cases due to COVID-19 (V)

The player strategy set of this game is consisted of two elements S —
(VC,VC'), where V¢ is getting vaccinated and Vé is not getting vacci-
nated. The probability obtained by the Ministry of Health (MOH) statis-
tics (MOH, 2021a) is used to form the payoff for the strategy V¢ as C
and the payoft of the strategy Vé as C. The probability of an infected
person not being in a critical case due to COVID-19, Cis 0.83, and the
probability of an infected person being in a critical case due to COVID-
19, Cis 0.17. The negative sign shows the effect of infection reflected in
players’ utilities. Thus, in this game, if the two players select the action,
get vaccinated Vc, then the strategy (Vc, Vc) appears, and C' is the payoff
for both of them. If one player selects the action, not get vaccinated Vé,

then there is a probability to be in a critical case from COVID-19 and
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the strategy (VC,Vé) or (Vé,Vc) appear, so the payoff is either (C',—C)
or (—C ,C'). However, if the two players select the action, not get vac-
cinated Vé, then the strategy (VCI, Vé) appears, and the payoff for both of
them is —C. The following is a basic payoff matrix for the first round of

vaccination and being in a critical situation due to COVID-19, vV,

/

Ve v,
VC=|ve (C,C) (c,-C) |. (3.29)
| Ve (=C.C) (-¢,-0) |

However, by using the payoff values from the MOH, one can write (3.29)

as,
- -
’

VC= V. (0.83,083) (0.83,-0.17) |. (3.30)
V. (—0.17,0.83) (=0.17,-0.17) |

Following the same method of finding the Nash equilibrium point, it is
found to be (0.83,0.83), which is (C',C) if the two players select to
be vaccinated, the chance of being in a critical case due to COVID-19
is low. The worst option is (—0.17, —0.17) when the players select not
to be vaccinated, there is a probability of being in a critical case from
COVID-19. From this game, the strategy (—C, —C) is not worth playing,
and the strategy (C/,C') is the best to play. The basic stage of this game
is repeated if the players decide to get the booster shots after completing
the COVID-19 doses or not to get the vaccine. The tree diagram of the

repeated stage is shown in Fig (3.5).
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Player B_ V. (1.66,1.66)

Player A Ve <
Ve (1.66,0.66)
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Player B
(0.83,0.83) Ve (0.66,1.66)
Vc'<
Vo' (0.66,0.66)
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Player A Ve (1.66,0.66)
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/ Ve (1.66,-0.34)
Ve
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<
o

/
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7
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/ 1
v
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Figure 3.5: Tree diagram of the two rounds of the game (Sec.3.2.4.2).



The payoff biometric of the two rounds is given by,

(1.66,1.66) (1.66,0.66) (1.66,0.66) (1.66,~0.34)
(0.66,1.66)  (0.66,0.66)  (0.66,0.66)  (0.66,—0.34) (331)
(0.66,1.66)  (0.66,0.66)  (0.66,0.66)  (0.66,—0.34) '

(—0.34,1.66) (—0.34,0.66) (—0.34,0.66) (—0.34,—0.34) |

The same method to find the Nash equilibrium point is followed and it
is found to be (1.66,1.66). So, to reduce the chance of being in critical
cases, the best choice for players is to get the booster dose. In contrast,
the worst strategy is (—0.34, —0.34), which means that the chance of be-

ing in a critical case is doubled when players decide not to get vaccinated.

3.2.4.3 The payoff matrix of vaccination and dying due to
COVID-19 (VD)

The player strategy set of this game is consisted of two elements as
§ = (Vp,Vp), where Vp is getting vaccinated and V} is not getting vacci-
nated. The probability obtained by the Ministry of Health (MOB) statis-
tics, (MOH, 2021a) is used to form the payoff strategy of Vp as D’ and
the payoff strategy of Vj, as D (MOH, 2021d), where DY is the probability
of a person not dying due to COVID-19 is 0.9, and D is the probability
of dying due to COVID-19 is 0.1. Also, as in the previous parts, the
negative sign represents the infection effect reflected in players’ utilities.
If the two players select the action, get vaccinated Vp, then the strategy
(Vp,Vp) appears, and the payoff for both of them is 1. If one player
selects the action, not get vaccinated V), then there is a probability of dy-
ing due to COVID-19 and the strategy (Vp, V},) or (V},, Vp) appear, so the
payoff is either (D', —D) or (—D,D"). However, if the two players select
the action, not get vaccinated Vy, then the strategy (V}),V},) appears, and

the payoff for both of them is —D. Therefore, the basic payoff matrix VD
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of the first round of vaccination and dying due to COVID-19, is given by,

| Vb Vp |
VD= |vp (D,D) (D,-D) |. (3.32)
| Vp (-D,D) (~D,-D) |

However, by using the payoff values from the MOH, one can write (3.32)

as,
| Vb Vp

VD= | Vp (09,09) (0.9,-0.1) |. (3.33)

Vp (=0.1,0.9) (—0.1,—0.1)

If the two players decided to get vaccinated, the Nash equilibrium point
of this game is (0.9,0.9), which is (D', D’). However, the worst option is
(=0.1,—0.1) when the two players select not to get vaccinated; there is
a probability of dying due to COVID-19. It is evident that, the strategy
(=D, —D) is not worth playing, and the optimum approach is (D/,D’).
The basic stage of this game is repeated if the players decide to get the
booster shots after completing the COVID-19 doses or not to get the vac-

cine. The tree diagram of the repeated stage is shown in Fig (3.6).
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Vp (0.8,1.8)
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/ Vp' (0.8,0.8)
Vp
(—0.1,% Vp (~0.2,1.8)
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Vo (=0.2,0.8)

A
i

(-0.1,-0.1)
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(-]
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Figure 3.6: Tree diagram of the two rounds of the game (Sec.3.2.4.3).



The payoff biometric of the two rounds of this game is given by,

(1.8,18) (1.8,0.8) (1.8,0.8) (1.8,—0.2)
(0.8, E) (0.8,0.8) (0.8,0.8) (0.8,—0.2) (334
(0.8,1.8) (0.8,0.8) (0.8,0.8) (0.8,—0.2)

| (=0.2,1.8) (-0.2,0.8) (-0.2,0.8) (-0.2,-0.2) |

The Nash equilibrium point is (1.8, 1.8) from the repeated round gen-
erated matrix. Thus, the best option is if players decide to get the vac-
cine’s booster doses. This is because the booster doses will reduce twice
the chance of dying from COVID-19. On the other hand, the worst strat-
egy at (—0.2, —0.2) means that, there is a chance of dying due to COVID-
19 when they choose not to be vaccinated, and this chance is doubled in

the second round of the game.

3.3 Research tools

To obtain the results, Microsoft Excel 2016 is used to plot graphs, esti-
mate the infected numbers, calculate the % rate of increase and decrease,
and calculate the parameters used in the mathematical models and game
theory approach. Besides, Mathematica Worlform 12.1 is used to solve
the system of differential equations of the SUQCR and SVEUQCHR
models by using the NDSolve’ function and plotting these models by

using the plot function.

3.4 Data collection/procedures

To achieve the first goal, the statistics of COVID-19 are collected from
the website (OWID, 2020), and on a daily basis of implementing precau-
tionary measures from the Bahrain Ministry of Health (MOH) website

68



(Ministry of Health, 2020b) from February 24, 2020, to September 18,
2020, and from January 31, 2021, to February 4, 2022. The data is ar-
ranged in Microsoft Excel and the number of real infected cases in each
period is plotted with the best-fit line of each plot by using the poly-
nomial approximation. The increasing or decreasing rate between the
actual data of each period and the estimated number of infected cases of
the preceding period is calculated.

For the SUQCR model, the model is solved by using the Wolfram
Mathematica 12.1 with code "NDSolve” and the initial conditions S(0) =
1, U(0) =0.5, Q(0) =0.3, C(0) = 0.1 and R(0) = 0.1. Where the data
is taken from the website Our World in Data and the Ministry of Health
(OWID, 2020; Ministry of Health, 2020a) from September 24, 2020, to
December 9, 2020. Some parameters from these data are calculated such
as the rate of recovery € = 0.978, rate of appearing symptoms ¢ = 0.09,
rate of contact tracing 1) = 0.09, rate of random tests & = 0.09 and exit
tests B = 0.09. Besides, the death rate 1 = 0.00000671 per day is from
the website (Macrotrends, 2020) and the rate of infection a = 0.2425 is
from the study (Rahman, Aziz, Khdhr, & Mahmood, 2020).

For the SVEU QCHR model, the values of the required parameters are
collected from different sites, such as the effectiveness of the Sinopharm
vaccine in preventing infection is 73% (IHME, 2021), the daily recovery
rate 18 99.1% of the total cases, the death rate is 0.5% of the total cases,
and hospitalization rate is 0.4% of the total cases (CoronaTracker, 2021).
Besides, the birth rate is 13.163 (Macrotrends, 2020), and the reproduc-
tion number in Bahrain is estimated between 0.55 — 1.3 (Epiforecasts,
2021). Furthermore, the interval between probable latent infection and
emergence was observed to range from 1 to 5 days, with an average of

two days (Liu, Chu, Gong, Su, & Wu, 2020), so k = 0.5.
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For the last objective, the data is obtained from the MOH statistics.
For the first part (V1), the statistics were from January 2021 to May 19,
2021. The percentage of vaccinated individuals with two doses who got
infected is 6%. In contrast, the percentage of individuals who did not get
vaccinated and infected was 94% (MOH, 2021b). For the second part
(VC), according to Bahrain’s Ministry of Health, the overall number of
critical cases reached 326.

On June 1, 2021, with 270 cases not receiving the COVID-19 vaccine
(MOH, 2021a). Besides, for the last part (VD), there were 665 death
instances between January 2021 and May 2021. However, just 10% of
people received vaccinations, while 90% did not. 94 % of those who

have already been vaccinated have a chronic illness (MOH, 2021d).
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Chapter 4
Results and Discussion

4.1 Introduction

In chapter three, the methods were used for drawing results and build-
ing mathematical models to combat COVID-19 in Bahrain have been
derived. This chapter is devoted to introduce and discuss the obtained re-
sults. The outline of this chapter is organized as follows: In Sec.(4.2), the
impact of precautionary measures to combat COVID-19 taken in Bahrain
during the years 2020 and 2021 on the number of infections, is analysed.
The most significant precautionary measures to combat the spread of the
disease based on the SUQCR model for COVID-19 in Bahrain is dis-
cussed in Sec.(4.3). The modification of the SUQCR model is described
in Sec.(4.4), where the vaccination and the social distancing strategies are
considered by using the game theory approach. In Sec.(4.5), the vaccina-
tion strategy is investigated in the context of the game theory approach.

Finally, a summary of this chapter is introduced in Sec.(4.6).
4.2 The precautionary measures and the COVID-19
pandemic in Bahrain

The precautionary measures approved and implemented by Bahrain to
combat COVID-19 during the years 2020 and 2021 are studied. The

following are the obtained results:
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4.2.1 The precautionary measures implemented by Bahrain

in 2020

From the beginning of the pandemic in Bahrain until September 18,
2020, the infected and deaths numbers are expected to increase with-
out precautionary measures. The estimated numbers are given by the

following linear system of equations,

y; = 1.4858x% — 12.116x +2024.6,
Ya = 0.0073x* — 1.1581x +43.106, (4.1)

where y;, and y; represent the infected and the death numbers in this

period, respectively (AlSayegh & Igbal, 2021).

(@) (b)

Infected cases
Death cases

i 50 100 150 20 20 30

Days (Unit: Day from 24/2/2020) Days (Unit: Day from 24/2/2020)
Figure 4.1: Total infected cases of COVID-19, where the black and red curves repre-
sent the observed and estimated number, respectively, from February 24, 2020 (a) the

infected cases and (b) the total death cases.

Fig. (4.1 a) shows the observed cases of COVID-19 in Bahrain, com-
pared to the estimated numbers without implementing protection mea-
sures. Fig. (4.1 b) shows the number of deaths observed in Bahrain
caused by COVID-19, compared to the estimated number without imple-
menting protection measures. There is a significant difference between
the number of detected infections and deaths and the number of esti-

mated cases, except for some periods when the estimated cases are less
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than those detected. The Government Executive Committee in Bahrain
has continued to work hard since the first case of COVID-19 to control
the spread of the virus in Bahrain, and it has taken many precautions, as
shown in Table (4.1). These approaches are based on the World Health
Organization (WHO) recommendations (AlSayegh & Igbal, 2021).

Table 4.1: Precautionary measures applied in Bahrain to combat COVID-19 pandemic

from February 24, 2020, to September 18, 2020.
Date Precautionary measures

February 24, 2020-March 14, 2020

-Applying social distance.
-Quarantine and home isolation for travellers returning home.

-Travel bans to and from Coronavirus affected countries

March 15, 2020-March 24, 2020 | -Reducing the number of upcoming trips.
-Distance working Restriction of restaurants to requests serve only external.

-Closing of all educational institutions, cinemas, salons, and sports centres

March 26,2020 -April 9, 2020

Closing commercial and industrial shops.

March 29, 2020- Farther notice

Random COVID-19 tests.

April 10, 2020- April 23, 2020

Reopening commercial and industrial shops.

April 23, 2020 - Farther notice

Wearing a face mask is mandatory.

April 24, 2020 -May 7, 2020

Closing commercial and industrial shops.

May 8, 2020 - Farther notice

Reopening commercial and industrial shops.

June 3, 2020 - Farther notice

Masks are mandatory, and violators are fined.

August 6, 2020

Reopening gyms, sports halls, swimming pools, and outdoor sports.

September 3, 2020

Dining outdoors in restaurants and cafes.

Table 4.2: Periods of precautionary measures applied in Bahrain in 2020.

Study periods Precautionary measures in 2020 Average % rate of change
of infected cases
Period 1 Social distance 5%
Period 2 Distance working and closing all educational institutions -18.68%
Period 3 Closing commercial and industrial shops 12.14%
Period 4 Reopening commercial and industrial shops 36%
Period 5 Closing commercial and industrial shops 13.4%
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Infected cases

Days (Unit: Day from 24/2/2020)
Figure 4.2: Total number of infected cases, when precautionary measures were taken
from February 24, 2020. The red, black, orange, blue and green curves represent the
total infected cases for periods 1-5 (social distance, distance working and closing all ed-
ucational institutions, closing commercial and industrial shops, reopening commercial

and industrial shops, closing commercial and industrial shops), respectively.

Fig (4.2) represents the total number of the infected cases during ap-
plying precautionary measures. Data is broken down into five categories:
social distance, distance work, closing schools, closing shops that sell
goods directly to the public for two weeks, reopening these shops for an-
other two weeks, and closing them again for two weeks as seen in Table

(4.2).

Fig. (4.3) shows the number of infected and expected cases when ap-
plying precautionary measures compared to the number of infected cases
when applying the new precautionary measures. Fig. (4.3 a) indicates
that social distancing and the travel ban did not significantly reduce the
expected number of infected cases between February 24 and March 13,
2020. In this period, the average % rate of change is increased by 5%
compared with the expected rate of infected cases and the number of in-

fected cases is forecasted by

y = 0.6067x* — 4.3201x 4-26.752. (4.2)

74



Infected cases

Infected cases

Infected cases

__// "—/

Days (Unit: Day from 24/2/2020) Days (Unit: Day from 24/2/2020)
()
. =
s 2
Q
<
k=
Days (Unit: Day from 24/2/2020) Days (Unit: Day from 24/2/2020)

Figure 4.3: Measures taken in Bahrain to reduce the number of infected cases from
February 24, 2020, to May 7, 2020. The black, blue and red curves represent a) period 1
(social distance) and period 2 (distance working and closing all educational institutions)
and the expected infected cases of period 1, respectively. b) periods 1-2 and period 3
(closing commercial and industrial shops) and the expected infected cases of periods
1-2, respectively. c) periods 1-3 and period 4( reopening commercial and industrial
shops) and the expected infected cases of periods 1- 3, respectively. d) periods 1-4 and
period 5 (closing commercial and industrial shops) and the expected infected cases of

periods 1- 4, respectively.

In order to combat COVID-19, the Bahrain National Medical Team is-
sued directives for transitioning into distance work, suspending all stud-
les at educational institutions, closing cinemas and sports centres, and
limiting activity in restaurants to outdoor requests only in the following
ten days (Ministry of Health, 2020b). Accordingly, the average % rate of
changing the infected cases decreased by 18.68% compared to social dis-

tancing and travel bans alone, as seen in Fig. (4.3 a). Fig. (4.3 b) indicates
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that, when shops and industrial stores that provide direct services to indi-
viduals were closed from March 26 to April 9, 2020, the average % rate
of changing the infected numbers increased by 12.4% than the expected
infected numbers when applying the previous precautionary measures.

This behavior may be described by,

y = 0.2858x — 2.3039x + 3.8004. (4.3)

After that, a decision was issued to open shops, which increased the aver-
age % rate of infected cases by 36% compared to the estimated numbers
when applying the previous precautions, as shown in Fig. (4.3 ¢). The

best fit curve for this period is given by,

y = 0.3967x* — 0.7884x + 18.291. (4.4)

As itis presented in Fig. (4.3 d), the average % rate of change of infected
cases rose 13.4% when the shops were closed again two weeks later. The

best fit curve used during this period is given by,

y = 0.8488x% — 20.152x + 151.85. (4.5)

Infected cases

Days (Unit: Day from 24/2/2020)
Figure 4.4: Comparing the number of expected infected cases (red) with the actual

number of infected cases (blue) after the lockdown is implemented.
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Fig. (4.4) shows the number of infected cases when schools, educa-
tional institutions, shops, and sports centres continue to be closed com-
pared to the recorded infected numbers. If the lockdown period contin-
ues, the number of infections will decrease with an average rate of 64%

than the estimated infected cases.

Infected cases

Days (Unit: Day from 24/2/2020)
Figure 4.5: The number of infected cases in Bahrain when face masks are mandatory
versus the number of infected cases when face masks are not mandatory. The blue and
black dash curves represent the infected cases and expected infected cases when face
masks are mandatory, respectively. The red solid and dash curves represent the infected

and expected cases when face masks are not mandatory in Bahrain, respectively.

People in Bahrain have been wearing masks since the outbreak be-
gan, which contributed to the reduction in the number of infections, as
shown in Fig. (4.5). The number of infections predicted when face masks
became mandatory was 14% less than the number predicted before face
masks became mandatory.

Fig. (4.6) shows more than 700 cases after Eid-al-Fitr, and after Ashura,
the highest number of cases was seen on September 16, 2020, when more
than 800 people were infected daily. It also represents that, the estimated
number of infected cases will slowly decrease during March, April, and

May. From this approximation, the epidemic in Bahrain is expected to
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Figure 4.6: The infected cases where the black and dash curves represent the daily

infected and expected cases from February 24, 2020.

end after 403 days from the initial day, which agrees to late March 2021.
The best-fit curve is described by,

y = 0.014x* 4 5.8968x — 110.47. (4.6)

4.2.1.1 Discussion

This section investigates the impact of precautionary measures in Bahrain
to halt the spread of COVID-19 during 2020. The results support the clear
effect of precautionary measures on combating the pandemic.

Bahrain has started applying social distancing as a first measure since
the first case appeared. Unfortunately, this measure increased the ex-
pected number of infected cases by 5% instead of reducing it. However,
a study conducted in Spain between February 24 and April 5, 2020, indi-
cated that physical distancing measures effectively control the spread of
disease (Saez, Tobias, Varga, & Barceld, 2020), especially when applied
correctly and for the right amount of time (Reis et al., 2020; Ambikap-
athy & Krishnamurthy, 2020). Therefore, the Ministry of Health called

for implementing some other measures that help reduce infections, as
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shown in Table (4.1). In the early stages of the pandemic, travellers were
quarantined at shown in Table (4.1) and Fig. (4.3 a), which significantly
limited the spread of the virus, so the number of infections matched the
number expected. According to Mayr et al.(2020), integrating home iso-
lation with other preventive measures had a greater impact than applying
quarantine alone. In addition, Li et al.(2020) argue that, quarantines in
Hubei Province have effectively slowed the spread of COVID-19. As
well, Tang et al.(2020) suggested that quarantine and isolation strategies
should be strengthened further for China to improve COVID-19 detection
rates.

Several precautionary measures have been taken, including closing
educational institutions, applying social distances, reducing upcoming
trips, distance working, closing sports centres and cinemas, restricting
restaurant activities to external requests, and closing salons. As a result
of implementing these measures within 21 days of discovering the first
COVID-19 case in Bahrain, cases dropped by 18%. These results are
consistent with a study conducted by Kim et al. in Korea (2020), which
found that earlier school closures could reduce the number of infected
cases by at least 200. After that, shops offering direct services to resi-
dents should close for two weeks, then reopen for two weeks, and then
close for the next two weeks. Unfortunately, implementing these mea-
sures did not decrease the number of infected cases but instead increased
them by 11.14 %, 36%, and 13.4 %, respectively.

Since March 29, 2020, the number of infected cases has increased
than expected during the first closure period due to random testing (Ministry
of Health, 2020c). Moreover, the number of infections increased during
the second closure period because shops opened between the two closure

periods (see Fig. (4.3 d)). As shown in Fig. (4.3 c), the confirmed cases
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also rise when shops reopen. This increase is due to people not adhering
to preventive measures when leaving their homes, especially since the
holy months of Ramadan and Eid al-Fitr are approaching when people
buy supplies, clothes, and so on. Those reasons, along with the evacua-
tion of stranded individuals in some countries, increased the number of
cases.

Along with the results obtained, a clear decrease in expected infec-
tions can also be seen when closed shops. These results are consistent
with the research that conducted in Italy, which demonstrated the impor-
tance of lockdown in disease control (Chintalapudi, Battineni, & Amenta,
2020). Tobias (2020) and Saez et al.(2020) also analysed trends in con-
firmed COVID-19 cases and deaths in Spain and Italy before and after the
national lockdown, using time-series statistics. Their results show that
COVID-19 infections have decreased significantly after the implementa-
tion of lockdown. Furthermore, lockdowns allow the health system in the
country to increase its capacity to help reduce disease transmission by ap-
proximately 60%, given that it affects asymptomatic patients (Anderson,
Heesterbeek, Klinkenberg, & Hollingsworth, 2020). On the other hand,
Xiao and Torok (2020) suggested that traffic bans and village closures
are of no importance for preventing and controlling COVID-19.

As shown in Fig. (4.5), wearing face masks has led to a significant
decrease in infected cases since June 3, 2020. Similarly, a United States
study suggested that states where masks have been mandated, experi-
enced a considerable reduction in the number of infected cases, reducing
the number of infected cases and infection rates of COVID-19, in con-
trast to cases where mask use was not mandatory (Lyu & Wehby, 2020).
In addition, Barasheed et al. (2016) analysed the effectiveness of wearing

face masks by participating 12,710 samples from more than 50 countries.
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They concluded that, wearing face masks reduces the risk of infection by
20%. Also, South Korea has successfully prevented COVID-19 spread
during the ongoing pandemic by applying comprehensive social distanc-
ing policies, wearing facial masks, and delaying school openings (Choi
& Shim, 2020).

During the year 2020, the application of these precautionary mea-
sures helped decrease the infected number in Bahrain. Therefore, ac-
cording to the reduction in cases, it was assumed that, the epidemic would

disappear in late March 2021 (see Fig. (4.6)) (AlSayegh & Igbal, 2021).

4.2.2 The precautionary measures implemented by Bahrain
in 2021

In 2021, Bahrain continued to implement precautionary measures to com-
bat COVID-19. Despite the emergence of several mutations of the Coro-
navirus during this period, precautionary measures have a prominent
role in combating the disease and limiting its spread. Table (4.3) shows
the most important precautionary measures that were implemented in
Bahrain during 2021. Table (4.4) shows the periods of these measures
from January 31, 2021, to January 13, 2022 (Ministry of Health, 2022).
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Figure 4.7: Measures taken in Bahrain to reduce the number of infected cases from
January 31, 2021, to February 4, 2022. The black, blue and red curves represent a)
period 1 (restricting some precautionary measures and allowing work from home by
70%) and the expected infected cases of period 1 respectively. b) periods 1- 2 (opening
different sectors and updating quarantine procedures and PCR testing) and the expected
infected cases of period 1, respectively. c) periods 1-2 and period 3 (implementation
of the traffic light system for COVID-19 disease) and the expected infected cases of
periods 1-2, respectively. d) periods 1-3 and period 4 (update the procedures for contacts
and quarantine tracking and travellers ) and the expected infected cases of periods 1-3,

respectively.
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Table 4.3: Precautionary measures in Bahrain from January 31, 2021, to January 13,
2022.

Date Precautionary measures

January 31, 2021-February 21,2021 | -Distance learning in educational institutions

-Only allow external services in restaurants and cafes.

February 7, 2021-February 20,2021 | -Allow 70% of employees to work from home.

-Temporary closure of gyms, swimming pools, and indoor exercise classes.

February 21,2021-March 14, 2021 | -70% of government employees may work from home

-Suspension of personal activities in government rehabilitation centres
and training institutes.

-Temporarily limiting outdoor dining services and closing gyms

-Social events or gatherings in private spaces with more than 30 person

March 14, 2021-Farther notice -Reopen of different sectors and internal services in restaurants and gyms

-Resume of learning in educational institutions: in person or at a distance

May 7, 2021- Farther notice Update the arrival procedures for vaccinated passengers, allowing

them to enter Bahrain without the PCR test and self-isolating

May 7, 2021-July 2, 2021 Restrict some activities, such as malls, gyms, salons,family gatherings,

attendance events and conferences

July 2, 2021-Farther notice Adoption of the yellow alert level in COVID-19

August 18, 2021-August 19,2021 | Adoption of the orange alert level in COVID-19

August 20, 2021- Farther notice | Adoption of the yellow alert level in COVID-19

August 29, 2021-Farther notice All arrivals from the red list countries must self-quarantine for 10 days.

October 15, 2021-Farther notice | Update the procedures for contacts and quarantine tracking as follows:
-Green shield holders: not required to be quarantined

-Non-green shield: required to be quarantined for seven days.

January 13, 2022-Farther notice | Update the procedures for active cases, travellers and contacts as follow:
Active cases: -Green shield holders: required to quarantine for seven days
-Non-holders of the green shield: required to be quarantined for ten days
Travellers: -Green shield holders: not required to quarantine.
-Non-holders of the green shield: required to be quarantined for seven
days after undergoing a PCR examination upon arrival

Contact of active cases: -Green shield holder: not required to be quarantined.

-Non-holder of green shield: quarantined for seven days and PCR test

when symptoms appear.

Restricting some precautionary measures and allowing work from
home by 70% between January 31, 2021, and March 14, 2021, helped to
reduce the number of infections. Therefore, the average % rate of change
in this period decreased by 4.06% compared to the previous period if they

continued implementing the precautionary measures followed, as seen in
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Table 4.4: Periods of precautionary measures applied in Bahrain in 2021.

Periods Precautionary measures in 2021 Average % rate of change of

infected cases

Period 1 | Restricting some precautionary measures and allowing -4.06%

work from home by 70% (January 31, 2021 -March 14, 2021)

Period 2 | Opening different sectors and updating quarantine 25.93%
procedures and PCR testing (March 15, 2021 - July 2, 2021)

Period 3 | Implementation of the traffic light system for COVID-19 disease -31.75%
(July 3, 2021-October14,2021)

Period 4 | Update the procedures for contacts and quarantine tracking 53.24%

and travellers (October 15, 2021- February 4, 2022)

Fig. (4.7 a). In this period, Eq. (4.7) is used to estimate the number of

infected cases

y = —2.4508x" + 783.39x + 102334 4.7)

As a result of opening different sectors, updating quarantine procedures,
and PCR testing, the number of infections increased more than expected
when previous precautionary measures were utilized. As a result, the
average % rate of change increased by 25.93% compared to the last pe-
riod, as shown in Fig. (4.7 b). Also, Eq. (4.7) is used to estimate the
infected cases in this period. It was evident that the light signalling sys-
tem in Bahrain was effective in reducing the number of infections caused
by COVID-19, as the average % change decreased by 31.75% in com-
parison to the expected number of infections when continuing previous
measures, as shown in Fig. (4.7 ¢). The infected cases in this period are

estimated by,

y = —2.1962x* +774.79x + 101700. (4.8)

However, it was noted in the fourth period that, updating some proce-
dures to track contacts, quarantine, and travellers had the opposite result.

As a result, the average % rate of change in this period increased by
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53.24% compared to the expected number of cases when the previous
measures were continued, as seen in Fig. (4.7d). In this case, the infected

cases in this period are estimated by,

y = 5.4059x% + 365.44x + 104874. (4.9)

4.2.2.1 Discussion

In 2021, Bahrain continued to implement precautionary measures to com-
bat the virus. All government and private institutions in Bahrain contin-
ued to implement distance learning with limited attendance, including
administrative, educational, and technical bodies. In addition, Bahrain
allowed restaurants and cafes to provide only external services, with a
maximum of 30 reservation personnel. Furthermore, government agen-
cies and institutions allowed 70% of their employees to work remotely. In
addition, gyms, swimming pools, and indoor exercise classes were tem-
porarily closed as well as a temporary suspension of personal activities
in government rehabilitation centres, nurseries, and private training insti-
tutes. According to preliminary precautionary measures, it reduced the
infections by 4.06% compared to expected, as seen in Fig. (4.7 a). These
findings agreed with a study done by Frdinger and Schymik (2020) that
working from home effectively reduces infection.

Another measure that helped control the spread of the virus in Bahrain
during this period was applying the traffic light system, which was based
on the average % of positive cases. If the average % of test-positive cases
1s less than 2% for 14 days, the level is green. If the average % of test-
positive cases is less than 2%-5% for seven days, the level is yellow. The
orange level applies when the average % of test-positive cases is between

5% and less than 8% for four days. While the red level is applied when
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the average % of test-positive cases is 8% or more for three days. Ac-
cording to the average of positive cases since July 7, 2021, the yellow
level was adopted in Bahrain. It effectively reduced infections equiva-
lent to 31.75% of what would be expected if the previous measures were
continued, as seen in Fig. (4.7 ¢).

As shown in Fig. (4.7 b), opening shops in 2021 increased infected
cases. In contrast, reducing procedures, such as quarantine for arrivals
and contacts, and canceling PCR tests for contact individuals, contributed
to higher infection rates, which were 53.24% higher than expected when
previous procedures were followed, as shown in Fig. (4.7 d). Quarantine
has an essential role in reducing infections, as shown in the study con-
ducted by Kucharski et al. (Kucharski et al., 2020). They show in their
research that individuals at risk of recent infection are being quarantined
as one of the non-pharmacological interventions to combat the ongoing

SARS-CoV-2 epidemic.

4.3 The SUQCR Model for COVID-19 in Bahrain

The SUQCR model is solved by using the code "NDSolve” in the Wol-
fram Mathematica 12.1 with the initial conditions S(0) = 1, U(0) =
0.5, 2(0) =0.3, C(0) = 0.1 and R(0) = 0.1 and the plots of the model
are shown in Fig. (4.8- 4.11). In the SUQCR model, different parame-
ters are used, such as the death rate p = 2.450 per 1000 people, which
means U = (0.00000671 per day (Macrotrends, 2020) and the infection
ratc a = 0.2425 (Rahman et al., 2020). Furthermore, some parame-
ters obtained from Bahrain COVID-19 data (OWID, 2020; Ministry of
Health, 2020a) starting from September 24, 2020, to December 9, 2020

such as, the recovery rate € = 0.978, symptoms appearing rate ¢ = 0.09,
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contact tracing rate 11 = 0.09, random tests 6 = 0.09 and exit tests rate
B =0.09 are calculated. According to the SUQCR model and Table (4.5),
the basic reproduction number of Bahrain is Ry < 1. However, Ry will
gradually increase as the contact tracing rate, random test and exit test
rates all fall from 0.09, which is the rate currently calculated for Bahrain
in the period of this study (OWID, 2020; Ministry of Health, 2020a). R
in Bahrain depends on six parameters, the infection rate, the death rate,
the symptoms appearing rate, the random, and exit test rates, in addition

to the contact tracing rate.

Table 4.5: Values of reproduction numbers Ry with different parameters.

a U 5§ o | B | Ro
0.2425 | 0.00000671 | 0.09 | 0.09 | 0.09 | 0.09 | 0.00007
0.2425 | 0.00000671 | 0.09 [0.09 | 03 | 0.6 | 03
0.2425 | 0.00000671 | 0.09 [ 0.09 | 03 | 03 | 06
0.2425 | 0.00000671 | 0.09 | 0.09 | 0.11 | 0.02 1
0.2425 | 0.00000671 | 0.09 | 0.09 | 0.09 [ 0.55 | 1.7
0.2425 | 0.00000671 | 0 [0.09| 0 | © 2.7

In Fig. (4.8), the effect of the random test number is investigated,
where 6 = 0.05 and 1.55 and all the other parameters are fixed. A general
pattern of this behavior indicates that, the individual recovery increases
gradually over time. At a later time, it behaves continuously. However,
the stabilized behavior appears faster at smaller values of 8, as shown in
Fig. (4.8 a- 4.8 b). In a short period of time, the quarantined individual
numbers Q increase gradually to reach their maximum values, which are
predicted at small values of 6. As time goes on, the Q numbers gradu-
ally decrease until they disappear completely, depending on the random

test number 6. With increasing time, the number of un-quarantined U
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Figure 4.8: The susceptible (long blue dash), un-quarantined infected (orange), quaran-
tined infected (black), confirmed infected (red dot-dash) and recovers (small blue dash)
when a = 0.2425, u = 0.00000671,& = 0.978,0 = 0.09,8 = 0.01,17 = 0.09 and (a)
6 =0.05,(bjo =155

decreases gradually, and suddenly at large 6 values. In addition, the

numbers of confirmed infected individuals and susceptible individuals

are expected to decrease abruptly/ gradually at low/ high values of J.
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Figure 4.9: Same as Fig. (4.8) with f = 0.3.

In Fig. (4.9), one increases the exit test rate on the behavior of all
individuals’ number. It is clear that, the behaviors are almost the same as
those shown in Fig. (4.8), that is, all individual numbers decrease except
the recovered number, namely it increases. Besides, for a short time,
the susceptible individual numbers decrease, then it stabilizes at a further
time. The gradual decay of the U,Q,C,S is shown at a small rate of

random test, while their sudden decay is shown at larger values of §.
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Figure 4.10: The susceptible ( long blue dash), un-quarantined infected (orange), quar-
antined infected (black), confirmed infected (green dot dash) and recovers (small blue
dot) when a = 0.2425, u = 0.00000671,& = 0.978,6 = 0.09, 8 = 0.01,8 = 0.05 and
(@n=0,(b)n=0.05.

Fig. (4.10) shows the effect of the contact tracing rate 1 on the behav-
ior of all the individual numbers. Generally, all the individual numbers
predicted a similar behavior to that shown in Fig. (4.8- 4.9), but only the
quarantined infected number Q and the confirmed infected number C in-
crease in a short period of time. As one increases the time, it gradually
decays to its non-vanishing minimum value. However, as one increases 1
(see Fig. (4.10 b)), the upper bounds of the quarantined infected numbers
Q and the confirmed infected number C are greater than that shown in
Fig. (4.10 a). It is clear that, the recovered number R increases gradually

on the expanses of the other decreased individual numbers.
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Figure 4.11: Same as Fig. (4.10), but the exit test rate § = 0.3.
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In Fig. (4.11), the effect of large values of the exit test rate, 8 is dis-
cussed. This behavior indicates that, the recovered individual number R
increases at the expense of decreasing all the remaining individual num-
bers. Fig. (4.11) shows, the upper bounds of the recovered number R that
is displayed at B = 0.3 are larger than those displayed at 8 = 0.01 as
represented in Fig. (4.10). In contrast, at large values of 8, the suscep-
tible individual number § behaves as a constant, while at small values,
it vanishes faster. Fig. (4.8- 4.11) illustrate that, by controlling the ran-
dom test parameter J, the contact tracing rate 7, and the exit test rate j3,
one can increase the recovery individual numbers and decrease the other
individual numbers.

The possibility of increasing the recovered numbers R is discussed
based on the SUQCR model. Fig. (4.12 a) shows the effect of the medi-
cal history rate, A on the behavior of the individual recovered numbers R.
The behavior of R indicates that, as one increases the time, the recovered
rate number increases gradually. Assuming A = 0, namely, the patient
does not have a medical history, the possibility of increasing the recov-
ered numbers is greater than that at A > 0, lies the patient has a medical
history.

The initial immunity of the patient should be investigated in this con-
text, since it may influence the possibility of increasing the number of the
recovered patient. According to Fig. (4.12 b), the recovery rate increases
as immunity increases. Nevertheless, the results indicate that, at small
immunity values, such as T = 0.2, the recovered numbers R cannot be
increased. Furthermore, the large value of immunity increases R slightly.

Fig. (4.12 ¢) shows the impact of ) on the behavior of individual
recovered numbers. Although R increases generally, the predicted num-

bers increase at small values of 7 are greater than that displayed at large
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Figure 4.12: The recovered individuals when a = 0.2425, u = 0.00000671, ¢ = 0.09
a) shows the effect of medical history A with, § = 0.01, T = 0.5, n = 0.5, where the
dash, solid and dot curves are evaluated at A = 0,0.2 and 0.4, respectively, (b) shows
the effect of the immunity 7 with § = 0.01, n = 0.5, A = 0.2, where the dash, solid
and dot curves are evaluated at 7 = 0.2,0.4,2, respectively, (c) shows the effect of the
contact tracing rate n with § = 0.01,A = 0.2 and 7 = 0.5, where the dash, solid and
dot curves are evaluated at 7 = 0.1,0.2 and 0.3, respectively, (d) shows the effect of
exit test rate 8, with 1 = 0.2, 7 = 0.5, 4 = 0.2, where the dash, solid and dot curves are

evaluated at § = 0.01,0.2 and 0.3, respectively.

values of 1. This result is logic, since the greater the 1, the greater the
chances of discovering the infected people and consequently the infected
sample increases.

A major procedure has taken by the Ministry of Health is the exit
tests. Therefore, it is worthy to discuss the impact of 8 on the proposed
model. Fig. (4.12 d) shows how f affects the behavior of recovered num-

bers R. As one increases f3, the recovers R increases. Nevertheless, R
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appears to increase suddenly at large values of 3, while it increases grad-
ually at small values. In addition, the constant values of  are displayed
at large values of R(t), where the large constant values are displayed at

large values of 3.

The Infected Numbers

40 60 80 100

Time (Unit: day)

Figure 4.13: Infected individuals for different reproduction numbers Ry. The dot-dash,

dot, dash and the solid curves are evaluated at Ry = 1.7,1,0.6,0.3, respectively.

In Fig. (4.13), the number of infected individuals in Bahrain is shown
at different values of reproduction number, namely the behavior of the
total sample of U,Q and C. Generally, the infected sample decreases
gradually as time increases. However, by decreasing Ry, the infected
sample decreases rapidly and vanishes completely within a short period
of time. In contrast, when the reproduction number is large, the infected
sample vanishes longer. Due to this, Bahrain’s Ministry of Health has
taken precautionary measures in accordance with the increasing or de-

creasing reproduction number.

4.3.1 Discussion

Based on Bahrain’s daily data, the SUQCR model is developed to analyse
the dynamics of the COVID-19 outbreak, leading to the best preventive
measures to limit its spread. SUQCR model uses five variables and few

parameters represented in Table (3.1). Mathematically, the model is rep-
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resented by a set of differential equations dependent on some parameters,
which play a crucial role in the epidemic dynamics. An equilibrium point
for the mathematical model is determined based on its local stability and
existence. Furthermore, the reproduction number Ry was calculated by
the next-generation approach. The SUQCR model can be used to mea-
sure quarantine-related parameters and variables, conducting random and
exit tests as well as contact tracing to detect confirmed cases.

It appears from the behavior of the individual numbers that, some pa-
rameters play a significant role in controlling the spread of COVID-19
disease in Bahrain. The results are based on COVID-19 data in Bahrain
for the period from September 24 to December 9, 2020. This model
has the greatest priority of reducing the un-quarantined infected individ-
uals, reducing the reproduction number Ry, but increasing the number of
recovery individuals. Among the most important parameters are the ran-
dom test &, the exit test 3, the contact tracing rate N, and the immunity
rate, which includes natural immunity and the vaccine immunity rate T,
and the medical history rate A.

The Bahrain government played a vital role in tracing contacts and
conducting random checks. A targeted and strict random test system was
followed: daily random units visited seven to eight locations, including
health centres and sports clubs. A total of 300-400 tests are conducted
at each site, while 2000-2300 random checks are conducted on a daily
basis (Ministry of Health, 2020c). The results show that, all the individ-
ual numbers decrease over time as the random test parameter increases.
In spite of this, only quarantined infections increase over time when exit
tests are set to a small value. Further, the number of infected individ-
uals who were not quarantined decreased as the rate of random testing

increased. These results are consistent with those obtained by Crook et
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al.(2017) who found that contact tracing may reduce the number of cases
in the event of an epidemic along with other control methods.

The immunity parameter may be used as a control parameter to in-
crease the recovered numbers. This immunity includes the natural im-
munity of individuals or vaccine-mediated immunity. The history of the
individual’s disease also plays an important role in the healing process,
so that the number of people recovering decreases when the individual
has a history of the disease.

Reproduction number is an important tool for disease control, where
disease spreads rapidly and infections increase with an increase in re-
production number. Therefore, reducing it is important. It is possi-
ble to achieve this goal by increasing the number of random tests, exit
tests, and contact tracing. As it is determined from Table (4.5), the re-
production number of the SUQCR model is 0.00007 when a = 0.2425,
1 =0.0000671, o =0.09, 6 =0.09, and n = 0.09, which means that, the
disease will not spread rapidly and will disappear in Bahrain. When the
number of contact tracing, random, and exit tests is reduced compared to
its current level, the reproduction number will gradually increase. The
estimated reproduction number in March 2020 was 3.85 (French Cham-
ber of Commerce and Industry in Bahrain, 2020) and from September to
November 2020, it was between 0.86 to 0.97 (OWID, 2020).

According to SUQCR model, Ry < 1, thus, Bahrain’s government has
effectively controlled the spread of COVID-19 by following precaution-
ary measures, such as increasing random testing to detect un-quarantined
infected individuals and increasing contact tracing and individual immu-
nity. In order to prevent disease spread among people, Bahrain’s govern-
ment imposes a number of restrictions and preventive measures that must

be followed and adhered to by its citizens.
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4.4 The SVEUQCHR Model for COVID-19 in Bahrain

The SVEUQCHR model is summarized to VEUQCHR model as pre-
sented in equation (3.4). Then the VEU QCHR model is solved by us-
ing "NDSolve” code in the Wolfram Mathematica 12.1 with the ini-
tial conditions V(0) = 0.2, E(0) =1, U(0) = 0.3, 0(0) = 0.2, C(0) =
0.1, H(0) = 0.1 and R(0) = 0.1 and the plot of the model is shown
in Fig. (4.14). Also, a lot of parameters are used such as, Sinopharm
vaccine efficacy of preventing infection was 73% (IHME, 2021). The
daily recovery rate was 99.1% of total cases, the death cases rate was
0.5% of total cases and the hospitalization rate was 0.4% of total cases
(CoronaTracker, 2021), the birth rate was 13.163 (Macrotrends, 2020).
The estimated reproduction number in Bahrain was between 0.55-1.3 and
it was found to be 0.99 (Epiforecasts, 2021). The duration of the latent
period is lK, so, the period prior to the latent infection appearing ranged
from 1 to 5 days, with 2 days being the average time frame (Liu et al.,

2020), thus, k =0.5.
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Figure 4.14: The normalized model of SVEUQCHR model of COVID-19 in Bahrain
with a = 0.2425,N = 1701583, u = 0.005, e = 0.978, n = 0.0135, § = 0.05, o = 0.09,
B =0.091n=0.09 o =0004, x =05, y=0.05 w=0.004 and 1. = 0.5 and dif-
ferent £ a) £ = 0.73 b) £ = 0.9. The large blue dashed, orange dashed, green dot
dashed, red, blue dot, black and blue dashed curves represent the vaccinated, exposed,
un-quarantined infected, quarantined infected, confirmed infected, hospitalized and re-

covered, respectively.

Fig. ( 4.14) represents the normalized model of SVEUQCHR model
for COVID-19 in Bahrain with vaccination efficacy rates of 0.73 and 0.9.
It shows that, the behavior of all individuals decreases continuously, ex-
cept for recovering individuals, which increases over time. Even though
the number of those exposed to infection decreases in a short time period,
it increases when the vaccinated people number decreases. Moreover, the
confirmed numbers increase in a short period of time and then begin to
decrease as time goes on. Fig. (4.14 a) and Fig. (4.14 b) illustrate how
vaccination effectiveness affects the behavior of vaccinated and exposed
individuals, where vaccinated individuals number decreases and exposed
number increases with decreasing vaccination effectiveness.

Fig. (4.15) shows the effect of vaccination and social distancing on
confirmed cases in Bahrain. According to Fig. (4.15 a), increasing vacci-
nation rates without social distancing reduces confirmed cases. However,
according to Fig. (4.15 b), the absence of vaccination and increased so-

cial distancing rates have no apparent effect on reducing confirmed cases.

96



B B 06 i

3 3 /7 s )

[ (] ’ i :

E B N

s ) Fo N

Q o ‘[Il_:l: \

£ 20 &

e — 1

= s 03/ N

o) 5 I AN

2 < 02y

(] Q 1

= = ,

0 0 10 140

20 40 60 80 100 120 140 o 2
Time (Unit: day) Time (Unit: day)

0.6;
[

t

The confirmed infected

20 40 60 80 100 120 140
Time (Unit: day)

Figure 4.15: The confirmed infected individuals C of the SVEUQCHR model of
COVID-19 in Bahrain with a = 0.2425,N = 1701583, u = 0.005, € = 0.978, n =
0.0135, 6 =0.05, 0 = 0.09, B =0.09, n = 0.09, ® = 0.004, k = 0.5, ¥ = 0.05 and
& = 0.73 and different y and 1. a) the solid curve represents C when y = 0.1,1 = 0
and the dash curve represents C when y = 0.0001,1 = 0. b) the solid curve represents
C when y = 0,1 = 0.1 and the dash curve represents C when ¥ = 0,1 = 0.9. c) the
solid curve represents C when y = 0.001,1 = 0.1 and the dash curve represents C when

Y =0.01,1=09.

Contrary to this, increasing both vaccination and social distancing rates

will reduce confirmed cases.

4.4.1 Vaccination as an individual strategy

In this subsection, vaccination and social distancing are considered as
the only personal protection against COVID-19. Therefore, first, it is
assumed that vaccination is the only personal protection against COVID-

19, and let 1 = 0 in the system (3.18) to get the following system (Al-
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Sayegh, Igbal, & Metwally, 2022).

d:z(;) = Y(1—v(t) —e(t) —u(r) —q(t) — c(z) — h(z) — r(2))
— (1= &)av(e)e(r) — wr(2),
de(t)

— = a(1=v(t) — e(t) —u(t) = q(¢) = c(t) = h(t) = () e (1)

+ (1=&)av(t)e(t) — pe(r) — kav(t)e(t)u(t) — kav(t)e(t)q(t),

d’;ﬁ’) = kav(t)e(t)u(t) — (1 +y+1)u(t),

dz_@ = Kav(t)e(r)q(t) — (1 + B)q(r) + nu(t),

df;(tﬂ = yu(t) +Bq(t) — (1 + 0)e(z),

ﬁ? = wc(t) — (u+€)h(r),

d;_(tt) = eh(r) — pr(z). o

Let 1 = 0 in the Eq. (3.25), the vaccination control reproduction number

will be,
_ E+M, 4.11)
poop(y+u)

Ey
= Ro(1— —2).
O( v+u

To find the threshold value of the vaccination denoted as y;;, one solves

R:(y)

R:(y) =1 for y. Explicitly one can write Y, as,

L(Ro—1)
Ro(1-8)-1

by assuming that 1 < Ry < 1—1—5 =3.7(& =0.73). Thus, if Ry > ﬁ, then

Yihr = 4.12)

the diseases cannot be controlled solely by vaccination. If the vaccination
rate is lower than the vaccination threshold ( ¥ < y3,), then the disease
remains endemic. Otherwise, it is possible to eradicate the disease. To
find the endemic point, let the L.H.S of the system (4.10) equal to zero
and solve for v,e,u,q,c,h,r (Choi & Shim, 2020).
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0=y(l—v(t)—e(r) —ut) —q(t) —c(t) — h(t) - r(t))

(

0=a(l—v(r)—et) —u(r) —q(t) — c(t) — h(t) — r(r))e(t)
) — ue(t) — xav(t)e(t)u(t) — kav(t)e(t)q(t),

0= Kav(t)e(t)u(t) — (1 +y+m)ul),
0= Kkav(t)e(t)q(t) — (1 +B)q(r) +nu(),
0=7yu(t)+Bq(t) — (1 + @)c(t),
0= wc(t) — (1 +€)h(r),
0=eh(t) —ur(z). (4.13)

Thus, from system (4.13) the endemic point will be,

P{/kl = (V:;,, e:;/au:;/aq*l;ncﬂl;nh;)r*q/)a (414)

where,

) u C b)
v Ka V' yy+n-B)-nB Y

oo brrtn . (Bte)y+n—B) .

* —U(I»H'(D) * * w * * EW *

= Cy, hy=——cy, ry= Cys
WEYGTn—B)-nBY YT pre™ VT uute)v
s Bo—ka—(p+7y+n)

v éRoKa
_ &+ D+ 0)(y=B-r(y+n—B)-np)) .
. E(uy(y+n—B)-nB) v
Ctl,: z,
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and,

Y = (k& (uy(y+n—B)—nB)u(v(v+n—B)—nB))(ERoxy
(ka—p+y+1)—((Ro—Dka—(u+y+n))(xy+(1-§)
(H+7+n)+ux)),

Z=ERoa(u(v(y+1n—B)—nB)((x+1)((1+w)(y+1 - B)

—Nu+0) = (p+o)(¥(ry+n-B)—nB))(xy+(1-¢&)

(M+7+n)+uk)+ k& (uy(r+n-B)—nB)(¥((L+ o)

(y+1—-B)—n(u+o)+u+o)(Y(y+n-B)-np))).

The changing rate of the confirmed infected endpoint cy with respect to

the vaccination rate is written as,

dct, ki 1
174 1 1
= ——— 4.1
dl,U k2 Lz’ ( 5)

where,

Ki=p(y(y+n—B)—Bn)(uy(y+n—-B)—Bn)(kRo&(y—u
+ak+n)—k(=y+ax(Ro—1)—p—n)),

Y(y+n
Ky+(1-§)

Ky = axRo((x + Du(y(v+n —B) — Bn)((—0 — 1)
—B)—Bn)+(0+u)(y+n-B)-n(w+p))
(Y+u+n)+xu)+Ex(uy(y+n—B)—Bn)((
(Mr+n—=B)—Bn)+(w+u)(y+n-B)—n(w+u))y),

(
(

©+u)
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Ly = ((u(y(y+n—=B)—Bn)(u(v(y+n-B)—Bn)(x&u
(r(y+n—-B)—Bmae+p)(¥(y+n—B)—Bn)+(0+u)
(Y+1—B)—n(w+n))+x(x+Du(y(y+n-B)—Bn)
(mo—w)(Y(y+n—B)—Bn)+(0+u)(y+n—-B)
—N(®+ 1)) (KRG (Y — p+ak+n)y — (—y+ax(Ry— 1)
—pm—n)(ky+(1-8)(v+u+n)+xu),

Ly = axRo((x + Dp(y(v+n —B) = Bn)((—o— w)(¥(y+n-B)
—Bn)+(o+p)(v+n-B)—n(o+uw)(xky+(1-8)
(Y+u+n)+xu)+xE(py(y+n-B)—Bn)((0+p)
(r(y+n-B)—Bn)+(0+u)(y+n-B)

—n(o+p)y), (4.16)

dc;‘,,
dy

and by using (4.16), one can show that <0if y < H—Tﬁﬂ'

4.4.1.1 Applying game theory

Here, the vaccination strategy, (V.S), is discussed by using game theory.
This can be achieved by considering two groups: let V be the first group
which represents vaccine recipients and the V' be the second group which
represents vaccine refusals. Let my be the probability of infection be-
tween vaccinated individuals and 7,/ be the probability of infection be-
tween un-vaccinated individuals. 7@y and Ty can be calculated as the
number of susceptible individuals becoming infected over the number of

individuals dying through any unit of time (Bauch & Earn, 2004). Thus
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the probabilities 7ty and 7, are given by,

___(1=8alri+Bay)
YT (=8)alywy, + Baly) 1

a(yuy + Bay)

7, = . 4.17)
V' a(yuwy + Bay) +

Therefore, using the endemic point Py = (v}, Eys Uy, Gy Cyry My, 77y cal-

culated in (4.14), it is found that the probabilities 7y and T, may be

written as,

A 0
iy =—— and m,=—0, (4.18)
yo Ty4

where,

w1 = (1=8)acy((L+ @) (¥(y+n—B)—aBn)),

vy = (1= &)acy((L+@)(Y(y+n—B)—aBn))
+u(v(v+n—-B)—np),

my3 = acy((L+ @) (Y(y+n—B) —aBn)),

v = acy (L + 0)(Y(y+n - B) —aPfn))
+u(Y(y+n-B)—np). (4.19)

Let Ty be the increased risk of infection for un-vaccinated individuals

compared to vaccinated individuals

m

' (4.20)

Ty (Cy) =

where,
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m = —auc,(M+7)(L+o)(B -1 (r+ny—By—anp),

m = (acy (1 +0)(Y(y+n —B)—aBn)) +u(¥(y+n-B)
—nB))((1—&)ac™((u+ o) (¥(y+n—B)—aBn))
+u(Y(y+n-B)—np)). (4.21)

By using the general game-theoretical framework (Bauch & Earn, 2004),

the expected payoff related to each strategy can be defined as:

Ey=-C) —-myC/, E,=-m,C/, (4.22)

where C;f and C;” represent the cost of vaccination and the infection,

respectively. Dividing by Ci"[ , Ev and E,» will be

Ey = —CcY - Ty, EV’ = —7'CV/, (4.23)

cy . ) .. ) )
where CY = ZV is the relative vaccination cost of infection.
C?
1

Let Wpop be the population vaccination rate. To analyse the pre-
dictable payoffs for individuals, if Wp,p > Y, then R.(y) < 1 and the
population will reach a disease-free equilibrium. This means that the
probability of infection between vaccinated and un-vaccinated individu-
als are null (7, = wy = 0) and thus, there is no benefit for individuals
to take the vaccine. If Wy, < Yy, then R (y) > 1 and the epidemic
will reach endemic equilibrium Py,. The expected payoff of changing the

strategies from un-vaccinated to vaccinated is defined as,
AE =Ey —E,, (4.24)
= _C‘V -+ n.VVI (C:;,)

Individuals now will select the vaccination strategy (VS) if AE > 0,

which means that, 7, , - (c’{;,) > CV¥. They will choose the non-vaccination

103



strategy when AE < 0, namely 7;,,(cy,) < C¥. The Nash equilibrium
for vaccination Wy, is defined when the risk of infection and the cost of
infection are equal (AE = 0), i.e. when 7,,/(cy,) = CY. By substituting
the endemic level ¢y, in to equation 7,y (cy,) = C¥, the Nash equilibrium
equation J(y) is obtained given that, J(y) = 0 (Choi & Shim, 2020)

where,

J(y) =C¥((a((u+@)(y(r+n~—B) —aBn))+p(¥(y+n—B)
—Bm)((1=8)((u+ @)(y(v+n—B)—aBn)) +p(r(y
+1—B)—Bn)(kE&(uy(v+n—B)—nB)u(v(r+n
—B)—nB))(ERoky(ka~p+7v+n)—((Ro—1)ka
—(u+y+n)(ky+(1-E)(p+7r+n)+ux))—(ERo
ar*(—pE(M + 1Y) (n+ o) (B—7)(P+ny—By—anB))
((r(y+n—=B)-Bn)((k+1)(n+o)(v+n—-B)—n
M+ o) —(L+o)(Y(y+1-B)—Bn))(ky+(1-§)
(H+7+n)+pK)+ k& (Wy(y+n-B)—nB)((y((u
+0)y(y+1-B) —n(p+ o)+ (u+o)(y(y+n-B)

-nB)))))
0. (4.25)

To analyse the existence of the vaccination Nash equilibrium, the roots
of Eq. (4.25) are defined as W,yo;. By using Mathematica Wolfram 12.1,
it is found that there is one root of J(y) = 0, which is Wy,er — 0.
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Figure 4.16: Vaccination control reproduction number R.(y) as a function of vaccina-

tion rate .

Fig. (4.16) illustrates the behaviour of the vaccination control repro-
duction number when applying only the vaccination strategy. As soon as
the vaccination process is initiated, R(y,?) drops suddenly. Nevertheless,
the vaccination rate increases linearly. In addition, at higher vaccination

levels, the reproduction number disappears completely.

cos

Figure 4.17: The vaccination rate Y, where the solid and dash curves are y,;,,(Ry) and

Wnash (Ro), respectively.

Fig. (4.17 ) represents the equilibrium vaccination Y, in comparison
with predictions based on game theory Wy,g,. At a small reproduction
number, Yy,g, increases slightly and gradually. However, one gets a

linear response as R(V,t) increases. Conversely, Yy, is shown at large
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R(y,t) and increases gradually at R(y,z) < 3, while it increases sud-
denly as R(y,r) increase. From these behaviors, one can conclude that,
Vihr < Wnask for all 0.2 < Rg < 2.3 and Yy, > Wygen for all Ry > 2.3, If
the basic reproduction number is less than 2.3, Bahrain can control the
epidemic by vaccination only with a vaccination efficacy rate of not more

than 0.565. Otherwise, vaccination efficacy needs to be improved.
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Figure 4.18: Vaccination rate y as a function of the relative cost of infection C¥, where

the solid and dash lines represent Y}, and Y, respectively.

Fig. (4.18) shows as the relative vaccination cost of infection in-

creases, the population vaccination rate decreases.

401 o5z

Figure 4.19: Vaccination rate y as a function of the relative vaccination cost of infection

CY. The solid, dash and dot curves are evaluated at Ro = 2.9, 1.3, and 0.5, respectively.
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Fig. (4.19) shows the best population vaccination rate as a function
of the relative vaccination cost of infection with different reproduction
numbers Rg is 0.9,1.3 and 2.9. Generally, vaccination rates decrease
as the relative vaccination cost of infection increases. Nevertheless, the
decreasing rate is dependent on the initial of the reproduction number,
where it decreases gradually at large values of Ry, and consequently dis-

appears at large values of the relative vaccination cost.
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Figure 4.20: Endemic level ¢¥, as a function of vaccination rate .
g v "4

Fig. (4.20) shows a decrease in the endemic level ¢y with the vaccina-

dcy,

dy
— * A

when y =0, and Cy = A—; where,

tion rate Y as < 0. Thus, the endemic level CTV attends its maximum

Ar=—((Ro—D)xa—(u+v+n)((1 =) (u+7y+n)+pK))
(k& (uy(v+n—B)—nB)u(v(y+n-B)-nB)),

Az = ERyka(u(Y(y+n—B) —nB)((k+ 1)((+w)(y+1
—B)—-nu+o)—(p+o)(y(v+n-B)—-nB))(1-§)
(H+7+n)+pK)). (4.26)
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Figure 4.21: The probability of infection in individuals who accept or reject vaccination.
The solid, dot and dash curves represent 7y, v and 7y, respectively, with vaccination

efficacy a) £ =0.73b) £ =0.9.

As shown in Fig. (4.21), the efficacy & significantly impacts the in-
fection probability, 7y (cy,) between individuals accepting vaccinations.

As the endemic level c*&,

increases linearly, the probability of infection
increases. In contrast, nv(cfl,) decreases as one increase &, depend-
ing on the degree of vaccination efficacy. The results are confirmed in
Fig. (4.21), which investigates how the risk of infection varies as a func-
tion of the endemic point c’{l, at several values of . Behaviorally, the

infection risk of vaccinated individuals decreases as £ increases.
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Figure 4.22: The probability of the increased risk of infection for vaccinated/ un-
vaccinated individuals with vaccination efficacy a) & = 0.73 b) & = 0.9. Line(1), when
CY > myy there is no Nash vaccination strategy and in line(2) when C¥ = 7/, then

there is a unique Nash vaccination strategy.
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Based on various values of vaccination efficacy, AE is represented in
Fig. (4.22). Two cases are considered, either C¥ > myy: or CY = myy.
In the first case (line (1)), the expected payoff is AE < 0, meaning fewer
individuals accept vaccination than reject it, and there is, therefore, no
Nash vaccination strategy. In the second case (line (2)), a Nash vaccina-
tion strategy is displayed, where AE = 0, namely, the number of accepted
and rejected vaccine recipients are equal. As vaccination increases, the
upper bounds of 7yy increase, i.e. the probability of infection increases.
Moreover, 7, (c},) increases when 0 < ¢}, < ¢, and reaches its max-
imum when ¢y, = c:max. From Eq. (4.25), one can write vaccination ¥ as
a function of the relative cost CV as,

FE—-AG

V= aku—B+FD’ “4.27)

where,

A=aRo(B - 7)(¥(v+n) - B(y+an))ké(u+ w)*(-~y—n)
(=7 +B(=1+7+n—K)+nK+¥(1-n+x)),
B=aRo(B —7)(y(v+n)— B(y+an))ké(u+0)*E(1+y+1)
k(Y(y+mu—B(n+ryu)),
F==C¥(y(ry+mu—BMm+vu) (=B -1)(r+n)u+aly(y
+1) = B(y+an))(u+ o)) (=B -7)(y+n)u
+(¥(y+n) = B(y+an))(1-§)(u+w)),
D=(—(=v—n+a(-1+Ro)k — p)x+Rox&[y+ N +ak— p)),
G = (kp® — pu(y+n+u)(—1+8&)),
E=—(=y—n+a(-1+Ro)k—p)(kp — (y+n+u)(-14§)).

109



4.4.2 Social distancing as an individual strategy

A study of social distancing is presented in this subsection as the only
method of preventing infectious diseases. The most effective means of
reducing the spread of the epidemic without vaccination is to apply the
social distancing. It is imperative to note that, social distance does not
eliminate the epidemic, but plays an important role in flattening it (Bauch
& Earn, 2004). To analyse the best social distancing at the individual
level, it is assumed that, there is no vaccination i.e (y = 0), and conse-

quently the system (3.18) reduces to be,

de:uﬂ1—ww—eU%—Mw—qﬁf—dﬂ—hﬁy‘dﬂ)
— (1=&)av(t)e(t) —v(r),
d‘;(t’) =a(1—v(t) —e(t) — u(t) — q(t) — c(t) = h(t) — r(t))e(t)
+ (1= E)av(t)e(t) — pe(r) — kav(t)e(t)u(t) — kav(e)e(r)q(r),
d;g” = Kav(t)e(t)u(t) - (u+y+n)u(t),
Q%Q:Km@yama%%u+ﬂM0%HwU%
d;(t’) = yu(t) + Bg(t) — (1 + w)c(t),
%(?Q = wc(t) — (L+e)h(r),
T _ en(r) - ur(e). (4.28)

In this case the social control reproduction number will be,
R:(1) =(1—=1)Rp.

To find the threshold value of the social distance 1, one solves R.(1) =

1 for 1. In an explicit form,

1
b =1 — —.
thr RO
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Figure 4.23: The level of social distancing required to achieve herd immunity 1,5,

Fig. (4.23) displays the control reproduction number R.(1) when the
only method of personal protection is social distancing and the social
distancing threshold needed to achieved herd immunity t,. It could
be seen that if the 1 < 1, then R.(1) > 1 and the disease continues to
spread. Fig. (4.23) represents that the social control reproduction number
decreases as the social rate increases. The endemic point of system (4.28)

can be written as,

Pl*:(V:’erﬂu;’t’qracfah::r:()a (429)
where,
Y Gk g (Bt o)(—Kkaei +p—p) ,
! ka : Y(—xkaef +u-+28) Y
= W=
% y(—xae?—ku—ﬁ)c“ T
g eo . L _(-90-ve-F) Vi,
= —_— , — ——C ,
ou(ute)t l (&-1) vt
* 6l
Cl :Z—l

111



Vi=(1-1)(u(u+ o)(—xae; + p+B)+n(p+ )+ (1 + )
Y(—kae; + 1 +2B)) + (ux(u + 0)(—xae] + p+ )
+n(p+ ),

Va = (6 = )py(—xae; +p+28),

Vi=(1-1)(1-1)e; — (1-1)(1 — &) )uy(—Kkae; + u+2p),
Z1=(1-1)(u(u+ o) (—xae; +p+B)+n(L+ ) + (1 + )
Y(—xae; + 1 +2B)) + (uk(u + 0)(—xae; +p+ )
N+ o))+ (1 - 1) (1 + 0)y(—Kae; +p+2B))

+(1+ @)y(—Kkae; + p+ B) +n(u+ 0))(x+ (1-1))).

4.4.2.1 Applying game theory

Let SD denotes the individuals who choose to use the social distance
method and SD' denote individuals who refuse to use it. Let Tsp be the
probability of infection between individuals who apply social distancing
and 7y, be the probability of infection between individuals who do not
apply social distancing. 7tsp and 7,y can be calculated as the amount
of susceptible individuals becoming infected over the number of individ-
uals dying through any unit of time (Bauch & Earn, 2004). Thus the
probabilities 7sp and 7,y are given by

(1 —t)a(yu; +Bqy)
L=t)a(yui +Bqi) +u’

Ttsp = (

a(yu; + Bqy)
gpy = —— ot DL (4.30)
SO a(yuy + Bgy) + 1

By using Eq (4.29), msp and 7y, take the following forms:

T T
Tsp=—20, and Mgy = —22 4.31)
TtsD2 7LsD4
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where,

7ispr = (1 —t)aci (Y(u + 0)(—xae; + 1+ B) +Bn(u+ w)),

7isp2 = (1 —1)aci (Y(1 + 0)(—Kkae; + p+ ) + fn(pn + w)),
+uy(—Kae; + 1 +2p),

sp3 = ac; (Y(U + @)(—kae; + p+B) + Bn(u + o)),

Rsps = aci (Y(+ ©)(—Kae; + i+ B) + Bn(p + o))
+uy(—kaef +u+28). (4.32)

Let 7g, ¢y Tepresents the individual’s increased risk of infection

Topsp (€1) = —, (4.33)

where,

T = 1(ac; (Y(u + @)(—Kae] +p + B) + fn(u+ @))) (uy(—Kae]
+u+2p)),

My = (ac; (Y(u + 0)(—Kae; + p+ )+ Bn(p + 0))) + py(—xae]
Tu+2B))(a(l —1)c" (Y(1 + o) (—Kae; + u+ B)
+Bn(p+ )+ py(—Kae] +p+2p)). (4.34)

By using the general framework of game theory (Bauch & Earn, 2004),

the payoff associated with each strategy can be expressed as follows:
AESD = —C;vD - ESDC}, and AESD' = —ESD/C;, (4.35)

where C¢;, denote the cost of applying social distancing and C} denotes

the cost of infection. Dividing by C} one gets

AEsp = —C' - Tsp, and AESDI =Ty (4.36)
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where Ct = %{) represents the relative cost of using social distancing. As-
sume that 1, is the population’s distancing rate. To analyse the expected
payoffs for individuals, if 1,0, > 4, then R.(1) < 1 and the population
reaches a disease-free equilibrium, which indicates that the individuals
who used the social distancing have no chance of contracting a disease
(mg;y = wsp = 0), and there is no benefit for individuals to use social dis-
tancing. If 150, < 4, then R¢(1) > 1 and the pandemic reach endemic
equilibrium P;". Changing from not using social distancing to using so-

cial distancing will have the following payoff:
AE = —C'+ Topsp (€1)- 4.37)

Social distancing will now be chosen by individuals if AE > 0, which
means that ¢,y (cy) > C'. They will choose the non-social distancing
strategy when AE' < 0, namely that 7y, ¢,y (c7) < C'. The Nash equilib-
rium for social distancing 1y, is defined when the risk of infection and
the cost of infection are equal (AE = 0), i.e. when 7y, (c;) = C'. The

Nash equilibrium must satisfy,

J) =CH{[A +Bi][(1-1)A, +Bi]} —14,B,, (4.38)

where A; = A—‘;, and

A= ((1=1)(A=1)ef — (1= 1)(1 — &) uy(—Kae; + p+28)
a((B —aerx+p)y(u + o)+ Bn(p+ ),

A =(1—-1)(u(u+ 0)(—kae] + pu+B) + 1L+ 0)+ (1 + )
Y(—xae; + 1 +2p)) + (uk(p + 0)(—Kae; +u + )
0+ o))+ (1 —1) (1 + )y(—Kkae; +u+2p))
+(u+ 0)y(—Kkae; +u+B)+n(p+0))(k+(1-1))),

B, = uy(—xae; +u+2p). (4.39)
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by using Wolfram Mathematica 12.1, the root of J(1) = 01is 1 — 0.
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Figure 4.24: The population social distance rate t as a function of the relative social cost
of infection C* with different reproduction numbers. The solid, dash and dot curves are

evaluated at Ry = 2.9,1.3,0.9, respectively.

Fig. (4.24) shows how the social distance rate changes with the rel-
ative social cost of infection, when different reproduction numbers are
taken into account. Generally, this rate decreases linearly by increasing
the relative infection costs. The upper bounds of the social distance rate
increase as Ry increases. In contrast, the equilibrium behavior of the

distance rate can be observed at high levels of the relative cost distance.
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Figure 4.25: Endemic level behavior ¢ (1)
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Fig. (4.25), illustrates the effect of the social distance 1 on the en-
demic level, which decreases with increasing social distance 1. Fur-
thermore, 1 = 0 is predicted to be the maximum value of the endemic

level. The endemic level ¢} decreases with the social distancing 1, where

*
dc;

7+ < 0. Thus, the endemic level ¢} attends its maximum at 1 = 0, where,

Y
c* 1 max (4.40)

1max — ’
Zl max

with,

Yimax = (] — (1 — 7)) y(—Kkae; +u+2p),

Zimax = (U(K+ @) (—Kkaey +p + ) +n(p+ o) + (4 + o)
Y(—Kkae; + u+2p)) + (uk(u + 0)(—xae; + u +B)
+1 (1 + o)) + (1 + 0)y(—Kae; +u+2p))
+(u+ 0)y(—Kae; + p+ B) +n (1 + @) (k+1)).
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Figure 4.26: Probability of infection among individuals who apply/ don’t apply social

distancing. The dash and solid curves represent 7sp (c}) and gy (c}), respectively.

The effect of social distance on the probabilities 7gp and 7gpy can
be observed in Fig. (4.26). Both probabilities increase linearly as one
increases the endemic level ;. However, when the social distance is not
applied, the predicted increasing rate is greater than that displayed if the
social distance is applied.
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Figure 4.27: The probability of increased risk of infection for individuals who use/ don’t
use the social distancing. Line (1) when C* > g, ., there is no Nash social strategy.

Line (2) when C' = mgpgpy, there is a unique Nash social strategy.

Fig. (4.27) shows the probability of the increased risk of the infection
for individuals who don’t use the social distancing compared to individ-
uals who use social distancing. Line (1) when C' > 7o, o7y, then AE <0,
individuals will choose not to use social distancing strategy, and there
is no Nash social strategy. However, line (2) when C' = mgpgpy, then
AE = 0 and shows there is a unique Nash social strategy. Thus, 1 can be

written as function of C! as,
o=l (4.41)

where,

u=—pac;((B—ae;k+1)y(L+ @)+ Bn(L+0))y(2B —aefx+ )
—p?y(2B —aeix+u)*+C ! (uiac; (B — aejx + p)y(u + o)
+Bn (1 + 0)))Y(2B —aejx + 1)),

=e ((B—aeix+u)y(n+ o)+ Bn(p+w))(ac; (B —ae;x+p)
YL+ o)+ Bn(u+ o))+ uy(2p —aejk +p)). (4.42)
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As the endemic level increases, there is an increase in the probability risk
when ¢} € [0, ¢}y, |, Whereas it increases gradually as ¢} € [y, Chrl

increases.

4.4.3 Combining social distancing and vaccination strategies

In this subsection, vaccination and social distancing strategies are used,
For this case. the control reproduction number R, (y,1) of system (3.18)

will be,

(1-v)a , ay(-¢)

R.(y,1) = . (4.43)
(¥:1) u u(y+p)
By solving (4.43) with respected to the social distance rate 1, one gets,
L= At p—yE) —p(y+ PRy, 1) (4.44)

il
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2415

Figure 4.28: The social distance rate 1(y) as a function of vaccination rate y. The

solid, dash and dot curves are evaluated at Ry = 0.9, 1,1.3, respectively.

Fig. (4.28), indicates that 1(y) behaves differently depending on the
initial reproduction number. At small values of Ry, small vaccination
and distance rates are clearly visible. When Ry increase, one must also
increase ¥ and 1 as well. To examine system stability that describes this
strategy, it is necessary to discuss the endemic point of the system (3.18),

which is given by

Pl)[kl,lz(V*ae*au*aq*ac*ah*vr*)a (445)
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where,

R | u*:(ﬂ+w)(}’+ﬂ—ﬁ)c* /= —n(u+ ) .
Ka Y(y+n—-B)-nB "’ Yy+n-B)—-nB°"
* o * * EW %
h:—c, y = C,
p+e H(p+e)
S Gk €0 NS SN - FOR
(-1 (E—1)Ry V4 ' Zy’
with,

Vi=({1-1)(u+o)(y(y+n-B)—nB)+u(k+1+1)((n+ )
(Y+n-B) —n(n+ w))),

Vo= (& —1)u(y(y+n-B)—np),

Yo = (& — (1B +y(r+n — p)xLEIZEEYHT)

Ka
_ky+(1=8)(u+y+n)+px
(§ —1)Rox
(A=A -e)(xkp+(1-E)(u+y+n)+ w))
(E-Dx ’

Z=(1-1)(+0)¥(r+n—B)—np)+u(x+1+1)((u+ )
(Y+1—B)—n(p+w)(ky+(1-E)(+v+n)+ux)
+(E—-x(y((u+w)(v+n-B)—n(L+ o)
+(u+o)((y+n-B)—nB)).

If social distancing and vaccination are both possible strategies to
individuals, then the Nash equilibrium of vaccination will be a social
function Wy,en(1), and the Nash equilibrium of social will be a func-
tion of vaccination ty,e, (). By substituting ¢* from Eq. (4.45) in equa-

tion 7,/ (c*) = C¥, then the Nash equilibrium of vaccination strategy
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Wnash(1) satisfies,

Wnash(1) = C¥ (1 —1)(n+ @) (V(y+n—B)—nB) + u(k+1+1)
(Lt o)(y+n-B)—n(p+w)(ky+(1-E)(u+y
+N)+uk)+ (€ - )k(y(p+o)(v+n1-B) -1+ )
+(u+o)(Y(y+n-B)—nB)))(a((p+ o)(¥(y+n—B)
—afn))+u(y(v+n—B)-nB)((1-&)((u+w)
(Y(v+n—B) —aBn)) +u(y(v+n-B)—nB)))

_(((6 - l)u(y(y+n _ﬁ) _ nﬁ)K‘( V’(Ka—u + 7+ 77)

Ka
(=) =€) (ky (L= &) (1 +7+7) +pK)
(3=nP:
YL N T L 4+ a0
(B—1)(F+ny—By—anB))). (4.46)

Substituting ¥ = 0 in equation (4.46) and solve for 1 the solution will
be 1 — 0. Also, by using c* from Eq. (4.45), the increased risk of the
individuals becomes 7ty (c*) = C'. According to this strategy, the

Nash equilibrium of social distancing strategy iy, () is given by,

tnash(¥) = C*((A+B)((1—1)A+B)) —1AB, (4.47)

where,

A=ac’y(u+ o)(—Kae" +p+B)+pn(u+ o)),
B = py(—xae* +p+2p). (4.48)

Substituting 1 = 0 in Eq. (4.47) and solve for y , the solution will be
Vo = 0, thus, vaccination is the best strategy when 1 > 1.
As shown in Fig. (4.29), the relative cost of function is used to in-

vestigate the best applicable strategies for Bahrain, where three cases are
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considered; C* > CY, C' = CY and C' < CY. When vaccination costs

exceed social costs, the upper bounds of the social distance increase.
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Figure 4.29: The social distance rate 1(y) as a function of y at different relative vacci-
nation cost of infection C¥ and relative social cost of infection C*. The best vaccination
rate (solid) and the best social distancing rate (dash) a) C' = 0.1, C¥ = 0.01. b) C* = 0.1
,C¥=01.0)C'=0.1,C¥=02. ) C'=0.2,C¥ =0.01.¢) C* =0.2,CY =0.1. f)
C'=02,CY=0.2.

121



4.4.4 Discussion

In this subsection, the previous SUQCR model is expanded to a game-
theoretic SVEU QCHR model. Based on the model results, the number
of individuals exposed to infections increases as vaccination effective-
ness decreases. Additionally, vaccination and social distancing reduce
the number of confirmed infected individuals. Vaccination and social
distancing were also incorporated into the developed model as control
measures. Furthermore, the return from each available strategy is calcu-
lated by constructing a payoff function. An individual’s preference for a
strategy depends on its relative costs. According to the calculation, both
vaccination and social distancing are necessary to prevent COVID-19
from spreading in Bahrain. Vaccination only reduces the control repro-
duction number if the vaccination efficacy outweighs social distancing
rates.

Three scenarios are highlighted in the results section: in the absence
of social distancing, vaccination is applied as an individual strategy and
in the absence of vaccination, social distancing is applied as an individual
strategy. While the last scenario is the application of both vaccination and
social distancing as an individual strategy.

In the first scenario, Bahrain can control the epidemic with vaccina-
tion if the basic reproduction number is lower than 2.3 with an efficiency
of 0.565 at most. In such a case, more vaccination efficacy is needed
(Fig. 4.17). The effectiveness of a vaccine also reduces the risk of infec-
tion among individuals. Additionally, it was found that un-vaccinated in-
dividuals were more likely to become infected when vaccination efficacy
increased (Fig. 4.21). When the relative cost of infection increases, the

population vaccination rate decreases in fear of a rise in vaccine-related
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infections (Fig. 4.18- 4.20). The cost of vaccination can also make indi-
viduals decide not to vaccinate when the risk of infection is greater for
people who aren’t vaccinated (Fig. 4.22). As a general rule in this sce-
nario, the most appropriate strategy is when the relative cost of infection
equals the probability of increased infection risk for un-vaccinated indi-
viduals. Choi and Shim obtained similar results in their study (Choi &
Shim, 2020).

In the case of the second scenario, the social distancing plays a crit-
ical role in minimizing contact between individuals. Therefore, social
distancing alone is not sufficient to control the epidemic (Fig. 4.23). The
severe social distancing between individuals can reduce infection effec-
tively, but it can also cause economic damage to individuals and society.
In addition, everyone must participate in social distancing in order to
achieve the herd immunity threshold, resulting in economic losses. So-
cial distancing rates have also been observed to be affected by the rising
relative cost of it. This rate is also affected by the basic reproduction
number. According to (Fig. 4.24), social distancing decreases as the ba-
sic reproduction number decreases.

As social distance increases, the endemic level decreases. People
who do not practice social distancing are at a greater risk of infection as
it grows, as shown in (Fig. 4.25- 4.26). The best strategy in the second
scenario involves using social distancing when the relative social cost of
infection is equal to the increased risk of infection for individuals who
don’t use social distancing, as shown in (Fig. 4.27).

According to the last scenario, when Ry increases, one must also in-
crease Y and 1 as well (Fig. 4.28). Furthermore, vaccination is the most
effective strategy, regardless of the cost (Fig. 4.29). In contrast, Choi

and Shim (2020) found that vaccination will be the best strategy if so-
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cial distancing is more than vaccination. As long as vaccination costs
are the same as social distancing costs, social distancing will be the best

approach.

4.5 Game theory approach for vaccination against COV-
ID-19 in Bahrain

This section presents the results of the game theory approach for vacci-
nation against COVID-19 based on statistics provided by the Ministry of
Health in Bahrain from January to June 2021:

* The payoff matrix for vaccination and getting infected (VI):
For the basic and repeated rounds, when players decide to take the
COVID-19 vaccine and the booster doses, the Nash equilibrium
points are (0.94,0.94) and (1.88,1.88), respectively. It is therefore
possible to minimize the risk of contracting COVID-19 by taking
the vaccine and booster doses. The infection risk for un-vaccinated
individuals is 0.06 in the basic round, and if they do not take the
vaccine, the risk doubles, while others, choose to take a booster

shot.

* The payoff matrix of vaccination and being as critical cases due to
COVID-19 (VC):
The COVID-19 vaccine and booster doses lead to Nash equilib-
rium points of (0.83,0.83) and (1.66,1.66) in the second part. It is
possible to reduce the number of infected individuals reaching the
critical level by taking the vaccine. The probability of not being
in critical cases is increased with the booster doses. However, un-

vaccinated individuals’ chance to be in critical cases in the basic
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round is 0.17. As a result, their chance of contracting this dis-
ease will double if they do not take the vaccine and, at the same
time, other individuals decide to take the booster shot. These re-
sults agreed with Johnston, Pell, and Nelson (2022), who found
that fully vaccinated individuals had an 89.8% lower risk of being
infected with COVID-19.

The payoff matrix of vaccination and dying due to COVID-19 (VD):
As for the last part, players who choose to take the COVID-19
vaccine with booster doses are found to have Nash equilibrium
points of (0.9,0.9) and (1.8, 1.8). Therefore, vaccine booster doses
help protect vaccinated individuals against death. In contrast, the
death risk for un-vaccinated individuals is 0.1. The probability
of dying due to COVID-19 will double if they refuse to take the
vaccine while others take the booster dose. Regarding vaccina-
tions and booster doses, this results confirms the Bahrain Min-
istry of Health’s announcement. For example, on July 27 2021,
the Ministry of Health in Bahrain announced that 131, 192 people
were given booster shots. Two weeks later, however, only 71 of
these individuals (0.05%) had contracted COVID-19, and no one
with the virus required hospitalization. These findings demonstrate
that booster injections effectively reduce symptoms. Bahrain also
recorded no hospital admissions the week after booster shots, indi-

cating a significant reduction in mortality (MOH, 2021c).
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4.6 Summary

Following is a summary of the research findings:

1. The impact of precautionary measures on infected cases in Bahrain

is reviewed over two years (2020 and 2021). The results may be

summarized as follows:

(a)

(b)

(¢

(d)

The number of infected cases was lower than expected, ex-

cept for some periods when the number increased.

Among the precautions implemented, which resulted in a sig-
nificant reduction of infections, are remote work, the closure
of schools and shops, and wearing face masks. For exam-
ple, continuing the closure reduces the number of infections
by 64% while wearing face masks minimises the number of

infections by 14%.

In addition, using the light signal system has also played a
critical role in reducing the epidemic spread in Bahrain, where
the infection rate decreased by 31% from the expected num-

bers.

In contrast, reducing or changing these procedures, such as
lowering quarantine days for travellers and those in contact
with infected cases and cancelling the PCR tests for them,

led to an increase in the number of infections.

2. According to SUQCR model, the local stability and existence equi-

librium point were found, and the basic reproduction number Ry

was calculated by the next-generation approach. The findings from

this model were as follows:
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(@) SUQCR can be used to measure quarantine-related parame-
ters and detect confirmed cases through random and exit test-
ing.

(b) The model’s sensitivity analysis recommended increasing the

number of random and exit tests and contact tracing rates.

(c) Bahrain will have fewer un-quarantined infections and reduce
the basic reproduction number while controlling the spread of

COVID-19.

(d) Furthermore, by early detecting the disease and boosting peo-
ple’s immunity through vaccination, the recovery people will

increase.

3. Regard the SVEUQCHR model, it is shown that decreasing vac-
cination effectiveness affects the behavior of vaccinated individ-
uals and exposed to infection, where the vaccinated number de-
creases and the exposed to infected increases. In addition, this

model showed that:

(a) vaccination alone or in combination with social distancing

reduces the number of confirmed infected people.

(b) Also, using the game theory approach, three different strate-
gies were discussed to overcome or reduce the COVID-19 en-
demic in Bahrain, with the assumption that individuals would
either accept vaccination and refuse social distancing or refuse
vaccination and employ social distancing. In the last scenario,

individuals accept vaccination and apply social distancing.

(c) The three scenarios found that the vaccination is the best

strategy in the absence of social distancing, whereas social
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distancing was the best strategy in the absence of vaccina-
tion. In contrast, when vaccinations and social distancing are

present, the best strategy can be applied.

(d) The analysis shows that, the vaccination should be applied
when its cost equals the risks of infection for un-vaccinated
individuals versus vaccinated individuals. The optimal strat-
egy for individuals in the absence of vaccination, however, is
to use social distancing whenever the cost is equal to the in-
creased risk of infection. In the presence of vaccination and
social distancing, vaccination is the best decision, regardless
of its cost. Controlling the spread of disease requires vacci-

nation as a precautionary and preventative measure.

4. In the context of the game theory approach, the three scenarios
were used to illustrate how the full doses of the COVID-19 vac-
cine and the booster dose would affect disease spread, entered the
hospital as critical cases, or the death of those infected. Results

showed that:

(a) The vaccination and booster doses reduced the COVID-19
spread and the patients number arriving at the hospital as crit-

ical cases.

(b) It reduces the deaths number compared to un-vaccination in-

dividuals.

(c) For un-vaccinated individuals, the risk of infection, critical
patients, or death from COVID-19 was 0.06, 0.17, and 0.1,
respectively. The risk for them will be doubled when others

choose to take a booster dose.
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Chapter 5
Conclusion and Recommendations

5.1 Introduction

The 17 SDGs emphasized human development without destroying na-
ture, and the 2030 Agenda confirmed global peace and prosperity. Un-
fortunately, the COVID-19 pandemic halted this progress and stopped
countries from achieving their SDGs. Moreover, the epidemic had a
significant impact on countries in economic, social, and environmental
terms as detailed in the second chapter of this study.

In Bahrain, the government took some measures and precautions to
prevent the spread of the epidemic and provided health care to those af-
fected. This study is a contribution which mainly focuses on developing
mathematical models for COVID-19 transmission and control in Bahrain.

A summary of how the research goals and objectives were met through-
out this dissertation is presented in Sec.(5.2). The main conclusions are
drawn in Sec.(5.3). The research limitation is introduced in Sec.(5.4). Fi-

nally, the recommendations of this dissertation are suggested in Sec.(5.5).

5.2 The Research’s Objectives

In order to achieve the purpose of this study, several objectives, as defined
in chapter One, were fulfilled, which affected the literature review, the
research methodology, and the findings presented in chapter four. Table

(5.1) summarizes these objectives.
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Table 5.1: Research Objective’s Achievement.

Objectives Chapter
Clarifying the effectiveness of the precautionary measures adopted Chapter 3, Sec. (3.2.1)
by Bahrain to combat COVID-19. Chapter 4, Sec. (4.2)

Developing mathematical models of infectious diseases, specifically for | Chapter 3, Sec. (3.2.1)

the COVID-19 in Bahrain. Chapter 4, Sec. (4.3,4.4))

Using compartmental modeling and the game theory approach to get Chapter 3, Sec. (3.2.1)
estimates of the reproduction number Ry, based on available data Chapter 4, Sec. (4.3,4.4)

from government sources on the spread of the coronavirus in Bahrain.

Analysing the effectiveness of the Bahrain government’s measures Chapter 4, Sec. (4.3,4.4)
to combat COVID-19, by using the developed mathematical models

and simulations.

Utilizing the game theory approach in the mathematical modeling, Chapter 4, Sec. (4.4,4.5)
to explain individuals’ roles in taking the COVID-19 vaccine, and

how this leads to reduction in infection numbers, hospitilization

of critical cases, and death.

5.3 Research findings

This study aims to develop some mathematical models that may be ap-
plied to analyse the dynamics of COVID-19 outbreaks in Bahrain. The
precautionary measures approved by the Bahraini authorities in 2020 and
2021 are reviewed, and their impact on preventing the epidemic is dis-
cussed. In addition, two mathematical models are proposed, which exam-
ine the dynamics of disease spread in Bahrain and the main precautionary
measures. The game theory approach shows the optimal strategies to pre-
vent epidemic spread.

First, the total number of infected cases in Bahrain during 2020 and
2021 in response to precautionary measures is examined. In both years,

the number of infected patients was less than expected, except for some
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periods when the number of infected patients increased. A lockdown
was one of the precautionary measures used to reduce the number of in-
fected. The number of infected in Bahrain decreased significantly after
schools, salons, sports venues, and entertainment centers were closed.
Additionally, the number of cases was reduced by social distancing and
people wearing masks. As a result of continuing the lockdown phase, the
number of infections will be reduced by 64% compared to the actual ob-
served cases. According to statistics, the epidemic will end in late March
2021 based on the daily number of patients infected until September 18,
2020. One of the measures that effectively reduced infections was ap-
plying the light signal system, which relied on the average percentage of
positive cases. In contrast, reducing precautionary measures, such as re-
ducing quarantine for arrivals and contacts, and cancelling the PCR tests
for contact individuals, has increased infections.

After reviewing the precautionary measures, a SUQCR model is de-
veloped with five variables and a few parameters for Bahrain’s COVID-
19 epidemic dynamics. Also, the local stability and existence equilibrium
points are determined. Additionally, the next-generation approach is used
to calculate the reproduction number Ry. By using the SUQCR model,
one can measure quarantine-related parameters and variables, conduct
random and exit tests, and trace contacts to detect confirmed cases. Re-
ducing un-quarantined infected individuals, reducing reproduction num-
ber Ry, and increasing recovery number are the highest priorities for this
model. Random tests, exit tests, contact tracing rates, immunity rates,
such as natural immunity and vaccine immunity, as well as medical his-
tory rates A, are also discussed. To increase recovered numbers, the im-
munity parameter may be used as a control parameter. People who have

a history of the disease are less likely to recover. In order to reduce re-
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production numbers, random tests, exit tests, and contact tracing have
to be increased. Based on the results of this model, Ry < 1, which in-
dicates that the disease can be contained and controlled. Reproduction
numbers gradually increase when contact tracing, random and exit tests
are reduced.

Then, the SUQCR model is extended to SVEU QCHR model, where
the results showed that, as vaccine effectiveness decreases, the number
of individuals exposed to infections increases. Furthermore, vaccination
together with social distancing reduces the number of confirmed infected
people.

Also, the game theory approach is used to examine three different
scenarios in order to overcome or reduce the spread of COVID-19 in
Bahrain. The assumption is that, people either accept vaccinations in the
absence of social distancing or refuse vaccinations and apply social dis-
tancing instead. The last scenario involves individuals accepting vaccina-
tions and applying social distancing. Additionally, these three dynamical
systems are investigated using game theory. Based on these scenarios,
vaccination is supposed to be the best strategy in the absence of social
distancing, and social distancing is supposed to be the best strategy in
the absence of vaccination. In contrast, if vaccination and social distanc-
ing are available, the best strategy is applied. The obtained results show
that, in the absence of social distancing, vaccination is more effective
when its cost is equal to the risk of infection for un-vaccinated individ-
uals compared to vaccinated individuals. However, in the absence of
vaccination, the best strategy is social distancing when the cost is equal
to the infection risk for those who don’t use it. When vaccination and so-
cial distancing are both present, vaccination should be chosen over social

distancing. In order to curb the spread of disease throughout the country,
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vaccinations should be viewed as precautions and preventive measures.
Finally, the game theory approach is used to study the importance of
vaccination in reducing the spread of the pandemic. The game theory
can be seen as evidence of the efforts and studies conducted by Bahrain’s
Ministry of Health, which has proven that vaccination and booster doses
are effective in reducing the number of infected people and critical cases
as well as deaths caused by COVID-19. By using the game theory, it
is demonstrated that vaccination with booster doses reduces the risk of
becoming infected with COVID-19 and the risk of infected individuals
entering hospitals as critical cases or dying from the disease compared to

those who do not receive the vaccine.

5.4 Research Limitation

The models SUQCR and SVEU QCHR are limited to the assumption that
the system is endemic. The age of individuals is not taken into account,
as is their susceptibility to infection. In real life, the prevalence, severity,
and age of an individual affect susceptibility to contracting the disease.
Vaccination rates differ between age groups, and at the beginning of a
seasonal influenza epidemic, the best vaccination rates occur for all age
groups (Choi & Shim, 2020). Moreover, due to the severity and spread
of the disease, the government needs to intervene more, for example, by
closing schools, allowing remote work, and partially closing stores. So-
cial distancing, for example, is chosen as the most appropriate method to
prevent infection exposure. Therefore, appropriate to consider vaccina-

tions and social distancing as case variables.
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5.5 Future Research Recommendations

As a result of this study, the following recommendations are made:
* At the government level:

— Precautionary measures must be continued as mitigating or

limiting them leads to an increase in the spread of the disease.

— Itis important to increase random tests, exit tests, and contact
tracing rates in order to better detect infections and reduce

reproduction rates.
e At the family level:

— Bahrain’s precautionary measures must be followed both in-

dividually and collectively to control COVID-19.

- Jtis essential that all residents receive a vaccine to combat the

outbreak.

 Additionally, it is recommended to prepare more studies and math-

ematical models to control the spread of infectious diseases in Bahrain.
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ABSTRACT

As a worldwide pandemic is unavoidable, its spread must be observed to reduce and con-
tain it. The Kingdom of Bahrain sought to implement the World Health Organization (WHO)
directives to take precautionary measures and appropriate preventive steps to limit the
spread of the coronavirus among people and developed an integrated plan to contain it.
This study purposes to investigate the effect of precautionary and preventive measures in
limiting the spread of coronavirus in Bahrain. Statistics and the details of precautionary
measures described in this study are obtained from websites maintained by the Ministry of
Health (MOH) in Bahrain. The calculated number of infected and death cases is determined
by using polynomial functions that fit the data. The outcomes obtained showed that the
number of cumulative infected and death cases were less than the expected numbers
except for certain periods. Reopening stores and businesses that provide direct services to
people after their two-week closing resulted in a 36% increased in infected cases than
expected in the closing period. When the lockdown continued, the number of infected peo-
ple dropped to 64% of the total number of detected infections. In accordance with our
results, it is expected that the number of infected cases will gradually decrease till late
March 2021. With continuing lockdown and their compliance in implementing the precau-
tionary measures with consciousness, it is anticipated that Bahrain will soon be in the final
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state of the epidemic.

1. Introduction

On December 31, 2019, the World Health Organization
(WHO) informed about a new virus, the COVID-19,
responsible for respiratory disease in Wuhan, China
(Chen et al, 2020). It stimulated great concern inside
China as well as universally resulting in the virus’
spread and improvement patterns (Shao, Zhong, &
Chen, 2020). COVID-19 has now spread widely across
the world and WHO declared it as a pandemic in
March 2020 (World Health Organization, 2020a; World
Health Organization, 2020b).

COVID-19 has an incubation period of three to
seven days and may last up to fourteen days, and
this period varies from patient to patient (Wang, C
et al. 2020). It is believed that the coronavirus is con-
tagious during incubation period when patients do
not have symptoms, and can be spread from one
person to another by direct contact and through
sneezing, coughing, or speaking (Ministry of
Health, 2020a).

COVID-19 is caused by Respiratory Coronavirus
Syndrome (SARS-CoV-2). The virus is believed to
have entered Bahrain on February 24, 2020. On
September 18, 2020, a total of 63189 confirmed
cases have been reported, of which 56700 have
recovered, and 220 have died, whereas 157 cases
have been receiving treatment, 43 of which are in
critical condition. Out of 6959 active cases, 6916 are
in a satisfactory condition (Ministry of Health, 2020b;
WHO, 2020).

Since the infection started to spread universally,
Bahrain has shown its sincere commitment to keep
up the health and well-being of its population.
Additionally, it has demonstrated a high degree of
readiness to stand up to this infection since its
appearance in China. As a result, a wide range of
decisions, precautionary measures, and preventive
measures have been taken in Bahrain.

The government of Bahrain had made efforts to
contain the virus and to reduce its spread to the
broader population. Since the start of the pandemic,
it has followed the WHO's guidelines, implementing
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a strategic response plan that included tracking the
contacts, increasing the preparedness of healthcare
facilities, and finding ways to communicate with the
target groups. The government also used many
advanced technologies to follow up on the infected
and quarantined and trace contacts (E
Government, 2020).

People also participated in the National Campaign
to Support Fight Against COVID-19 by staying in
their homes and not going outside except for neces-
sity, distancing themselves from society and avoiding
interaction with others, not spreading rumors and
misleading facts. Besides, respecting hygiene, hand
washing, they adhered to the commitment to home
quarantine after their travel (Ministry of Health,
2020c). The Ministry of Health (MOH) requires all citi-
zens and residents to adhere to all the directives
issued by the official authorities, represented in
wearing masks, adhering to social distancing steps,
washing hands regularly, and always using hand
sanitizer. It also urges not to leave the house except
when necessary to meet basic living needs.

A comprehensive national plan was developed for
surveillance to confront the virus and to control its
spread. A surveillance and control committee was
formed in the Military Hospital to control the virus’
spread at the beginning of February 2020 to decide
the protocols and to set strategies that must be fol-
lowed by the citizens and residents of Bahrain.

Alumran (2020) showed that the COVID-19 pan-
demic can be controlled if drastic precautions are
taken in the early phases of an outbreak in the
affected area. Following the introduction of many
preventive steps, the spread of COVID-19 has been
brought under control in the neighboring Kingdom
of Saudi Arabia.

In another study, Dowd et al. (2020) agreed that
governments worldwide should take strict precau-
tionary steps to prevent the pandemic of COVID-19.
In addition, Xiao and Torok (2020) emphasized in
their article that in the face of the rapidly spreading
disease and many infected people, effective infection
prevention and control measures are
urgently needed.

Al Nasser (2020a) stated in his study that accord-
ing to the reported models and assumptions, the
number of actual cases of the COVID-19 in Bahrain is
less than the expected cases in Wuhan by approxi-
mately 16.3 times. These results could be attributed
to the National Coronavirus Response Team’s
arrangements to tackle the COVID-19 epidemic
in Bahrain.

This study tries to assess the effect of precaution-
ary measures taken in Bahrain to contain the virus
and determine the best of these measures in con-
trolling the virus's spread.

2. Method

The statistics of COVID-19 and the data for imple-
menting precautionary measures were collected
from the Ministry of Health (MOH) website in
Bahrain (Ministry of Health, 2020c) and the website
(Our world in data, 2020). The first case of COVID-19
appeared on February 24, 2020, and from that date
to September 18, 2020, the data on the spreading
epidemic was collected daily.

Statistics of the number of infected cases in
Bahrain during this study are divided into five peri-
ods based on the precautionary measures that were
followed during each period (see Table 2). The
observed number of infected cases for each
period—and their best-fit lines— are plotted using
Microsoft Excel, where x refers to the number of
days and y refers to the number of infected and the
death cases. The polynomial functions defining the
best-fit lines are obtained using the polynomial
approximation available in Microsoft Excel. Using the
derived polynomial functions, the expected number
of infected and death cases are calculated. The aver-
age % rate of increase or decrease between the
observed data of a certain period and the expected
number of infected cases of its previous period is
calculated using the formula:

Average % rate = li: Ok x 100%
n E,‘

i=1

where O; is the observed number of cases on
day i, Ej is the expected number of cases on day i
and n is the number of days.

3. Results

Up to September 18, 2020, the expected number of
infected and death cases is expected to increase
without precautionary measures. The polynomial
function used for estimating the infected and death
cases are given as

y = 1.4858x* — 12.116x + 2024.6 ©)
and
y = 0.0073x*> — 1.1581x + 43.106 Q)

with R?=0.9871 and R*= 0.977, respectively.

Figure 1 displays the observed number of cases
infected with COVID-19 in Bahrain versus the esti-
mated number when the protective measures are
not implemented. Figure 2 shows the monitored
number of death cases from COVID-19 in Bahrain
versus the estimated number if the protective meas-
ures are not implemented. It is noticed that the
numbers of detected infections and deaths are less
than the estimated cases, except in some periods in
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Figure 1. Number of total observed infected individuals of COVID-19 vs the estimated number of infected individuals from
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Figure 2. The number of total observed deaths from COVID-19 vs the estimated number of deaths from 24/2/2020.

which the estimated cases are less than the
detected ones.

From the first case of COVID-19, the Government
Executive Committee has endeavored to work hard
to control the extent of the virus in the people, and
it imposed many precautions shown in Table 1.
These strategies are based on the recommendations
of the WHO.

Figure 3 shows the number of total infected cases
during the periods of applying precautionary meas-
ures. The data is splitting into five categories: using
social distancing, distance working and closing edu-
cational schools, closing commercial and industrial
shops that provide goods directly to people for two
weeks, reopening these shops for another two
weeks, and re-closing them again for two weeks.

On the other hand, Figure 4 represents the num-
ber of infected and expected cases when using

precautionary measures separately. It is noticed in
Figure 4a that applying social distancing and the
travel ban to some affected countries, between
February 24 and March 13, had an unnoticeable
impact on the expected numbers of infected cases.
The average % rate of change in this period
increased by 5% compared to the expected number
of infected cases. The quadratic equation (3) was
used to estimate the number of infected cases in
this period:

y = 0.6067x> — 4.3201x + 26.752 3)

During the next ten days, the National Medical
Team for Responding to coronavirus issued directives
for transitioning to the distance work, the suspen-
sion of studies in all educational institutions, closing
of cinemas and sports centers and restricting the
activities of restaurants to external requests only
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Table 1. The Precautionary measures applied to stop the spread of COVID-19 in Bahrain from the beginning of
the pandemic until September 18, 2020 (Ministry of Health, 2020c).

Date

Precautionary measures

February 24-March 14

March 15-March 24

March 26-April 9

March 29- Farther notice
April 10-April 23

April 23 - Farther notice
April 24-May 7

May 8- Farther notice
June 3- Farther notice
August 6

September 3

Social distance

Travel ban to and from some affected countries by coronavirus

Quarantine and home isolation for people returning from travel.

Reducing the number of upcoming trips

Distance working

Closing all educational institutions.

Closing of cinemas and sports centers

Restrictions on restaurants to entertain only the external requests

e Closing salons

Closing commercial and industrial shops that provide goods directly to people
Random COVID-19 tests

Reopening commercial and industrial shops that provide goods directly to people
Wearing face masks is declared mandatory for everyone

Closing commercial and industrial shops that provide goods directly to people
Reopening commercial and industrial shops that provide goods directly to people
Mandatory wearing masks and imposing a fine on violators

Reopening gyms and sports halls, swimming pools, and outdoor sports

Outdoor dining at restaurants, coffee shops, and training institutions

Table 2. The average % rate of change in infected cases at the different periods of applying the precautionary measures.

Average % rate of increase or decrease in
infected cases

Periods of the study Precautionary measures

Period 1 Social distance 5%
Period 2 Distance working and closing all educational -18.68%
institutions
Period 3 Closing commercial and industrial shops that 12.14%
provide goods directly to people
Period 4 Reopening commercial and industrial shops 36%
that provide goods directly to people
Period 5 Closing commercial and industrial shops that 13.4%
provide goods directly to people
- |nfected cases (Social distance)
Infected cases (Distance working and closing educational school)
Close commercial and industrial shops
= Reopen the commercial and industrial shops
Close agine the commercial and industrial shops
4500
4000
3500
w 5
& 3000
<C
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Figure 3. The number of total infected cases when the precautionary measures were applied from 24/2/2020.

(Ministry of Health, 2020c). During this period, the
average % rate of change of infected cases
decreased by 18.68% compared to the expected
infected cases when only social distancing and travel
bans were implemented, as shown in Figure 4a.

In Figure 4b, from March 26 to April 9, a decision
was issued to close commercial and industrial shops

that provide direct services to the people. During
this period, the average % rate of change of the
expected number of infected cases increased by
12.4% compared to the expected numbers in case
continuing with the previous precautionary meas-
ures. The quadratic equation that fits the curve of
this period is given by
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INFEC

Figure 4. The impact of effective measures on the number of infected cases during the period of February 24, 2020, to May 7, 2020.

y = 0.2858x% — 2.3039x + 3.8004. 4)

Later, a decision was issued to open these shops,
which led to an increase in the average % rate of
change of COVID-19 cases by 36% compared to the
numbers expected when applying the previous pre-
cautions, as shown in Figure 4c. The best fit curve
used to compare the infected patients in the reopen-
ing period is given as

= 0.3967x% — 0.7884x + 18.291. (5)
y

Two weeks later, the shops closed again, which
led to a 13.4% increased in the average % rate of
change in the infected cases than the expected
infection in case continuing with the previous meas-
ures as shown in Figure 4d. The best fit curve used
in this period is given as

y = 0.8488x% — 20.152x + 151.85 (6)

Figure 5 displays the number of infected cases
when continuing with closing schools, educational

institutions, shops, and sports centers, compared to
the number of recorded infectious. If the lockdown
phase continues, the number of infections will
decrease with an average % rate of 64% than the
expected observed infected cases.

The adherence shown by the people to wear masks
had a significant impact in limiting the spread of the
epidemic in Bahrain, as the number of expected infec-
tions when wearing masks was 14% less than the
numbers estimated before the wearing of masks was
made compulsory as shown in Figure 6.

Figure 7 shows that above 700 cases were
observed after Eid-Al-Fitr, and after Ashura, the high-
est observed cases were on September 16, 2020,
with more than 800 cases. The best fit curve for the
daily infected cases is given as

y = 0.014x? + 5.8968x — 110.47. @

Figure 7 also shows that the expected number of
infected cases will gradually decrease during March,
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Figure 5. The expected number of infected cases upon continuing the implementation of the lockdown compared to the
number of real infected.
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Figure 6. Number of infected cases when the masks are mandatory for citizens and residuals compared to the number of
infected patients when the masks are not mandatory.
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April, and May. From this estimation, the epidemic in
Bahrain is projected to end after 403 days from the
starting day, which corresponds to late March 2021.

4, Discussion

This study aims to investigate the effect of Bahrain’s
precautionary measures to stop the spread of
COVID-19. The results support the tremendous effect
of precautionary measures during the pan-
demic outbreak.

Since the first case of Covid-19 virus appeared in
Bahrain, the Ministry of Health has called on all citi-
zens and residents to implement social distancing.
This measure had the effect of increasing the
expected number of infected cases by 5% rather
than decreasing it. A study that evaluated epidemic
data in Spain, between February 24 and April 5,
2020, determined that physical distancing measures
effectively controlled the spread of the disease (Saez,
Tobias, Varga, & Barceld, 2020; Reis et al., 2020),
especially when applied correctly and for an appro-
priate duration (Ambikapathy & Krishnamurthy,
2020). This increase in the infected cases had to be
reduced, so the Ministry of Health called for the
application of other measures (see Table 1).

Applying home quarantine to travelers at the
beginning of the pandemic (see Table 1 and Figure
4a) has had a significant effect on controlling the
virus's spread, so the number of infections seemed
to be roughly equivalent to the number predicted in
case the measures were implemented. Similar to
these results, Nussbaumer-Streit et al. (2020)
reported in their review article that a combination of
isolation and other prevention and control measures
had a more significant impact than the quarantine
alone. Also, Yuan, Li, Lv, and Lu (2020) reported that
quarantine in Hubei Province has been effective in
slowing the quick increase in new cases of COVID-
19. Besides, Tang et al. (2020) proposed that it is
essential to strengthen the quarantine and isolation
strategy further in order to improve the detection
rate in mainland China.

The dosing of educational institutions, applying
social distances, reducing the number of upcoming
trips, distance working, closing cinemas and sports
centers, restriction on restaurant activities to external
requests, and closing salons is among the precau-
tionary measures, which have had a significant
impact on the reduction of infectious from the
expected number. These steps were introduced after
21days following the discovery of the first case of
COVID-19 in Bahrain, leading to a decrease of 18%
in the number of cases than expected. A study con-
ducted in Korea (Kim, Kim, Peck, & Jung, 2020)
showed that the Korean government would be able
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to reduce the number of infected cases by at least
200 if schools were closed earlier.

The policy requiring shops that provide direct
services to residents to be closed for two weeks,
then reopening them for another two weeks, and re-
closing them for the next two weeks of the opening
period. The implementation of these measures did
not reduce the number of infected cases but instead
increased them than the expected number by
12.14%, 36% and 13.4%, respectively.

During the first closure period, the number of
infected cases was increased than what was
expected when the previous measures continued to
be applied due to the application of random testing,
which revealed more cases since March 29 (Ministry
of Health, 2020d). Besides, during the second closure
period, the number of infections increased more
than the first closure period due to shops opening
between these two closure periods (see Figure 4d).
The results also show a rise in the observed cases at
the time when shops are reopened (see Figure 4c).
This increase could be due to people not adhering
to preventive measures when leaving their homes,
especially since this time precedes the holy month
of Ramadan and Eid al-Fitr when people prepare to
buy supplies, clothes, and so on. In addition to these
reasons, people stranded in some affected countries
were evacuated, which caused a growth in the num-
ber of cases.

In addition to the results obtained, it was found
that the continued closure of shops leads to an
apparent decrease in the number of projected infec-
tions. These results are consistent with the research
in Italy, which showed the importance of closures in
disease control (Chintalapudi, Battineni, & Amenta,
2020). Tobias (2020) and Saez et al. (2020) analyzed
trends in Covid-19 confirmed and deaths cases in
Spain and ltaly before and after the national lock-
down, using time-series statistics. Their results show
that the trends in COVID-19 infection have decreased
dramatically after applying the lockdown. The clo-
sures enable the health system to increase its ability
to help and reduce disease transmission by about
60%, considering that it affects patients with or with-
out symptoms (Anderson, Heesterbeek, Klinkenberg,
& Hollingsworth, 2020). On the other hand, Xiao and
Torok (2020) suggested that blocking traffic and vil-
lages lockdown is of no significance for the preven-
tion and control of COVID-19,

The imposition of wearing face masks starting
from June 3 has led to a decrease in the number of
infected cases more than expected as in Figure 6.
Similar to these result, a US. study provided evi-
dence that states, where the use of masks was
imposed, saw a significant drop in rates of Covid-19
infection, unlike other states where masks were not
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set (Lyu & Wehby, 2020). Besides, Barasheed et al.
(2016) systematically analyzed the use and efficiency
of masks by integrating 12,710 samples from more
than 50 countries. They discovered that wearing
masks in crowded locations could reduce the risk of
respiratory infection by 20%.

By adhering to the precautionary measures and
not being complacent in their application, besides
taking the vaccine against Covid-19 provided by
Bahrain’s government, the number of infected cases
will disappear at the late March 2021 (see Figure 7).
On the other hand, Al Nasser (2020b} proposed that
the end date of the COVID-19 pandemic in Bahrain,
according to mathematical models, is August’s end.
In his opinion, it will end in December 2020.

5. Conclusion

The Kingdom of Bahrain has taken several precau-
tionary measures to curb the spread of COVID-19,
starting with some lenient measures and ending
with drastic measures. This study showed the impact
of the precautionary measures on the cumulative
number of infected cases in Bahrain. Detected
infected cases were lower than expected throughout
the study period, except for some periods, in which
the number of infected were increased.

One of the precautionary measures that were
applied and had a significant effect in reducing the
number of detected infected was the lockdown.
Bahrain witnessed a decrease in the number of
infected during the closing of schools, salons, sports,
and entertainment centers, as well as the distance
work. The application of social distancing and the
compulsory wearing of masks for all people resulted
in a decrease in the number of cases. Continuing the
lockdown phase will significantly impact in reducing
the number of infections by 64% than the real
observed cases. According to the statistics of the
daily number of infected patients until September
18, 2020, the end of the epidemic will be on late
March 2021,

COVID-19 can be controlled by applying and
adhering to the precautionary measures. Everyone
needs to join with others to wipe out the epidemic
and take part with greater consciousness and dedi-
cation than ever before reducing the corona-
virus spread.
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game theory approach

Mona Abdul Karim AlSayegh

Environment and Sustainable, Development Program,

College of Science,

University of Bahrain, P.O. Box 32038, Kingdom of

Bahrain.
19962692 @stu.uob.edu.bh

Abstract— In this study, game theory is used to determine
the effect of vaccination and booster shots in containing COVID-
19 in Bahrain. The study is divided into three parts and in each
part, the payoff matrix and the biometric is generated. The Nash
equilibrium points are determined by marking the maximum
value in the first entry of each column and the maximum value
in the second entry of each row. The results show that the
vaccination and the booster shots significantly reduce the
number of infected individuals, the number of patients reaching
the ICU, and the number of deaths due to COVID-19.

Keywords— Game theory, vaccination, booster doses, COVID-
19, Kingdom of Bahrain

I. INTRODUCTION

Fair access to safe and effective vaccines is critical to
ending the COVID-19 pandemic, so it is very encouraging to
see many vaccines being developed and approved for use.
The World Health Organization (WHO) works tirelessly with
partners to develop, manufacture and deploy safe and
effective vaccines [1] that prevent people from becoming
seriously ill or dying from COVID-19.

In addition to the main preventive measures of staying at
least one meter away from others, covering your face while
coughing or sneezing, cleaning hands frequently, wearing a
mask, and avoiding poorly ventilated rooms, vaccination is
part of COVID-19 management [2]. However, vaccination
does not mean that we can put ourselves and others at risk,
especially since research is still ongoing on how much
vaccines protect from disease against infection and
transmission [1].

As of June 4, 2021, 1,900,955,505 vaccine doses were
administered worldwide [3] with 1,813,734 vaccine doses
administered in Bahrain [4]. Bahrain has started its free
vaccination campaign against COVID-19 for citizens and
residents in Dec 2020. Vaccination started for age groups
from 18 years and above, and on May 18, 2021, the
vaccination included age groups from 12 years and above.

Bahrain provided the vaccine and made it free for citizens
and residents. Among the types of vaccines available in
Bahrain are AstraZeneca, Pfizer, Sinopharm and Sputnik [5].
In addition, Bahrain announced the opening of registration
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for a booster dose of the COVID-19 vaccine for the most
vulnerable groups at least six months after taking the second
dose of the Sinopharm vaccine. The priority in booster doses
is for citizens and residents over fifty and those who suffer
from obesity, low immunity, or other underlying health
conditions [6]. In addition, National Medical Taskforce for
Combating the Coronavirus (COVID-19) (NMTC) agreed on
booster shots for those 60 and older who are immune-
compromised and have been fully vaccinated for six months
with Pfizer-BioNTech and AstraZeneca [7]. Later, in
September 2021, the NMTC announced that eligible
individuals might receive booster shots 12 months after the
date of infection [8]. Bahrain also provided the opportunity
to obtain the booster dose for citizens and residents who
completed six months of taking their second dose [9].

Combining game theory with epidemiological models is
the best way to predict the expected level of vaccination
coverage during the pandemic season [10]. Many researchers
have studied the impact of vaccination on the containment of
COVID-19 with mathematical models and game theory. For
instance. Stone et al. [11] had used delay differential
equations to model immune vulnerability. Schimita [12]
suggest a vaccination game based on probabilistic cellular
robotics, according to public health procedures and personal
decisions. The players are the government and the vulnerable
newborns. In their simulation results, Han and Sun [13]
showed that convergence might effectively weaken both the
spread of epidemic and immunization. In addition, recent
studies such as Moore et al. [14] find that vaccination alone
is insufficient to contain the pandemic. Aldila et al. [15]
suggested a mathematical model that the Jakarta government
could use to ease social distancing by building on the
potential of a future COVID-19 vaccine. Besides, Ghostine et
al. [16] proposed an extended SEIR model with a vaccination
compartment to simulate the spread of COVID-19 in Saudi
Arabia. They showed the effect of vaccination on the spread
of the epidemic using their model.

Game theory is a branch of applied mathematics used to
analyze situations that require decisions by parties called
players. Game theory is also well suited to model the decision
making of individuals facing several intervention options,
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such as vaccination and social distancing, to protect
themselves from an epidemic spread. In this game, each
player tries to improve his profit which is called payoffs and
hehas to take a strategy among the strategies available to him.
Choosing the best strategy for a player depends on what the
other player will decide [17].

According to the NMTC [18], medical indicators and
statistics confirmed that the booster shots had been effective.
From this point of view, and the possibility of taking booster
doses, the significance of this study will be made evident.
Through the game theory approach, the importance of taking
the vaccine and the booster shots will be demonstrated in
reducing the chances of contracting Covid-19 disease,
reducing hospital admissions, reaching critical conditions and
dying due to Covid-19.

II. METHOD

Game theory approach for COVID-19 in Bahrain

Our model consists of three parts. In these parts, we will
examine the effect of taking a full dose and a booster dose
against COVID-19 and not getting vaccinated on the chance
of getting sick, reaching a hospital in a critical condition and
dying from COVID-19. Also, in each part, we will repeat the
first game (basic stage) to study the effect of the booster
shots. In the first round, individuals will choose either to take
the vaccine or not. Then, in the repeated round, the vaccinated
individuals will decide to take the booster doses, while others
still do not choose to take the vaccine.

We took the probabilities of the vaccinated individuals
contracting COVID-19 disease, entering the hospital in the
ICU, and dying from COVID-19 from the data published on
the website of the Ministry of Health (MOH) of Bahrain.

To choose the Nash equilibrium point, which is the point
that has the best strategic response [19] and no player can
benefit from unilaterally changing their strategy. First, we
marked the highest value of each column in the first entry of
the binary and the same for the value in each row of the
second entry in the binary [20]. The binary with the marks
on each entry becomes Nash equilibrium points.

Part 1: Procedure to create a payoff matrix for vaccination
and getting infected (VI)

1. The player strategy set consists of two elements as
S = (V;,V;"), where
V;: Get vaccinated
V,": Not get vaccinated

2. According to the MOH statistics in Bahrain, from
January 2021 to May 19, 2021, the number of
vaccinated individuals who completed the two doses
of the COVID-19 vaccine and got infected was only
6%. In comparison, the percentage of individuals
who didn't vaccinate and got infected was 94% [21].
Thus, in this game, we can create the payoff matrix
by using the quantities obtained by the MOH
statistics. Let the payoff for the strategy V; to be
I'and the payoff of the strategy V;' to be I, where
I': The probability of a person not be infected is 0.94
I: The probability of a person being infected is 0.06.
We will use a negative sign in this probability to
show the effect of infection reflected in players’
utilities.

3. If the two players choose the action, get
vaccinated V, then the strategy ( V;, V;) appears, and
the payoff for both of them is I'.

4. If one player chooses the action, not get vaccinated
V,', then there is a chance to get infected and the
strategy (V;, V;') or (V,', V;) appear, so the payoff is
either(I', 1) or (—1,1").

5. If the two players choose the action, not get
vaccinated V', then the strategy ( V/,V;") appears,
and the payoff for both of them is —1I.

According to the above procedures, the basic payoff
matrix of the first round of vaccination and getting infected
VI can be created as:

4 v’
Payoff matrix VI =V, ' 1I'Y ', =D
V' (=L (=1-I)

Where,

V;: Get vaccinated

V,'": Not get vaccinated and,

I': The probability of a person to be not infected
I: The probability of a person being infected

Thus, the basic payoff matrix of vaccinated and getting
infected or not infected VI is

VI Vl,
Payoff matrix VI = |V;  (0.94,0.94) (0.94,-0.06)
V' (—0.06,094) (—0.06,—0.06)

To see the gain or loss in this game, as mentioned in the
method, we marked the highest value in every column of the
first entry of the binary and marked the highest value in every
row in the second entry of the binary. Thus, the Nash
equilibrium point of this game will be (0.94,0.94), which is
(I',I') if the two players decide to get vaccinated, the chance
to get infected is meagre. The worst choice is (—0.06, —0.06)
when the two players choose not to get vaccinated; there is a
chance to get infected. It's clear that the strategy (—I,—I) is
not worth playing and (I',1') is the best to play. Here we
generate the tree diagrams of this game's repeated round if the
two players decide to take the booster shots of the vaccine to
see the best and worst choice using the game tree shown in
Figure 1.

From the tree diagram of Figure 1, the payoff biometric
of the game of the two rounds is given as follows:

Vi A% V'V v’
v,v, (1.88,188) (1.88,0.88) (0.88,1.88) (0.88,0.88)
vV, (188,088) (1.85,-0.12) (0.88,088) (0.88,-0.12)
V'V, (0.88,188) (0.88,0.88) (-0.12,188) (-0.12,0.88)

V'V, (0.88,0.88) (0.88,—0.12) (—0.12,088) (—0.12,—0.12)

To find the Nash equilibrium point from the generated
payoff biometric, we will follow the same method used in the
first round and marked the highest value in every column of
the first entry and every row in the second entry of the binary.
Thus, the Nash equilibrium point will be (1.88,1.88).
Therefore, the best choice of players is to get the booster dose
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to reduce the chance of infection. On the other hand, the
worst strategy at (—0.12, —0.12) means that the players can
be infected when they decide not to get vaccinated.

Player B
g‘v v; \\\ Vi  (1.88,1.88)
2
& ¥y (1.88,0.88)
Vi (0.94,0.94)
ém / vy w\ ¥;  (0.68.1.88)
& ¥y  (9.88.0.88)
vi\ vy —r Yy {1.88.0.88)
\ s
e ¥y (1.88-0.12)
A4 \
& ,
& v (0.9%,—0.06)
¥y W; {2.88,0.88)
¥y  (0.88,—0.12)
1% R 0.88.1.66
% (] ‘<:\\ 4 € y
vy  (0.880.88)
vy {—0.06,6.94)
vy v,'q:::" ¥y  (—0.12,1.88)
Tvy  (—0.12.0.88
¥} oYy (G.88,0.88)
¥y  (8.88.-0.12)
¥ (—0.06,—0.06) Vi  (—0.1Z,0.8B8)
vy %’:/M
¥y (—0.42,-0.12)

Fig. 1 The tree diagram of the two rounds of the game (part 1)

We will follow the same procedure in parts 2 and 3 to see
the impact of vaccination and booster shots in reducing the
chances of vaccinated individuals to end up in critical cases
and dying due to COVID-19.

Part 2: Procedure to create a payoff matrix for vaccination
and being in the critical case due to COVID-19 (VC)

1. The player strategy set consists of two elements as
S = Vo, V"), where
V¢: Get vaccinated
V¢': Not get vaccinated

2. According to the MOH statistics in Bahrain, on June
18 2021, the total number of critical cases reached
326, of which 270 cases didn't receive the vaccine
against COVID-19 [22]. Thus, in this game, we can
create the payoff matrix by using the quantities
obtained by the MOH statistics. we can choose the
payoff for the strategy V. to be C'and the payoff of
the strategy V' to be C, where
C': The probability of a person not being in the
critical case from COVID-19 is 0.83
C: The probability of a person being in the critical
case from COVID-19is 0.17. We will use a negative
sign in this probability to show the effect of
infection reflected in players' utilities.

3. If the two players choose the action, get
vaccinated V., then the strategy ( V¢, V) appears,
and the payoff for both of them is C’.

4. If one player chooses the action, not get vaccinated
V', then there is a chance to be in a critical case
from COVID-19 and the strategy (Vg V') or
(V¢', V¢) appear, so the payoff is either(C’, —C) or
(=C,ChH.
5. If the two players choose the action, not get
vaccinated V', then the strategy ( V', V") appears,
and the payoff for both of them is —C.
According to the above procedures, the basic payoff
matrix of the first round of vaccination and being in the
critical case from COVID-19 VC can be created as:

Ve Ve'
Payoff matrixVC =V, (C',C") (C',-0C)
V' (=C.C) (=C,-0)

Where,
V¢: Get vaccinated
V¢': and Not get vaccinated

C': Probability of a person not being in the critical case from
COVID-19

C: Probability of a person being in the critical case from
COVID-19.

Thus, the basic payoff matrix of vaccinated and being in the
critical case from COVID-19 V(C is

Ve v
Payoff matrixVC = |V, (083,083) (0.83,—0.17)
V. (~0.17,083) (=0.17,~0.17)

To see the gain or loss in this game, the Nash equilibrium
point of this game is (0.83,0.83), which is (€', ") if the two
players decide to get vaccinated, the chance to be in the
critical case from COVID-19 is low. The worst choice is
(—=0.17,-0.17) when the two players choose not to get
vaccinated; there is a chance to be in the critical case from
COVID-19. It's clear that the strategy (—C, —C) is not worth
playing and (C’, C') is the best to play.

From the tree diagram of Figure 2, the payoff biometric
of the game of the two rounds is given as follows:

VeVe A Vo'V V'V
VcV. (166, 166) (1.66,0.66) (0.66,1.66) (0.66,0.66)
VoV, (1.66,0.66) (1.66,—-0.34) (0.66,0.66)  (0.66,—0.34)
Vo'V (0.66,1.66) (0.66,0.66) (—0.34,1.66) (—0.34,0.66)
V:'Ve' (0.66,0.66) (0.66,—0.34) (—0.34,0.66) (—0.34,—0.34)

From the repeated round generated biometrics, the Nash
equilibrium point is (1.66,1.66). So, the best choice is if
players decide to get vaccinated by the booster doses to
reduce the risk of being in the critical case because of
COVID-19. On the other hand, the worst strategy at
(—0.34, —0.34) means that the chance of being in critical
cases will double when they didn't decide to take the
vaccine.
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Fig. 2 The tree diagram of the two rounds of the game (part 2)

Part 3: Procedure to creating a payoff matrix for vaccination
and exposure to death due to COVID-19 (VD)

1. The player strategy set consists of two elements as
§ = (Vp,Vp"), where
Vp: Get vaccinated

Vp': Not get vaccinated

According to the MOH statistics in Bahrain, from
January 2021 to May 2021, the total number of death
cases was 665. However, only 10% got vaccinated,
and 90% didn't get vaccinated. Of the 10% who
have already been vaccinated, 94% have a chronic
disease [23].

Thus, in this game, we can create the payoff matrix
by using the quantities obtained by the MOH
statistics. We can choose the payoff for the strategy
Vp to be D'and the payoff of the strategy Vp' to
be D, where

D': Probability of a person not dying from COVID-
19is 0.9

D: The probability of a person dying from COVID-
19 is 0.1. We will use a negative sign in this
probability to show the effect of infection reflected
in players' utilities

If the two players choose the action, get
vaccinated Vp, then the strategy (V), Vp) appears,
and the payoff for both of them is D’.

If one player chooses the action, not get vaccinated
Vp', then there is a chance to die from COVID-19
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and the strategy (Vp, Vp") or (V', V) appear, so the
payoffis either(D’, ~D) or (=D, D").

If the two players choose the action, not get
vaccinated V', then the strategy (Vp',Vp') appears,
and the payoff for both of them is —D.

According to the above procedures, the basic payoff
matrix of the first round of vaccination and died from
COVID-19 VD can be created as:

VD VD,
(p',D"y (D',-D)
(-D,D") (-D,-D)

Payoff matrix VD = |Vp
V'

Where,

Vp: Get vaccinated

Vp': Not get vaccinated and,

D': Probability of a person not dying from COVID-19.
D: Probability of a person dying from COVID-19,

Thus, the basic payoff matrix of vaccinated and dying from
COVID-19 VD is

VD VD’
Payoff matrixVD = |V, (0.5,09) (0.9,-0.1)
V' (=0.1,09) (=0.1,-0.1)

To see the gain or loss in this game, the Nash equilibrium
point of this game is (0.9,0.9), which is (D', D") if the two
players decide to get vaccinated. The worst choice is
(=0.1,—0.1) when the two players choose not to get
vaccinated; there is a chance to die from COVID-19. It's clear
that the strategy (—D, —D) is not worth playing and (D', D")
is the best to play.

From the tree diagram of Figure 3, the payoff biometric
of the game of the two rounds is given as follows:

VoVp /N Vo'V Vo' V'
WV, (18,18) (1.8,08) (0.8,18) (0.8,0.8)
W' (18,08) (18,-0.2) (0808) (08,—-0.2)
Vo'V, (08,18) (0.808) (-0218) (-0.2,0.8)
Vp'Vp' (0.808) (0.8,-02) (-0.2.08) (-0.2,—0.2)

From the repeated round generated biometric, the Nash
equilibrium point is (1.8,1.8). Thus, the best option is if
players decide to get the vaccine's booster doses. The booster
doses will reduce twice the chance of dying from COVID-19.
On the other hand, the worst strategy at (—0.2, —0.2) means
that the players die from COVID-19 when they decide not to
be vaccinated, and this chance is doubled in the next round.
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Fig.3 The tree diagram of the two rounds of the game (part 3)

III. RESULTS AND DISCUSSION

Vaccinations significantly impact protecting everyone,
reducing infection, and reducing the severity of symptoms that
can lead to death (MOH, 2021b). This study used the MOH of
Bahrain statistics from January to June 2021 published on its
official website in using game theory in the three studied parts.
The results of the three parts of game theory were as follows:

The Nash equilibrium points are (0.94,0.94) and
(1.88,1.88) of the basic and repeated rounds, respectively,
when players choose to take the vaccine against COVID-19
with the booster doses. That means taking the vaccine and the
booster doses help reduce the probability of individuals being
infected by COVID-19. On the other hand, the probability of
nonvaccinated individuals' infection is 0.06 in the basic round,
and this probability doubles when they choose not to take the
vaccine. At the same time, other individuals decide to take the
booster dose.

For the second part, the Nash equilibrium points for the
two rounds are (0.83,0.83) and (1.66,1.66), when players
choose to take the vaccine against COVID-19 with the booster
doses. This means that taking the vaccine in booster doses
helps reduce infected individuals to reach the critical cases.
And the probability will double with the booster doses. On the
other hand, the probability of nonvaccinated individuals' being
in the critical cases is 0.17 in the basic round. This probability
double when they choose not to take the vaccine and, at the
same time, other individuals decide to take the booster dose.

As for the last part, the Nash equilibrium points for the two
rounds are (0.9,0.9) and (1.8,1.8) when players choose to take
the vaccine against COVID-19 with the booster doses. This

means that taking the vaccine booster doses helps protect
vaccinated individuals from the risk of death. This probability
double with the booster doses. However, the risk of death for
unvaccinated individuals is 0.1. Thus, the chance of death
double when vaccinated individuals take the booster doses,
while others do not take the vaccine.

This study proves what the MOH announced regarding the
vaccination and the booster doses. For example, by July 27
2021, the MOH in Bahrain announced that 131,192 people
had received booster shots. After two weeks, only 71 of those
individuals (0.05%) became infected with COVID-19 and
none of the people infected with the virus required
hospitalization. This indicates that the booster shots
effectively reduce symptoms' severity, which can sometimes
result in death. Furthermore, booster shots were linked to a
significant reduction in mortality, with no hospital admissions
recorded in Bahrain for individuals two weeks after receiving
it [24].

IV. CONCLUSION

This study can be considered an evidence of the efforts and
studies carried out by the Ministry of Health in Bahrain, which
prove the effectiveness of vaccination and booster doses in
reducing the number of infected people and reducing critical
cases and deaths due to COVID-19. We used game theory in
this study to show that full doses of vaccination and a booster
dose can reduce the risk of developing COVID-19 disease. It
also reduces the possibility of patients reaching critical cases
and reduces the risk of death in contrast to others not taking
the vaccine.
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Abstract

To control the spread of a pandemic, preventive measures such as vaccination and social
distancing are used. In this contribution, a model based on game theory is presented where a
payoff function is constructed in terms of the players’ available strategies. The relative cost of
each strategy determines the most appropriate strategy for people to implement. In the absence of
social distancing, vaccination is chosen when its cost equals the risk of infection for non-vaccinated
individuals compared to vaccinated individuals. In the absence of vaccination, social distancing is
chosen when its cost equals the risk of infection when social distancing is not applied. In the case
of both vaccination and social distancing, the optimal strategy is to apply vaccination regardless
of its cost. Using the data for Bahrain, we found that through vaccination, it is possible to create
a societal immunity capable of confronting the spread of COVID-19 throughout Bahrain.

Keywords: COVID-19, game theory, Epidemic model, Reproduction number.

1 Introduction

Waves of SARS-CoV-2 infections have transfered through populations worldwide, and thus, the
COVID-19 pandemic has imposed a substantial international health burden [1]. As human behaviour
plays a significant role in the spread of infectious diseases, understanding this behaviour will help
control and contain the spread of infectious diseases. [2]. Social distancing is a human behaviour
that is known to reduce the spread of diseases. Factor-based flu simulation studies [3] suggest that
small changes in behaviour can significantly affect transmission patterns during an epidemic and have
stimulated theoretical work around social distancing. In addition, many studies [4] have shown that
social distancing can stop epidemics if it starts quickly and lasts for a relatively long time. Also,
vaccination has an important role in reducing the spread of infectious diseases [5,6].

Mathematical modelling has become a vital tool in analyzing and monitoring the spread of in-
fectious diseases, given the main factors that control disease progression-such as transmission and
recovery rates-that help predict how the disease will spread over the years [7]. In 1927, Kermack
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and McKendrick (8] presented the first model to predict the progression of an epidemic called the
SIR model, which consists of three differential equations describing disease dynamics and individual
transmissions in a population between three compartments. Later many studies modified the SIR
model, as describe in Ref [9-12]. Moreover, Hellewell et al. [13] developed a random transmission
model to understand the effects of isolation and contact tracing for COVID-19 cases.

Game theory has also emerged as an approach to the quantitative description of the decision-
making process of individuals with different intervention options. A number of studies [14-16] have
used game theory models that focus on preventive measures, particularly vaccination and behavioural
changes. Choi and Shim [17] created a game-theoretical epidemiological model considering vaccination
and social distancing and based on the assumption that people seek to maximize their profits and
individually select the optimal strategy based on Nash’s strategy. They also identified the relative costs
of control strategies in which individuals prefer vaccination over social distancing (or vice versa). Kabir
and Tanimoto [18] combined partial epidemiological models with models of behavioural dynamics
as described by evolutionary game theory. They developed simulations of how compliance with a
shutdown might decline as people weigh the risk of infection against the certainty of the economic
cost of staying home. Dashtbali and Mirzaie [19] added the vaccination term in their game theory
model to predict how vaccination would control the epidemic. In addition, Reluga [15] reported in his
game theory approach that when the basic reproduction number (Ry) was around 2, then the social
distancing was more beneficial to individuals. In addition, he found that optimum social distancing
never recoups more than 30% of the cost of infection in the absence of vaccination. Wei et al. [20]
aggregate interaction strategies and evolutionary game analysis of government and public actions
in the epidemic’s early days. They concluded that the government’s emergency response strategy
dominated the outbreak.

In this manuscript, we study the impact of applying vaccination and social distancing strategies
to reduce the spread of COVID-19 in Bahrain by using a game theoretical approach. In the suggested
model we include the vaccination, exposed and hospitalization compartments with extra parameters
such as the efficacy, vaccination, hospitalization, duration of the latent period and social distance
rates. The manuscript is organized as follows: Sec.(2) introduces the dynamical system which governs
this model. In Sec.(3), we investigate the vaccination strategy and game theory is used to study the
stability of this strategy. The strategy of the social distance and the corresponding game theory is
considered in Sec.(4). Sec.(5) is devoted to discuss the combined strategies; vaccination and social
distance. Finally, we discussed and concluded our results in Sec.(6).

2 The suggested Model

The diagram of the suggested model is given in Fig.(1) where, susceptible individuals S = S(t), number
of individuals susceptible to disease at time ¢, vaccinated individuals V = V(¢), number of individuals
vaccinated at time t, exposed individuals £ = E(t), individuals in the incubation period after being
infected with the virus without apparent symptoms at time ¢, un-quarantined infected U = U (t),
infected asymptomatic individuals at time t, quarantined infected Q = Q(t), infected individuals with
or without symptoms at time ¢, confirmed infected C' = C(t), confirmed infected individuals at time
t, hospitalized infected H = H(t), infected individuals who require hospitalization at timet, recovered
R = R(1), survived individuals at time ¢. Where total population

N=N@)=8{t)+V(t)+ E@t)+U(t)+ Q(t) + Ct) + H(t) + R(t)

is nonnegative for all ¢t > 0. Let us assume that the total number of population is constant, namely
N(t) = constant. In this case, one can express the rate of the individual susceptible set S(t) as,

dS(t) _ _dv(t) dE(t) dU(t) dQ(t) dC(t) dH(t) dR()

a  dt dt dt dt dt dt dt ’
By using theses assumptions, the VEUQCH R model may be described by the following Equations,
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Figure 1: The diagram of the suggested model.
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YS(0) ~ (1~ Qag s B®) — wv (1),

1-0a2 YD B (-6

N@
E(t)

V()

N(t)

ka——=—U(t) — (u+v+n)U(1),

N{t)
E(t)

E(t) — pE(t) — ka

ka—=Q(t) — (1 + B)Q(t) + nU (1),

N@)

YU () + BR(E) — (1 +w)C(1),

wC(t) — (u+e)H(),

= eH(t) — pR(1).

E(t)
NG)

The parameters and variables used in system (2) are defined in Table (1).

U(t) — ka

E(t)

N(2)

Q(t)7



Parameter Description Units
a Infection rate Day !
N Total population number Day
n Birth rate Per 1000 people
n Death rate Per 1000 people
vy Non-isolated infected people rate Day~!
B Exit tests rate Day !
€ Recovery rate Day~*
n Contact tracing rate Day !
L Fraction by which individuals reduces their contact rate Day !
b Vaccination rate Day~!
w Hospitalization rate Day~!
13 Vaccination efficacy Per infected people
- Duration of the latent period Day

Table 1: Definition of parameters in the SV EUQCH R model

Normalizing the parameters give,

o(t) = 2 elt) = e ult) = ) = i,

and the system of equation (2) reduces to

P~ 51— o) — et) — ult) - a(t) - oft) — h(t) = r(t)) — (1 — Ehav()e(®) - o(t),
O = (1 alt o) —et) ~u(t) - qlt) ~ eft) ~ () ~ r(B)e(t
+ (1= Oav()e(t) - pe(t) - av(t)e(t)u(t) — rav(D)e(t)a(t),
di;gt) = kav(t)e(t)u(t) — (u+ v + nu(t),
d‘fi_(tt) = wav(t)e(t)q(t) — (u+ B)a(t) +ult),
dfi(tt) = u(t) + Bq(t) — (u+w)c(t),
‘”:# = welt) — (u+e)h(t),
PO = eht) - wrlt). @)

We consider the following initial conditions,

v(0) =wp > 0; e(0) = eg > 0; u(0) =ug > 0; g(0) =go > 0; c(0) =g >0, h(0) = hg > 0; 7(0) = rg > 0.
(4)

The system is then solved numerically and we investigate the dynamical stability of the suggested
model, by calculating the equilibrium point of the system, and the control reproduction number R,.

2.1 The Equilibrium point

We evaluate the equilibrium point of the system (3) under the conditions (4 and call it the disease-
free equilibrium point, meaning that there is no disease exists in the population. Based on the



next-generation matrix method [21], we determine the initial reproduction number Ry at the free
equilibrium point Py, which determines whether or not there is a single non-negative equilibrium
and stability [21]. Moreover, the number Ry may be used to check the stability of the system (3).
However, if the initial reproduction number Ry > 1, then the system (3) is unstable, resulting in
continued pandemic spread whereas if Ry < 1, the system ( 3) is asymptotically stable and the disease
disappears [22]. The disease-free equilibrium point of the system (3) is given by

(¥ 0,0,0,0,0,0). (5)

Y+ p

2.2 The control and basic reproduction number by the next-generation
approach

We now evaluate the basic (initial) reproduction number Rg by using the next-generation matrix
approach [21]. For this aim, let us define the vectors X and Y as the infected and uninfected classes,
respectively and the vector of new infection rates that flows from Y to X be f(X;Y). Finally, we
assume that v(X;Y) be the vector of all other rates which are not new infection, where the inflow in
compartment V is negative and the outflow in compartment V is positive.

The next-generation matrix G reflects the number of recently infected individuals in different
generations over time, and is the number of recently infected individuals within different groups (23]

as G = FV~! where F = [%} ‘Po and V = [g—ﬂ IPu . The reproduction number Ry represents the

average number of new cases that are created by a single case and is the dominant eigenvalue of a
generation matrix G = FV ™! [21], namely Ry = p(FV 1) where p(G) is the spectra radius of the
matrix G. Here we will calculate the control reproduction number R, and basic reproduction number
Ry for the SVEUQCHR model using the next generation matrix approach [21]. The vectors f and
7 are given by

fo= (A=vall —v(t) —e(t) —ult) — q(t) — c(t) — h(t) — r(t))e(t) + (1 — E)av(t)e(t)),
pe(t) + xae(t)u(t) + kae(t)q(t)
o | e + (et y e -
—rae(t)qt) + (u+ B)a(t) —nu(t) |’
—yu(t) — Ba(t) + (u+w)e(t)
At (%,0,0,0,0,0,0), the matrices F and V may be written as,
(1-va(l- )+ (1-€azt0 0 0 0 m 0 0 0
Fo 0 000 V= 0 pu+v+n 0 0
0 0 0 0}/’ 0 —n u+pB 0 ’
0 000 0 - -8 utw
(7
and consequently the next generation matrix G = FV~! may be written explicitly as,
1
S1l=0a(l- )+ (1= Qaghy 0 0 0
0 0 0O
G= 8
0 0 0 0}’ ®
0 0 00

Now, by evaluating the spectra radius of the matrix G, the control reproduction number R.(1,¢) of
system (3) will be

_(-da, (—Qay



By setting ¥ = 0 and « = 0, namely there are no control measures, the control reproduction number
R (v, ¢) reduces to the basic reproduction number Ry = % The change rate of R.(1,t) with respected

to vaccination %f’—b) = &(LT_“&)); < 0, if ¢ < & This means that, the control reproduction number
decreases if the vaccination efficacy is more than the social distancing rate ( ¢ < € ). However, if the
vaccine efficacy is not high than the social distancing, then R, increases, and the epidemic will not be
controlled.

In the following sections, we shall consider three different types of strategies, vaccination only, social
distance only and the third is combining both the vaccination and the social distance. Moreover, we

use the game theory as an application to discuss the three strategies

3 Vaccination strategy

‘We will consider vaccination as the only personal protection against COVID-19, namely it is assumed
that, the vaccination is the sole personal protection against COVID-19. Therefore, if we'set ¢ = 0 in
system (3), one can discuss the vaccination strategy only (VS). By following the same procedure that
described in Sec.(3), the vaccination control reproduction number may be written as,

_ _ &y
R(¢y) = Ro( m) (10)
Moreover for the VS, the threshold value of the vaccination 9y, is given by,
_ _W(Ro—1)
e = P ()

where we solved R.(¥) = 1. In our numerical treatment we assume that the vaccination efficacy
£ =073, and 1 < Ry < ﬁ However, if Ry > ﬁ then the diseases cannot be controlled by

vaccination alone. If the vaccination rate is less than the vaccination threshold, namely 9 < 95, then
the disease remains endemic. Otherwise, the disease can be eradicated. The endemic point of the VS
is given by

P = (v, €5, Uy, Gy Cps hyy T3 ), (12)
where
e = BEyEn L wrw)tn-f) . | ) N
v ke Y Ayt n=B) -8 U Aly+tn—-B8)—n8 ¥
h* — w C* r*: Ew C*
v oute VY ulute
o = (Ro—l)ﬂa—(u+7+n)_(n+1)((u+w)(7+n—ﬁ)—n(ﬂ+w)—(u+w)(7(7+n—5)~nﬂ))c*
v €Rorka Ewy(y+n—B) —nB) v
. Y
C,w = E,
and,

Y = (k&uy(v+n—8) —nBuly(y+n—8) —nB))(ERory(ka — p+v+n)
—((Ro = D)ka — (u+ v+ )k + (1 — &)+ v+ 1) + px)),

Z = ERok*alp(y(y+n—B) —nB)(s+ 1)((u+w)(v+n— B) — nlu+w)
—(p+w)vy+n=8) —nB) (k¢ + (1 = &) (1 +v+n) + pk))
+hE(Wy (Y + 1= B) —nB) (W((p +w)(v + 17— B) = +w) + (u+w)(v(y +7— B) —18))),



The change rate of the confirmed infected end point cx with respect to the vaccination rate is given
by,

dc;‘p ko Ly
@ "k Iy (13)
K = ply(y+n-08)—Bn)wy(y+n—B) — Bn)(kRo€(vy — u+ak + 1) — k(—y + ak(Ro — 1) — p — 7)),

Ky = arRo((k+Dp(y(y+n~F) = f)((=w = w)(v(y + 1= B) = Bn) + (w+ p) (v + 1= B) = n(w + u))
(kY + (1 =& (v +p+mn) + &)+ E(uy(y+n-8) = Bn)((w+ w)(y(y+1—8) — Bn) + (w+ )
(v +n—B8) —nlw+ p)v),

Ly = ((p(y(y+n-8)=Bn)pty(y+n—B) — Bn)(Kéu(y(y+n = B) — Bn)w + ) (v(y +n - B) — Bn)
Hw+p)(y+n-8) —nlw+p) + k(s + Du(y(y+n - B) — Bn)
(rw=wO(y+n=8)—Bn)+ (w+p(y+n->8) —nlw+ w))(kRo&(y — p+ ar + n)y
—(=v+ak(Ro — 1) —p—n)(syp + (1 = (v + p+n) + &p),

Ly = akRo((k+u(y(y+n-8)-Bn)((~w—wu)y(y+n—-28)—Bn)

Fw+ )y +n—8) —nlw+ )k + (1 - +pu+mn) +ru) +sEuy(y+n—8) — Bn)
(WH+w)yr+n-8) =80 + (w+ (v +1—B) —n(w + w)¥)?, (14)

and by using (14), one can show that % <0ify < Z’_ii'l

3.1 Applying of game theory

In this section, we apply game theory to discuss the vaccination strategy, SV. For this aim, consider
that we have two groups: the first group V' which represents the individuals who choose to be vac-
cinated and the second group V' for the individuals who refuse to take the vaccine. Let w, be the
probability of infection among vaccination individuals and 7+ be the probability of infection among
non-vaccination individuals. These probabilities can be expressed as the proportion of susceptible
individuals becoming infected over the number of individuals dying during any unit of time [14]. Thus

(-Qalwy +6g)  _alvy +6gy) )

(1 -8alyuy +Ba;) +u" 7 alyuy+Bg)) +p

Ty =

Then by using the endemic point P} = (v}, € Uz, Ay Coys oy Ty,) calculated in (12), the probabilities

ary and 7}, may be written as,

o (1= &)acy,((u+w)(y(y+n—B) — abn))
YT U= 8ac(w+w)a(v+n—B) —apm) + u(r(y + 1 — B) — nB)’
acy,((p +w)(v(y +n — B) — aBn))

R (PP | B ) R o gy prr ()

Let my,» be the increased risk of infection for non-vaccinated individuals compared to vaccinated
individuals

Tyy! (017;) =Ty — Ty, (17)
By using the general game-theoretical framework [14], the expected payoff associated with each strat-
egy can be defined as:



Ey=-C% -y, Ey =—my, (18)

b
where C¥ = g" , C$ is the cost of vaccination, and Cf’ is the cost of infection.
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Figure 2: The vaccination control reproduction number as a function of the vaccination rate.

To analyze the expected payoffs for individuals, we assume that, 1,0, be the vaccination rate of
the population. However, if ¥,,, > ¥in- then R.(¢) < 1 and the population reach a disease-free
equilibrium which means that the probability of infection among vaccinated individuals and non-
vaccinated individuals are null. (7, = my = 0 ) and thus, there is no incentive for individuals to
take the vaccine. If ¥, < ¥inr then Re(1)) > 1 and the epidemic reach endemic equilibrium Pj. The
expected payoff of changing the strategies from non vaccinated to vaccinated is define as

AEy = —C¥ + myyr (), (19)
Now individuals will choose the vaccine strategy if AEy > 0, which means that myy- (cj,) > C¥. They

will choose the non-vaccination strategy when AE,, < 0, which means myy (c},) < C¥. The Nash equi-
librium for vaccination 9 sh is defined when the risk of infection is equal to the cost of infection AEy, =
0,i.e. when myy/(cj) = C¥. By substituting the endemic level (cy) in to the equation myy (cy,) = cY,
we can find equation (20) which the Nash equilibrium 14, must satisfied

J() = C¥((a((p+w)(y(y+n—8) —aBn)) + u(y(y +n— 8) — Bn))
(A= +w)v(y+n—=8) —abn) + u(y(y +n—B) — Bn))
(k€& (uy(y + 11— B) — nB)uly(y + 1 — BB) — nB))
(ERorp(ka— p+y+n) — ((Ro — Dra — (u+7v+n))(ky
+(1 =8+ +n) + pkr))) — (ERox*a(—pE(n + 77) (20)
(b+w)(B =7+ 17— By —anB)) (u(y(y+n - B) — Bn)((k+ 1)
(p+w)v+n=8)—nlp+w) — (p+w)y(y+n-8) = Bn)(xy
(A =+ +n) + ps)) + k€(uy(y +n - 8) = nB8)(¥((p + w)
(v +n—=8) —nlp+w) + (p+w)(y(y +n-8) —nB)))))
= 0
To analyze the existence of the vaccination Nash equilibrium, we find the roots of equation (20)
defined as 9ro0t -We find that there is one real root of J(¢) = 0 using Mathematica Wolfram 12.1,



Yroot — 0. The vaccine efficacy of the Sinopharm vaccine at preventing infection of is 78% [24]. Daily
recovery rate (99.1% of total cases), death cases (0.5% of total cases) and hospitalization (0.4% of
total cases) [25] , birth rate 13.163 [26]. Estimate reproduction number in Bahrain 0.99 (0.55-1.3) [27].
The duration of the latent period (%) The period of possible latent infection was found to range from
1-5 days before its appearance, with an average time of 2 days [28], so k = 0.5.

Fig. (2) shows the behavior of the vaccination control reproduction number, when we apply only
the vaccination strategy (SV). It is clear that, R(¢),t) decreases suddenly as the vaccination process
is switched on. However, a linear behavior is predicted as the vaccination rate increases. Moreover at
further values of vaccination the reproduction number vanishes completely.

825
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Yihr(Nash)

9.1

X
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Figure 3: The vaccination rate, where the solid and dot lines represents ¥ (Ro) and ¥nasi(Ro),
respectively.

The behavior of equilibrium vaccination ¥4, and that predicted from the game theory ¥nqsn are
displayed in Fig. (3). The behavior shows that, ¥n,sn increases slightly and gradually at small value of
the reproduction number. However, a liner behavior is depicted as R(v,t) is increased. On the other
hand the equilibrium vaccination 14, is shown at large values of vaccination control reproduction
number and increases gradually at R(¢,t) < 3, while it increases suddenly as one increases the
vaccination control reproduction number. From these behaviors, one can conclude that, ¥:nr < Vnash
for all 0.2 < Ry < 2.3 and Y1pr > Y¥nasn for all By > 2.3. It means that, if the basic reproduction
number is less than 2.3, Bahrain can control the epidemic by vaccination only with a vaccination
efficacy rate of at most 0.565, otherwise, the epidemic needs more vaccination efficacy.

2 6.60% J008 LO0% SO0 £.01 212

Figure 4: The vaccination rate 1 as a function of the relative vaccination cost infection c. The solid,
dot and dash curves are evaluated at Ry = 2.9, 1.3, and 0.5, respectively.



Fig. (4) shows the best population vaccination rate as a function of the relative vaccination cost
of infection at different values of the reproduction numbers, where we set Ry as 0.9,1.3 and 2.9. In
general the vaccination rate decreases as the relative vaccination cost of infection increases. However,
the decreasing rate depends on the initial of the reproduction number, where it decreases gradually
at large values of Ry, and consequently vanishes at large values of the relative vaccination cost.
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Figure 5: The probability of infection individuals who accept/reject vaccination. The solid, dash-dot,
and dots curves represent m,/, m,, and m,, respectively.

Fig. (5) displays the effect of the efficacy, £ on the infection probability 7y (c*) among the indi-
viduals who accept the vaccination, where we consider different values of the vaccination efficacy. It
is clear that, the probability of infection increases as the endemic level ¢* increases linearly. However,
the increasing rate depends on the degree of the vaccination efficacy, where m,(cx) decreases as one
increases £. These results are confirmed in Fig. (5), where we investigate the behavior of the infection
risk, myy as a function on the endemic point ¢* at different values of £. The behavior shows that as
one increases ¢ the infection risk increases, which means it decreases for vaccinated individuals.

Ty,

max

= -

*
C‘lﬁ Nash c

Try!,

Probability of infection
Probability of infection

Endemic level, ¢* Endemic level, ¢*

Figure 6: The probability of the increases risk of the infection for vaccinated /non-vaccinated individual
where the vaccination efficacy is (a) 0.73 and (b) 0.9

The expected payoff of changing of the vaccinated and non vaccinated individual, AF is displayed
in Fig. (6) at different values of the vaccination efficacy. We consider two cases either C¥ > my v
or C¥ = myy. For the first case, the expect payoff AE < 0, namely the numbers of individuals
who accept to be vaccinated are smaller than those reject the vaccination strategy, and consequently
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there is no Nash vaccination strategy. For the second case, it is assumed that AE = 0, namely the
numbers of accepted/rejected to be vaccinated are equal, where a unique Nash vaccination strategy is
displayed. As it is expected, the upper bounds of 7y~ increases as the vaccination increases, namely
the probability risk of infection increases. Moreover, (c:‘p) increases when 0 < c;‘b < C*wmax and
attends its maximum when ¢, = c,...- From equation (20) we can write as a function of the

relative cost C¥ as

FE - AG
=cm,u.—B+FD’ 1)
where,
A = aRo(B-7(v(v+1) = B(v+ an))k€(p + w)* (=7 — ) (-7
+B(—-1+y+n—r)+ne+7v(1—n+k)),
B = aRo(B—7)(v(v+n) = B(y+ am)r€(p +w)2E(1 + 7+ mra(y(y +m)u — Bn+ )
F = —CY(y(y+nu—Bn+ ) (=B -1y +n)u+a(y(y +n) — By +an)(u + w)),
(=B=m(v+nu+ (v +n) =By +an)(1 - &) (u+w)),
D = (=(=v—n+a(-1+ Ro)k — u)k + Rok€[y + 1+ ar — p]),
G = (s —ply+n+p)(-1+¢),
E = —(=y—-n+a(-1+Ro)k — p)(kp — (y+ 1+ u)(-1+¢)) (22)

4  Social distancing strategy

This strategy is one of the most applicable procedures to reduces the epidemic. Therefore, we examine
the case in which individuals consider social distancing as the only infectious disease prevention
strategy. In the absence of vaccination, the most effective way to reduce the transmission of the
epidemic between people is to apply social distancing. Although social distancing does not eliminate
the epidemic, it does play an important role in flattening the curve [14].

The dynamical system which is used to describe this strategy may be obtained be setting ¥ = 0,
system (3), namely there is no vaccination. For the social distance strategy (SD), the social control
reproduction number is given by,

R.:(¢) = (1 — ¢)Ry, (23)
By solving R.(t) = 1 for ¢, one gets the threshold value of the social distancing denoted as: s, =
1

F?Og (7) shows the control reproduction number R.(t) when social distancing is the only personal
protection strategy and the social distancing level required to achieved herd immunity i, we can see
that if the ¢ < ;- then R.(¢) > 1 and the disease remain epidemic. The endemic point of the social
distance strategy, is given by,

PL*=(Ufa€f,ufaﬂ,cf,hfﬁf)= (24)
where
. _ kry+n . (ptw)(—kaee+p-8) . . n(u +w) .
e, = y U, = . Cs & = 77— =Cu»
Ka Y(—kaey + p+28) v(—rae; +p — B)

hr v crr Y

= r— 7' = — y
[ L+e ORI /Jf(l]*"'a) L
o (U=00-ge-t) v,
L (é-_l) V2 L)
* Y
C, = Z -
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Figure 7: The social distance level required to achieve the herd immunity ¢yp,..

with,
Vi = (1=9(ulpt+w)(—rae; +p+p)+nlp+w)+ (p+w)y(—rae, + p+ 26))
+(pa(p + w)(—kae] + p+ B) + np +w)),
Voo = (€ Dpy(—kae] + p+ 26),
i = (1= = ef — (1= 2)(1 —€))py(—rae; + p+2p),
Zy = (1=(pp+w)(-kae] +p+ ) +n(p+w) + (p+w)y(—kae] + p+26))

+(us(p + w)(—kae; +p+ B) +n(p+w)) + (1= 1) (1 + w)y(—Kae] + p+26))
+(p + w)y(—rae] +p+ B) +nlp+w))(s+ (1 —1))).

4.1 Applying of game theory

Similarly, we apply game theory to analysis the stability of the system which describes this model.
In this context, we assume that SD denotes individuals who choose to apply social distance and sD’
denote individuals who refuse to apply social distance. Let mgp be the probability of infection among
social individuals and 7 be the probability of infection among non social individuals. 7gp and
Tep' can be expressed as the proportion of susceptible individuals becoming infected over the number
of individuals dying during any unit of time [14]. For this strategy, we have

nop = L= Yalyul +54) S alyu; +697) (25)
(1 —dalyuf + Bg;) + p° alyu; +Ba;) +p
and using endemic point (24) these probabilities may be written as,
rep = (1 = ac; (v(u + w)(=kae; + p+ B) + Bn(p + w))
(1 = acy (v(p + w)(—kae; + p+ B) + Bnp + w)) + py(—rkae; + p+26)°
T ac; (y(p + w)(—kae; +p+ B) + Bn(p +w)) (26)

ac; (v(u + w)(—kae; + p+ B) + Bnp + w)) + py(—raer + p+26)

Let us define the increased risk of infection for individuals wgpgp as

12



Tspsp'(€) = Tgp' — Tsp, (27)

By using the general game-theoretical framework [14], the expected payoff associated with each strat-
egy can be defined as:
ESDI—CL—WSD, ESD’ = —Tgp’s (28)

where C* = C%S} be the relative cost of applying social distancing.

Let tpop be the social dist incing rate of the population. To analyze the expected payoffs for
individuals, if tpop > tenr then R.(¢) < 1 and the population reach a disease-free equilibrium which
means that the probability of infection among vaccinated individuals and non-vaccinated individuals
are null. (mgpr = mgp =0 ) and thus, there is no incentive for individuals to apply social distancing.
If tpop < tenr then R.(¢) > 1 and the epidemic reach endemic equilibrium P*. The expected payoff
of changing the strategies from not applying the social distancing to applying the social distancing is
defining as

AE, = —C" +mgpgp (c)). (29)

Now individuals will choose the social distancing if AE, > 0, which means that mgpgp (cf) >
C*. They will choose the non-social distancing strategy when AE, < 0, which means 7¢, ¢ (cf) < C“.
The Nash equilibrium for social distancing ¢pyqsp is defined when the risk of infection is equal to the
cost of infection AE, = 0, i.e. when mgpgp(c;) = C*. By substituting the endemic level (c})in to
the equation mgpgp () = C*, we can find equation (30) which the Nash equilibrium ¢, must
satisfied

J() = CL{[AL + BJ[(1 - 0)A, + B/]} - (A/B,, (30}
where 4
_ el
A= i,

Social distance rate

b aa1 202 #43 o084 4.05 Q08 207 208 808
social distance

Figure 8: Population social distance rate as a function of the relative social cost infection with different
reproduction number. The solid, dash and dot curves are evaluated at Ry = 2.9,1.3,0.9, respectively.
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and

ALl
AL2

B,

(=0 =v)e; = (1 =) —ef))py(—rae] +p+2B)a((B — aelx + u)y(p+w) + Bn(p +w)),
(1 =) (ulp +w)(=rKae; +p+ ) + nlp+w) + (b +w)y(—rae] + p +286))

+(pa(p + w)(—rae; + p+ B) +n(p+w))

(A = (s +w)v(—rae] + p+28)) + (b + w)y(—rae; + p+ B) +n(p+w))(k+ (1 — 1)),
py(—kae; + p+ 28).

The root of J(¢) = 0 using Wolfram Mathematica 12.1 is + — 0.
Fig. (8) shows the behavior of the population social distancing rate as a function of the relative

social cost of infection, where different reproduction numbers are considered. In general this rate
decreases linearly as the relative cost of infection increases. It is clear that, as the initial values of Ry
increases, the upper bounds of the social distance rate is large. However, the equilibrium behavior of
the distance rate is depicted at larger values of the relative cost distance.
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Figure 9: (a) The behavior of the endemic level ¢} (¢) and (b) The dash and solid curves represent

mgp(c*) and wgp (c*), respectively.

The maximum point of the endemic level is obtained when %C:L < 0. However, the maximum point
is given by,

Hmax
* — 1
CLmax Z1 max’ (3 )
with
Y1 max (ef — (1 —e)))uy(—rae; + p+28),
Zimax = (u(p+w)(—kae] +p+ B) +n(p +w) + (u+w)y(—rae; +p+28))

+
((

Fig. (9a), displays the behavior of the endemic level as a function of the social distance ¢, where it
decreases gradually as one increases the social distance. Moreover, the maximum value of the endemic
level is predicted at ¢ = 0. The effect of the social distance on the probabilities msp and msp/ are
displayed in Fig. (9b) . The behavior shows that both probabilities increases linearly as the endemic
level c* increases. The increasing that predicted for who do not apply the social distance is larger
than that displayed for whom applied the social distance.

pe(p + w)(~kae; +p+ B) +n(p+w)) +

(
(b +w)y(—rae; +u+20)) + (b + w)y(—rKae + p+ B) + n(p +w))(k + 1)).
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In Fig. (10) we discuss the risk probability for individuals who apply/do not apply the social
distance, where line (1) represents C* > mg g, namely AE, < 0, individuals who not to apply social
distancing strategy, without Nash social strategy. The second line (2) when we set C* = mspspr, i.c.
Then AFE, = 0 and within a unique Nash social strategy. In this case, We can write +(C*)

oty (32)
a Ly
where
u = —pac((B—aelk+ p)y(p+w) + Bn(p+ w))v(28 — aefrk + p) — u>v(28 — aefk + p)°
+C " (p(ack (B — aerk + p)y(u + w) + Bn(p + w)))7(28 — aefr + 1)),
2 = ¢ ((B—ae;k—+u)y(p+w)+ Bnlp+w))lac ((B — aelx + p)y(p + w)

+Bn(p + w)) + py(28 — ae;k + p)).

The behavior of the probability risk increases suddenly for any values ¢* € [0,¢)y,qn] Of the en-
demic level ¢* increases, while it increases gradually as one increases the endemic level, namely

c C [CZNasfﬁ CZmaz]'

5 Combining the social distancing and vaccination strategies

Now, we will find the best strategies when both vaccination and social distancing are available for
individuals. The control reproduction number R.(1,¢) of system (3) will be
(1-da  ap(—§)

Iz p(y + p)

Rc(l/% L) =



¢ 0.005 a0t 0015 902

Vaccination rate, ¢

Figure 11: The social distance rate ¢(¢). The solid, dash, dot curves represent the social distance rate
t(¥) at Rg = 0.9,1, 1.3, respectively.

Fig. (11) shows the behavior of +(§) at different values of the initial reproduction number. It is
clear that, small vaccination and distance rates is displayed at small values of Ry,. However, as one
increases Rg one has to increase 9 and ¢.

To investigate the stability of the system which describes this strategy, we need to discuss the
endemic point of system (3), which is given by,

Py, = (e u", g, ¢ hrT), (33)
where
s o_ kraytn . wtw)O+n—8) . . —nptw)
£ = P ey puey; Rl My J
w EW
h* — C*, *__—*,
p+e w(p +€)
”U* — (l — L)(l —6*) _ 1 _ EC*
() (E~v)Ry Vy
« _ Y
(& = Z—z,
with
Vi = (1-gp+w)v(y+n—08)—n8)+ulk+1+)(p+w)ly+n-8)—nlk+w))),
Vi = (E-vply(y+n-8)—nb),
Y, = (E—L)u(—nﬁ+7(7+n—ﬁ))fc(¢(m_i:wﬂ') -
(l—b)(1~e*)(fw+(1—5)(#+7+n)+nw)_~¢+(1—€)(u+'¥+n)+/m)
-1k (€ — 1)Rok ’
Zy = (I=9ptw)y(y+n-8)—n8) +ulk+1+)(p+w)y+n-8)—nlp+w)))

(kp+ (1 =u+v+n)+pe)+ (- )@((p+w)(y+n-8)—nlp+w) +
(w+w)(y(y+n—B8)—nB)).
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Figure 12: The social distance rate ¢(y) plotted against ¥

When both strategies, the vaccination and social distancing, are available to individuals, then the
Nash equilibrium of vaccination will be a social function ¥nqsn(t), and the Nash equilibrium of social
will be & function of vaccination tnqsn(1). We substitute c¢* from equation (33) in equation (17)

Ty (¢7) = C¥

We can obtain the equation that the Nash equilibrium of vaccination strategy ¥naqsn(t) satisfies as
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follow:

Unasu(t) = CY((((1—)(u+w)y(y+n—B) —nB) + u(k+1+1)
(p+w)(v+n=8)—nlp+w)) s+ (1 =&k +7v+n)+ px)
+E - ((p+w)y+n—B) —np+w) + (+w)(v(y+n - B) —nb))))
(a((p+w)(y(y+n—8) —abn) + u(y(v+n—8) —nB8)((1 - (1 +w) (34)
¥y +m—B) —abn)) + uly(y +n-B) —nB))) -

(
(€~ dutrtr =+~ ) ey LEEZEZT T )

L= —e)rp+ A= u+y+n+ps) sp+(1-EE+y+n) +;m))
(€— 1)k (€ —t)Rok
(€M +7) (b +w)(B =N +nv — By — anB)))

By substituting ¢ = 0 in equation (34) and solve for ¢ we get ¢ — 0. Also, when substitute ¢* from
equation (33) in equation (27)
Tspsp' (€*) = C*.

For this strategy, the Nash equilibrium of social distancing strategy tnqsn (%) is given by,

tNash(¥) = C*((A+ B)((1 —1)A+ B)) —1AB, (35)

where

A =ac"(Y(p+w)(—rae” +p+B) + fn(p +w)), B=uy(—kae"+p+28).

By substituting ¢ = 0 in equation (35) and solve for ¢ we get ¥y = 0. Vaccination is the best strategy
when 1y > tngsh-

Fig. (12) shows the relative cost function for the combined two strategies to investigate the best
applicable ones in Bahrain, where we consider two cases the cases C* > C¥, and C* = C¥ C* < C¥.
It is clear that, the upper bounds of the social distance increases when the vaccination cost is larger
than the distance cost.

6 Discussion

In this contribution, we introduce a model that included vaccination and social distancing as control
measures to determine the best individual strategies for infectious disease precaution. We construct
a payoff function for each available strategy and calculate the return from it. The relative cost
of each strategy determines which strategy is most applicable to individuals. We consider three
different strategies; either the individuals protect themselves by vaccination only, applying the social
distance only, or combining both strategies. Our calculation found that both vaccination and social
distancing play vital roles in controlling the spread of COVID-19 in Bahrain. The control reproduction
number mainly decreases with increased social distancing rate, but it reduces with vaccination only
if vaccination efficacy is greater than the social distancing rate.

For the first strategy, Bahrain can adopt vaccination to control the epidemic if the main reproduc-
tion number is less than 2.3, with a vaccination efficiency of 0.565 at most. Otherwise, the epidemic
needs more vaccination efficacy (Fig. (3)). The vaccine’s effectiveness also has an essential role in
reducing the possibility of infection in individuals. Also, it found that with increased vaccination
efficacy, the chance of non-vaccinated individuals being more infected than the vaccinated individuals
as seen in Fig. (5). However, as the relative cost of infection increases, the population vaccination rate
decreases because of fears of an increase in cases of infection due to vaccination (Fig. (4)). Also, it is
found that individuals will choose a non-vaccination strategy when this cost exceeds the probability
of increased risk of infection for non-vaccinated individuals compared to vaccinated individuals (Fig.
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(6)). However, the best strategy for this scenario is when the relative cost of infection and the proba-
bility of increased risk of infection for non-vaccinated individuals compared to vaccinated individuals
are equal. Similar results were obtained in the Choi and Shim study [17].

For the second scenario, social distancing plays a significant role in reducing contact between
individuals in the absence of vaccination. Thus, to control the epidemic using social distancing only, the
level of social distancing should be applied at a rate greater than achieving herd immunity (Fig. (7)).
The severe social distancing between individuals can protect them effectively by reducing infection,
although this distancing can lead to economic damage at the individual level and society as a whole.
Moreover, the herd immunity threshold for social distancing cannot be achieved through individuals’
participation, but everyone must participate in it, which results in economic losses. It has also been
observed that the rate of social distancing is affected by the increase in the relative cost of applying
social distancing. Also, the basic reproduction number has a role in influencing this rate. The rate
of social distancing decreases according to the decrease in the basic reproduction number, as seen in
Fig. (8).

The endemic level decreases with the increase in the rate of social distancing. However, with its
growth, the probability of infection increases between individuals who apply social distancing and
those who do not, as seen in Fig. (9a) and Fig. (9b). Therefore, the best strategy to be applied in the
second scenario is when the relative social cost of infection equals the increased risk of infection for
individuals who don’t apply social distancing compared to individuals who apply social distancing, as
shown in Fig. (10).

For the third strategy, it is found that the rate of social distancing decreases as one increases the
rate of vaccination rat, as represented in Fig. (11). Moreover, best strategy that can be applied is the
vaccination strategy, even if vaccination and social distancing strategies have the same cost or different
costs, as shown in Fig. (12). In contrast, Choi and Shim [17] study showed that, if vaccination and
social distancing are available, vaccination will be the best strategy for individuals when the relative
social cost is more than vaccination. However, social distancing will be the best strategy when the
relative cost of vaccination is equal to the relative cost of social distancing,.

One limitation of this model is that the analysis is restricted to the assumption that the system has
reached an endemic state and not taking into account the age of individuals and their susceptibility
to infection. Also, the model is limited to personal costs to individuals only. However, in real life, the
prevalence, severity of the disease, and the individual’s age all affect susceptibility to contracting it.
For example, the optimal vaccination coverage varies between age groups, and the optimal vaccination
rates for all age groups are highest at the beginning of a seasonal influenza epidemic [29]. In addition,
with the increase in the severity of the disease and its spread, the country needs more government
interventions, such as closing schools, providing work from home and partial closure of shops. Individ-
uals choose the most appropriate method to prevent exposure to infection, such as social distancing.
Therefore, both vaccination and social distancing should be identified as case variables.

In conclusion, a three different strategies are considered in order to overcome/reduces the endemic
of COVID-19 in Bahrain, where it is assumed that the individuals either agree/reject vaccination,
apply only the social distance, or accept to be vaccinated and obeying the social distance procedure.
Moreover, game theory is used as an application to investigate the stability of the dynamical systems
which describes these three seniors. In the three scenarios, it is assumed that vaccination as an optimal
strategy in the absence of social distancing and social distancing as an optimal strategy in the absence
of vaccination. However, for the combined strategy, one applies the optimal strategy when vaccination
and social distancing are present.

The obtained results show that, in the absence of social distancing, the best strategy is to apply
vaccination when its cost is equal to the risk of infection for non-vaccinated individuals compared to
vaccinated individuals. However, in the absence of vaccination, the optimal strategy for individuals
would be to apply social distancing when the cost is equal to the increased risk of infection for
individuals who don’t apply social distancing compared to individuals who apply social distancing.
In the presence of vaccination and social distancing, choosing vaccination is the best way, regardless
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of their cost. Therefore, vaccination’s importance must be considered a precautionary and preventive
measure to control the spread of the disease throughout the country.
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Abstract

This article develops a mathematical model considering time-dependent Susceptible, Un-
quarantined infected, Quarantined-infected, Confirmed-infected and Recovered transmission model
(SUQCR) for the disease progression in Bahrain. The stability and the existence of an equilibrium
point of the suggested model are discussed. The reproduction number Ry by the next-generation
approach is calculated. The model parameters are used as controllers to minimis the infected
individuals and maximize the recovered numbers. The basic reproduction number for Bahrain,
according to the SUQCR model, is Ry < 1, where all the infected individuals decreases, and
consequently it is taken as measure of increasing or decreasing the precautionary procedures.

Keywords:
COVID-19, Mathematical modeling of COVID-19, epidemic model, Reproduction number

1 Introduction

The World Health Organization (WHO) informed of a new virus responsible for respiratory disease
in Wuhan, China, on December 31, 2019 [1], resulting in great concern inside China and universally.
The epidemic began with patients entering hospitals in late December 2019 with preliminary diagnosis
of pneumonia. They were reported to be linked to the seafood and wet animal market in Wuhan,
Hubei Province, China [2]. COVID-19 has an incubation period of 3-7 days and may last up to 14
days and this period differs from patient to patient [3]. It is believed that the new Coronavirus is
contagious during the incubation period when patients do not have symptoms. It can be transmitted
from individual to another by direct contact and drops of sneezing, coughing or speaking [4]. The
COVID-19 virus is believed to have entered Bahrain on February 24, 2020 [4]. As of December 9,
a total of 68697077 confirmed cases of COVID-19 were reported worldwide, with 1555311 deaths.
Bahrain’s share in these statistics was 88293 confirmed cases and 343 deaths [5].

COVID-19 has sparked intense interest internationally about its spread and improvement pattern
[6). Concern about the spread and direction of the epidemic has led to mathematical research focused
on modeling its spread and evolution [1,7,8)]. However, the mathematical models are useful for
understanding the behaviour of an infection as it reaches the population and studying the conditions
under which it would be wiped out or would continue. Currently, COVID-19 is of great concern to
researchers, governments, and citizens, due to the high rate of spread of infection and the high number



of deaths that have occurred. Mathematical models are used as methods to gain insight into the nature
of infectious diseases [9-14]. Several mathematical models were used to study the spread of COVID-19,
such as Susceptible, Infected, Recovered (SIR), the Susceptible, Exposed, Infected, Recovered (SEIR,
and the Susceptible, Un-quarantined infected, Quarantined infected, Confirmed infected (SUQC)
models (6,9, 15]. These models represent individuals’ movement between ‘compartments’ in a given
community depending on the population and individuals’ infectious status [16].

The most popular of the compartmental models is the (SIR) model [9], where Kernack and McK-
endrick have developed it to describe the influenza epidemic [17] and established the famous threshold
theory in 1927. It is shown that, the threshold represents the number of new cases produced by an
infectious individual in a susceptible population and is determined by the basic reproduction number
Ry. The severity and rate of progression of an epidemic depend on the value of Ry. However, if Rq
> 1, the epidemic will continue, but if Ry < 1, the epidemic will disappear [18]. Also, Ry aims to
ensure equilibrium stability, fundamentally, disease-free equilibrium (DFE): if Ry < 1 the DFE is
stable while it will be unstable if Rq > 1 [9,19-22]. The SIR model was also used to describe the
transmission and frequency of a measles outbreak in New York between 1930 and 1962. The modified
SIR has been used in the context of COVID-19 [6,23,24]. These models help us to know how COVID-
19 spreads, predict regional peaks of the epidemic and understanding the effect of various quarantine
measures [25].

Wu et al. [26] used the Susceptible, Exposed, Infected, Recovered (SEIR) model to perform the
transmission dynamics and predict the spread of COVID-19; they estimated Rg to be 2.68. In contrast,
Tang et al. [27] obtained Ry to be 6.47 when the clinical progression of the disease and intervention
measures was combined into the SEIR model. The Susceptible, Un-quarantined infected, Quarantined
infected, Confirmed infected (SUQC) model suggested by Zhao & Chen [28] is applied to data from
China to analyze the dynamics of the COVID-19 outbreak and it shows accurate prediction of trends.
It can be used as a useful tool for quantifying parameters and variables related to quarantine effects
or methods of confirming an epidemic and providing further guidance on controlling outbreaks.

Therefore we are motivated to investigate the dynamics of the COVID-19 in Kingdom of Bahrain
by using the SUQCR model. The context of the manuscript is arranged as follows. In Sec.(2), we
review the SUQCR model and the differentiation equations system which describe it as well as its
stability. In Sec.(3), we investigate the production number Ry of the SUQCR model. The results are
discussed in Sec. (4). Finally, we summarize and conclude

2 The SUQCR Model

In present study, a time-dependent Susceptible, Un-quarantined infected, Quarantined infected, Con-
firmed infected, and Recovered transmission model (SUQCR) is proposed for the disease progression
in Bahrain, which is a modified version of the SUQC model [28]. The reported cases of COVID-19
were collected from the Ministry of Health in Bahrain and also from the website [29].

The SUQC R model includes the number of recovered individuals, referred as R, due to its impor-
tance of knowing the role of immunization used against COVID-19 and the role of natural immunity.
The effect of individuals’ disease history A and early detection of COVID-19 by the random tests
6 on the recovered numbers are explored in our model. The parameter u representing the normal
death rate at any stage of individual transmission is included in all compartments. Also, the SUQC
model showed the effect of quarantine measures on the spread of the disease directly. However, the
SUQC R model will show the impact of un-quarantine and quarantine measures on the progression of
disease in Bahrain. In more detail, it will show the effect of the random tests and trace the contacts
of COVID-19 patients on discovering the infected cases.

This model is described by five variables; Susceptible § = S(t), individuals exposed to disease
without disease resistance at time ¢, the Un-quarantined infected (U = U(t)), infected asymptomatic
individuals at time ¢, Quarantined infected @ = Q(t), people in contact with Corona patients, whether
with symptoms or without symptoms at time t, Confirmed infected (C = C(¢)), the number of



confirmed infected cases at time ¢, and Recovered R = R(t), the number of surviving individu-
als contagious and had developed a natural immunity to the virus at time ¢ [30], where the total
population N = N(t) = S(t) + U(t) + Q(¢) + C(t) + R(t) is non-negative for all ¢ > 0. Fig.(1), draws
the diagram of the proposed SUQC R model that tracking the infected cases in Bahrain
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Figure 1: The diagram of the SUQCR Model

Mathematically, the SUQCR model may be described by the following system of differential equa-
tions, (1),

%ﬁ” = nN(t) - uS(t) - a:;%)u(t) _ afv(—ff))ﬂ?@»

dléit) - ai'(g))[](t)—(N+5+U+T/)U(t),

d?iit) = “}9\/(2; Q(t) — (k+ B)Q(t) + U (2),

%ﬁt) = (0+a)U@E)+BQ) — (k+7-A)C(),

T = (= NCl - Rl "

where %% represents the probability that contact is made with a susceptible individual and the
parameter a is the average number of effective contacts produced by each infectious individual [31].
However, all the parameters that displayed in Eq.(1) are described in Table (1). To simplify the model

(1), weset y =0+ 0 +mnand € = 7 — A, and consequently the system (1) reduces to be,



B~ N - st - “?v(z)) Ut) - “%%Q(t)’
dl;t(t) _ afv(g)) U = (u+ U,

d?zit) = “}9\,(2)) Q) — (u+B)Q() +nU (),

%it) = (Y=nU®) +BQ(t) — (k+e)C(),

%it) = eC(t) — uR(t).

(2)

In this context, if we assume that population N (¢) is a constant, then the birth rate becomes equivalent
to the death rate, namely n = p. In this study the restriction will be to the positive values for S, U,

Q, C, and R.

Parameter Description Units
a Infection rate Day-1
N Total population number Day
n Birth rate Per 1000 people
m Death rate Per 1000 people
¥ Non-isolated infected people rate Day-1
é Random tests rate Day-1
o Symptoms appearing rate Day-1
B Exit tests rate Day-1
€ Recovery rate Day-1
n Contact tracing rate Day-1
T Immunity rate (Natural immunity and immunity through vaccination) Day-1
A Medical history rate Day-1

Tablel: Definition of parameters in the SUQCR model.
For system (2), let s(t) = fv(—(tt))) , u(t) = Um(%, q(t) = %% , cft) = %, r(t) = %(%), and by

re-scaling the system one obtains the normalized system of differential equations that describe the

model as,

d_sd? = p—ps(t) —as(t)u(t) — as(t)q(t),
dzgt) = as(t)u(t) — (k + 7)u(t),

ii% = as(t)q(t) — (u+ B)a(t) + nu(t),
d_ii(:—) = (v—nu(t) + Bg(t) — (u+e)e(?),
d:i—?) = ec(t) — pr(t),

This system will be solved by considering the following initial conditions,

5(0) = 50 > 0; u(0) =ug > 0; g(0) =¢gg > 0; ¢(0) = ¢ >0, 7(0) =70 > 0.




In this context, it is important to investigate stability and the equilibrium point of the SUQCR.
It is well known that, the existence of a single nonnegative equilibrium and stability of the system (3)
depends on the basic reproduction number Ry on a free equilibrium point Py which is determined with
the next-generation matrix method [21]. Ry aims to check the stability of the system (3), if Ry > 1,
the system is unstable and continued pandemic spread occurs; however, if Ry < 1, the system (3)
is asymptotically stable, and the disease vanishes [32]. Based on Eq.(3), the disease-free equilibrium
point, which is the point at which no disease exists in the population is given by

n
_30)010,0 ) 5
(ooa0) ©

For all the equilibrium points, we have U = @ = C = 0. The positive disease-free equilibrium point
for the system (3) is S(¢) = 1. Thus, the disease-free equilibrium point will be Py = (1,0,0,0,0).

3 The Reproduction number E; by the next-generation ap-
proach

To develop a meaningful definition of the basic reproduction number Ry and the next-generation
matrix approach, let X be the vector of infected classes, and let Y be the vector of uninfected
classes. Let f(X;Y) be the vector of new infection rates (flows from ¥ to X) and v(X;Y) be the
vector of all other rates (not new infection). For each compartment, in-flow in V is negative and out-
flow in V is positive. Consider the next-generation matrix G, which is a matrix that links the number
of recently infected individuals in different groups in subsequent generations [34] as G = FV ! where

dx
cases performed by a single case, is the dominant eigenvalue of the generation matrix G = FV~1 [21].
ie, Ry = p(FV~!) where p(G) is the spectra radius of the matrix G. Here we will calculate the
reproduction number Ry for SUQCR model. The vectors f and v are given by

F = [i‘i] ‘P and V = [g—’;} JPo . The reproduction number Ry which is the average number of new
0

pu(t) + yu(t)
[ =(as(t)u(®) + as(t)q(?)), v= ug(t) + Bq(t) + nu(t) : (6)
—(v— n)u(t) pe(t) — Bq(t) + ec(t)
At (1,0,0,0,0) we obtain
a a 0 Bty 0 0
F=|000], Vv= n p+B 0 . (7)
0 00 (y—m B pte
T 0 0
voi= T w0 (8)

] + =1 B
(u+7)(u+B)(ute) * (w+v)(ute) (p+B)(ute) ute

and consequently the matrix G takes the following form,

+ u+7)(u+ﬂ) uf‘ﬁ 0
G= 0 0 of, )
0 0 0

Now the reproduction number of system (3) is defined as Ry = p(G). Explicitly it can be written as,

Ry =

a(p+B—n)
(M+d+a+n)(p+8) 10)



For the parameters used in our SUQCR model, and affording to Table 2, the basic reproduction
number of Bahrain according to this mode is Ry < 1. However, Ry will gradually increase as the
contact tracing rate, randomized test and exit test rates all fall from 0.09, which is the rate currently
calculated for Bahrain in the period of this study [29,33]. Ry in Bahrain depends on six parameters,
the infection rate, death rate, the symptoms appearing rate, the random and exit test rates, in addition
to the contact tracing rate.

a 7 4 4 B n Ry
0.2425 | 0.00000671 | 0.09 | 0.09 | 0.09 0.09 | 0.0000670
0.2425 | 0.00000671 | 0.0001 | 0.09 [ 0.0001 | 0.0001 0.1690
0.2425 | 0.00000671 | 0.00004 | 0.09 | 0.00004 | 0.00004 | 0.3687
0.2425 | 0.00000671 | 0.00003 | 0.09 | 0.00003 | 0.00003 | 0.4921
0.2425 | 0.00000671 | 0.00002 | 0.09 | 0.00002 | 0.00002 | 0.6765
0.2425 | 0.00000671 | 0.00001 | 0.09 | 0.00001 | 0.00001 | 1.0816
0.2425 | 0.00000671 0 0.09 0 0 2.6942

Table2: Values of the reproduction numbers with different parameters

Theorem 1 System (3) is locally stable related to the disease-free equilibrium point Py if Ro < 1 and
unstable if Ry > 1.

Proof. The Jacobian matrix J of the system (3) at the J at equilibrium point Py will be

—u —a —a 0 0
0 a—(u+7) 0 0 0
J=1|0 n a—(p+8) 0 0 (11)
0 7=n B —(p+e) 0
0 0 0 € —p

The eigenvalues of J are given by,

Moo= sep N BEVEo )@+l
pt+B—n
(u+B)[(r+v) (Ro=1)+ (v — B+n)]

L+B8—-n

A3 ) Ay =— (,LL + E) ’ (12)

From (12), it is clear that A1, A4 and As are always negative. However, at Rg < 1 the eigenvalues A,
and A3 are negative.

Thus, the disease-free equilibrium point Py is asymptotically stable localized since all roots of
Eq.(12) are negative. Moreover, P, is asymptotically unstable if Ry > 1, because it has two roots
with positive real parts. Thus, system (3) is locally stable at Py if Ry < 1 and unstable if Rg > 1. =

4 Result

In this section we shall investigate the behavior of the individual numbers, susceptible, un-quarantined
infected, quarantined infected, confirmed infected and recovers, where solved the system of (1) numer-
ically by using using the code "NDSolve” in the Wolfram Mathematica 12.1 with the initial conditions
S(0) =1, U(0) =0.5, Q(0) = 0.3, C(0) = 0.1 and R(0) = 0.1. The behavior of these individual num-
bers are displayed in Figs.(2-6), where we set the death rate u = 2.450 per 1000 people, which means
4 = 0.00000671 per day [35] and the infection rate a = 0.2425 [36]. Moreover, calculated parameters
from Bahrain COVID -19 data [29, 33] from September 24, 2020, to December 9, 2020, such as the,



recovery rate ¢ = 0.978, symptoms appearing rate o = 0.09, contact tracing rate n = 0.09, random
tests 6 = 0.09 and exit tests rate 5 = 0.09.

Fig.(2) shows the behavior of the individual numbers at different values of the parameters which
describe the system. In Fig.(2), we investigate the effect of the random test number, where we set
6 = 0.05, 1.55 where all the other parameters are fixed. The general behavior shows that the recover
individual increases gradually as the time increases. However, it behaves constantly at further time.
However, the constantly behavior is depicted faster at smaller values of §, where this observation can
be seen by comparing Figs.(2a) and (2b). The quarantined individual numbers increases gradually
to reach its maximum values at short time, where the maximum number is predicted at small values
of §. However, at further time the U numbers decrease gradually to completely vanishes, where the
vanishing time depends on the random test number §. The behavior of number of quarantined @
decreases gradually as time increases, where it decreases suddenly at large values of §. A similar
behavior is predicted for the confirmed infected numbers and the susceptible numbers, where they
decreases suddenly/gradually at small/large values of ¢.
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Figure 2: The susceptible (dash), un- quarantined infected (thick orange), quarantined infected
(black), confirmed infected (dot dash) and recovers (tiny dash) when a = 0.2425, p = 0.00000671,¢ =
0.978,0 = 0.09, 8 = 0.01,7 = 0.09 and (a) 6 = 0.05, (b)d = 1.55

In Fig. (3), we increases the exit test rate on the behavior of all individuals number. The depicted
behaviors are almost similar to those displayed in Fig.(2), namely all the individual numbers decreases
except the recovers number increases. Also, the susceptible individual numbers decrease at a short
time, then becomes a constant at further time. The gradually decay of the U, @, C, S is displayed at
small rate of random test, while their sudden decay is displayed at larger vales of §

The effect of the contact tracing rate n on the behavior of all the individual number is displayed
in Fig. (4). In general all the individual numbers predicted a behavior similar to that displayed in
Fig.(2), (3), but only the quarantined infected number increases in a short period of time. However,
as one increases the time further, it decays gradually to reach its non-vanishing minimum value.
However, as one increases 1 (see Fig.(4b), the upper bounds of the quarantined infected numbers is
larger than that displayed in (4a) Tt is clear that, the recovers number increases on the expanses of the
other decrease individual numbers, where it increases gradually at small time due to the increasing of
the individual number Q.

In Fig.(5), we discuss the effect of a large values of the exist test rate, 5. The behavior shows that
the recovers individual number increase on the expenses of the decreasing all the remaining individual
numbers. As it is shown from Fig.(5b), the upper bounds of recover number R(t) that displayed at
B = 0.3 are larger than those displayed at § = 0.01 as it shown in Fig.(5a). However, the susceptible
individual numbers S(t), behaves as a constant at large values, while it vanishes faster at small values
of 5.

From Figs.(2-5) one ca say that by controlling the random test parameter §, the contact tracing
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Figure 4: The susceptible (dash), un- quarantined infected (thick orange), quarantined infected
(black), confirmed infected (dot dash) and recovers (tiny dash) when a = 0.2425, u = 0.00000671,¢ =
0.978,0 = 0.09,3 = 0.01,6 = 0.05 and (a)n = 0, (b)n = 0.05

rate 7, and the exist test rate, one can increase the recovers individual numbers and at meanwhile, all
the other individual number could be decreases.

In Fig(6), we discuss the possibility of increasing the recovered numbers R(t) in the light of the
assumed constant date of the Ministry of health at Bahrain. The effect of the medical history rate,
X on the behavior of the individual recovered numbers R(t) is displayed in Fig.(6a). The behavior of
R(t) shows that, the recovered rate number increases gradually as the one increases the time. The
increasing rate depends on the initial value of A, where if the patient has no medical history rate,
namely A = 0, the possibility of increasing the recovered numbers is larger than that displayed for
those who have a medical history, namely A > 0.

In this context, it is important to investigate the effect of the initial immunity of the patient on
the possibility of incrossing the number of the recovered patient. From Fig.(6b), its clear that, as
one increases the patient’s immunity the recovering rate increases. However, our results show that
at small values of the immunity, namely 7 = 0.2, there is no possibility of increasing the recovered
numbers R(t). Moreover, the large values of the immunity has a slightly effect on increasing R(t).

Fig.(6¢c) describes the effect of the contact tracing rate n on the behavior of the individual recovered
numbers. Although the general behavior of the recovered numbers shows that R(¢) increases, but the
predicted increasing rate at small values of 1 is larger than that displayed at large value of 7. This
result is logic, because the more of 7, the more of discovering infected people and consequently the
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Figure 5: The same as Fig.(4), but we set the exist test rate 3 = 0.3.

infected sample increases.

One of the most important procedure that is taken by the Ministry of health is the exact test.
Therefor it is deserve to discuss the effect of this factor S on the suggested model. Fig.(6d), shows the
impact of # on the behavior of the recovered numbers R(t). It is shown that, R(t) increases as one
increase §. However, the sudden increasing of R(t) is displayed at large values of 3, while it increases
gradually at small values of the exact testing parameter. Moreover, at large time, the constantly
behavior of R(t)is displayed, where the large constant values are shown at large values of 3.

Fig.(7) shows the number of infected individuals in Bahrain at different values of reproduction
number, namely the behavior of the total sample of U(t), Q(¢) and C(t). The general behavior shows
that the infected sample decreases gradually as time increases. The decreasing rate depends on the
value of the reproduction number, where as one decreases Ry, the infected sample decreases fast and
vanishes completely at short period of time. On the other hand, at large values of the reproduction
number, the infected sample vanishes at longer period of time. Therefore, the precautionary procedures
that have been taken by the ministry of health at Bahrain are agree with the increasing/decreasing
the reproduction number.

5 Conclusion

In this contribution, we develop the SUQCR model from Bahrain’s daily data to investigate the
dynamics of the COVID-19 outbreak and determine the best preventive measures to limit its spread.
SUQCR model uses five variables and few parameters shown in Table 1. The model is described
mathematically by as system of differential equations which depends on some parameters, which has
a clear effect on the epidemic dynamic of COVID-19. The local stability and existence equilibrium
point of the mathematical model are obtained. Moreover, the reproduction number Ry by the next-
generation approach was calculated. It is shown that, the SUQCR model can act as a useful tool for
measuring quarantine-related parameters and variables, detecting confirmed cases by conducting the
random and exit tests in addition to the contact tracing.

From the behavior of the individual numbers, it seems clear that some parameters have a high
impact on controlling the spread of COVID-19 disease in Bahrain when other parameters are fixed.
These results refer to COVID-19 data in Bahrain from September 24 2020, to December 9, 2020. The
most critical issue in this model is decreasing the un-quarantine infected individuals and reducing the
reproduction number Ry to control the spread of COVID-19 and increasing the number of recovery
individuals. The most vital parameters are the random tests d, the exit tests 3, the contact tracing
rate 1, the immunity rate, including the natural immunity and the immunity through vaccination 7
and the medical history rate .
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Figure 6: The recovered individuals when a = 0.2425, 4 = 0.00000671, 0 = 0.09 a)Describe the effect
of medical history(A) with , 8 = 0.01, 7 = 0.5, n = 0.5, where the dash, solid and dot curves are
evaluated at A = 0,0.2 and 0.4, respectively, (b)the effect of the immunity 7 with 8 = 0.01, = 0.5,
A = 0.2, where the dash, solid and dot curves are evaluated at 7 = 0.2, 0.4, 2 respectively, (c) describes
the impact of the contact tracing rate n with 8 = 0.01,A = 0.2 and 7 = 0.5, where the dash, solid and
dot curves are evaluated at n = 0.1,0.2 and 0.3 respectively. (d) Shows the effect of exit test rate 3,
with n = 0.2,7 = 0.5, A = 0.2, where the dash, solid and dot curves are evaluated at 8 = 0.01,0.2 and
0.3 respectively.

Bahrain played a tremendous role in tracing contacts and conducting random checks. Also, it
followed a targeted and strict random tests system: daily random units organize random visits to
seven or eight locations, including health centers, sports clubs and various local markets. The number
of tests at each site ranges between 300-400, while 2000-2300 daily random checks are performed [39].
The obtained results show that, all the individual numbers decrease as the random test parameter
increases at large time. However, only the quarantined infections increases at small period of time by
setting a small values of exit test rate. Moreover, the un-quarantined infected individuals decreased
as one increases the random tests rate. These results are consistent with Worker et al. [37], who found
that contact tracing can be used in the event of an epidemic to help along with other control methods
to reduce the number of cases.

It is shown that, the immunity parameter may be considered as a control parameter to increases the
recovered numbers. This immunity includes the natural immunity of individuals or vaccine-mediated
immunity. Also, individuals’ disease history is an essential factor in the healing process, so we notice
that the number of people recovering decreases whenever there is a history of the individual’s disease.

Reproduction number is a valuable tool for disease control, where the disease spread rapidly,
and the number of infections increased as one increases the reproduction number. Therefore, it is
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The Infected Numbers
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Figure 7: Infected individuals for different reproduction numbers.The dash-dot, dot, and the solid
curves are evaluated at Ry = 1.7,1,0.6, 0.3, respectively

important to reduces it. This aim can be achieved by increasing the number of random, exit tests
and the contact tracing. The reproduction number of the SUQCR model is calculated from Table
2 is 0.00007 when a = 0.2425, u = 0.0000671,0 = 0.09,6 = 0.09, and n = 0.09, which means that
the disease is not spreading rapidly and will disappear in Bahrain. According to our model, the
reproduction number will gradually increase when the contact tracing, random and exit tests are
reduced from their current numbers. The estimated reproduction number in March 2020 was 3.85 [44]
and from September to November 2020, it was between 0.86 to 0.97 [29]. According to our model
Ry < 1, Bahrain’s government imposes effective restrictions to reduce the spread of the disease among
people. Therefore, citizens need to follow instructions to minimize COVID-19 spread between people.

Therefore, the precautionary measures followed by Bahrain’s Government, such as increasing ran-
dom tests to detect un-quarantined infected individuals and increasing the contact tracing and indi-
vidual’s immunity, have an effective impact on controlling the spread of COVID-19 in Bahrain. The
Government of Bahrain imposes many restrictions and preventive measures that would reduce disease
spread among people, so that must be followed and adhered to by the citizens and residents.
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