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Abstract 
In this paper we provide different types of approach in mathematical biology 
about infection disease and understanding the dynamic of epidemic mathe-
matical models specially in COVID-19 disease which first outbroke in China 
and fast spread around the world. We work in the connection between the 
mathematical models and the solution analytically and numerically. At first, 
we emphasize the Susceptible-Infectious-Recovered (SIR) models’ extension 
for policy significance. Then, we found the improved SIER model done by 
research. In third section, we examine the improved model when an appro-
priate vaccine has been found, we introduce the model of SIR with vaccine 
term which ends up with discussion and conclusion about the effect of vacci-
nate. The comprehension of COVID-19 transmission methods, structures, 
and characteristics is greatly aided by these mathematical models analytically 
and numerically. 
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1. Introduction 

When the World Health Organization (WHO) first reported a cluster of pneu-
monia cases in Wuhan in January 2020, no one anticipated that COVID-19, also 
known as coronavirus disease 2019, would become a pandemic in March 2020 
[1]. 

In the following sections, we will study the dynamic of COVID-19, which 
outbroke in Wuhan, China, and quickly spread around the world, causing many 
deaths. Scientists worldwide searched for the secret of this disease, and finally, 
they found a vaccine that helps reduce its risk. Researchers and the general pub-
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lic actively worked to find ways to reduce infection rates until a cure or vaccina-
tion procedure was developed to reduce the harm of this disease. The analysis 
governs most of the global spread and the significant solutions covered by scien-
tific research [2]. 

In this paper, we write an epidemic model using the SIR model, which is the 
Susceptible-Infectious-Recovered extension for policy significance. 

Then, in the next section, we examine the improved model when an appropri-
ate or perfect vaccine has been found against the disease, i.e., we introduce the 
SIR model with a vaccine term. Then, we finish with the discussion and conclu-
sion. The comprehension of COVID-19 transmission methods, structures, and 
characteristics is aided by these mathematical models analytically and numerically. 

In the last section, we discussed three types of equations; moreover, we ana-
lyzed some situations. Although our approaches to their solutions were different, 
we recognized how the models were built and how they support the research 
questions, which answer about what is the rate of disease spread? What kind of 
epidemic will it be? What happens if the model disease SIR had vaccine term? 

The answers to these questions are discussed in the context of the current 
COVID-19 outbreak. The model tells us that to reduce the impact of the disease, 
we need to lower the contact ratio as much as possible, which is exactly what 
current social distancing measures are designed to do, and to have several vac-
cines. Also, the following paper answers whether a vaccine is the condition for 
an epidemic to stop. 

2. Literature Review 

Despite the harm of diseases in human communities, little work was done on 
mathematical models of them until the last century. Since its inception, infec-
tious diseases have been a part of human history. They have had a significant 
impact on the fate of all nations when they have developed local epidemics or 
large pandemics. An interesting early example is a paper by Daniel Bernoulli, 
which was published in 1766 and was the first study of the deaths from smallpox 
[3]. 

In this century, the world has addressed different types of epidemics, such as 
the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002-2003; 
the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012; Ebola 
in 1976 and 2013; H1N1 in 2009; and finally, SARS-Cov-2, or COVID-19, in 
December 2019. 

2.1. History of Using Epidemics Model of Infection Disease 

Since the beginning of time, infectious diseases have been a part of human his-
tory. They have had a significant impact on the fate of entire nations when they 
have developed into local epidemics or large pandemics. An interesting early 
example is a paper by Daniel Bernoulli, which was published in 1766 and was the 
first study of the deaths from smallpox [4]. Another important work in infec-
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tious disease was done in the early 20th century by Hamer, who studied the regu-
lar recurrence of measles epidemics. Then, Kermark and McKendrick 1927 dis-
covered the conditions for the spread of the disease and investigated the effect of 
mechanisms and control theory [5]. 

In 2014-2015 in West Africa, the Ebola virus posed an unprecedented health 
threat to humans, considered by far the largest spread of the virus in history. The 
virus spreads through human-to-human transmission, and the epidemic in-
creased rapidly due to socioeconomic deprivation and inadequate health systems 
in the affected countries. Regional transmission is the origin of the spread of 
Ebola [6]. 

The spread occurs via the air when sick people congregate with healthy people 
and cough or sneeze droplets into the air. Scientists and politicians are working 
to prevent the transmission and spread of infection, as the reason for the trans-
mission of this type of pandemic is the movement of infected individuals from 
one place to another, which results in the spread of the disease. It is also spread 
by placing hands or fingers on the surface of objects that infected people touch. 
According to its emergence and spread, health organizations have informed the 
world about the symptoms of viral pneumonia, including fever, cough, and chest 
discomfort. Most studies have found that the international spread of COVID-19 
accelerated from late February 2020 [7]. 

According to their genetic characteristics, the coronavirus family consists of 
four genera: beta coronavirus, gamma coronavirus, and delta coronavirus. The 
coronavirus RNA genome, which is 26 - 32 kb, is the largest of all known viral 
genomes. Coronaviruses can infect humans and other mammals, reptiles, and 
birds. Most coronavirus infections are subclinical. The Middle East respiratory 
syndrome coronavirus (MERS-CoV) and the severe acute respiratory syndrome 
coronavirus (SARS-CoV) belong to the family of beta coronaviruses, which can 
cause serious respiratory illnesses in humans. COVID-19 can quickly adapt to new 
hosts and ecological niches, attain a propensity for genetic recombination, and in-
crease the rate at which normal RNA viruses naturally mutate. The E-protein, 
S-protein, M-protein, and HE-protein segments are highlighted in Figure 1 
along with other protein segments, which form the typical structural representa-
tion of COVID-19. A total of 81,009 confirmed pneumonia/COVID-19 cases were 
reported in the Mainland of China as of March 16, 2020. At the same time, new 
cases were also reported in Thailand, South Korea, Japan, the United Kingdom, the 
USA, India, and other countries. In contrast to SARS-CoV, COVID-19 appears to 
induce moderate viral pneumonia, with the potential for person-to-person trans-
mission [8]. 

2.2. The Important of Mathematical Model of Covid-19 

Mathematical analysis of the spread and control of the novel coronavirus 
(COVID-19) in China informed the WHO (World Health Organization) of the 
outbreak. Later, on January 20, 2020, scientists from China’s National Health 
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Commission expressed its potential to spread from one human to another upon 
the confirmation of two cases in Guangdong upon visiting Wuhan. Later, the 
Wuhan authorities announced new measures for the control and prevention of 
this epidemic, canceling Chinese New Year celebrations and starting to examine 
body temperature upon traveling via public transport on January 14, 2020. In 
addition, the general public were safeguarded during the quarantine period in-
troduced on January 23, 2020, and the lockdown of Wuhan was initiated [8]. 

The importance of mathematical models of COVID-19 is obvious when we 
compare the estimation results of the transmission for different periods. The 
strict travel restrictions occurred in Wuhan in the period of January 2-6, 2020, 
which reduced transmission by half in 2 weeks. Comparing different case studies 
in early February 2020, finding the effect of control on the measure of biological 
parameters in the models, the estimation provided some evidence of multiple 
data sets. Comprehensive analysis was used in the study of COVID-19’s dynamic 
of transmission. These estimates are better in exploring the effect of transmis-
sion, including later in vaccinated persons [9]. 

Our study focuses on COVID-19, a virus that outbroke in the Chinese city of 
Wuhan and spread quickly around the globe. After the virus struck at the end of 
2019, it was provided the moniker COVID-19. It is a contagious disease that af-
fects millions of people. COVID-19, brought about by SARS-CoV-2 (severe 
acute respiratory syndrome coronavirus 2), is, in any case, the principal pan-
demic to arrive in each country on the planet in this time of worldwide data. In 
addition, this occurred despite what may have been the largest lockdown in his-
tory. Compared to our proposed model, the main shortcoming of other models 
in the literature found in [10] is that they do not consider societal feedback or 
delays in their computations. The countries examined in the present study have 
adopted different policies throughout the pandemic, and considering such a 
factor seems quite valuable [11]. 

3. SIR Model 

An individual in the SIR model removes their infection by either having a high 
immune response or death. Most childhood diseases are already at R. In recent 
years, when the recent effect of COVID-19 arose, the research area of this dis-
ease has become more common. In modeling an epidemic, we need to assume 
the population that is affected, the way the disease spreads, and the mechanism 
of recovery from the disease and removal from the population that we start with. 
The SIR model is one of the simplest ways to understand the spread of a disease 
such as COVID-19 through a population. Allowing the movement of popula-
tions makes the model slightly more realistic and results in “traveling wave” so-
lutions [4]. 

The SIR model is based on mass-action kinetics, which means, in this case, the 
elements are individual hosts, and the kinetics quantify host transitions between 
states. The infection rate (IS) and recovery rate (I) are assumed to follow kinetics 
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where the recovered rate is proportional to the concentrations of its reagents. 
This means that susceptible individuals become infected at a rate proportional to 
the number of infected individuals and that infected individuals recover at a 
constant rate. The mass-action assumption holds for reactions in reagent mole-
cules at random because the rate of increases proportionally to the concentra-
tions of the reagents [12]. The population remains constant, as does the rate of 
infection constant (transition). 

The basic model includes S(t), which is the group of susceptible people that 
are not yet affected, and I(t) refers to ineffective people who can spread the dis-
ease. The last important factor is R(t), which includes the removed people who 
have died or recovered after they had the disease [3]. 

The basic model 

d ,
d
d ,
d
d .
d

s IS
t
I IS I
t
R I
t

µ

µ α

α

= −

= −

=

                        (1) 

where ,µ α  are constant rate, Equation (1) gives three of differential equations 
which we can solve Initial number effective. The dynamical system (1) has two 
equilibrium points the first one gives 

0 0, , 0= = =s s I I R  

( ) 0µ
+ + =S I R

dt  
0 0+ + = +S R I S I  

The second equilibrium corresponds to the case in which there is a significant 
group of infectious individuals, and which will be referred to as the epidemic 
equilibrium 
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If 0
1S

r q
µ

> =  the disease spread, where q is a constant of the population. If 

0 1S > , then on average, each infected individual infects more than one other 
member of the population [13]. 

3.1. Analytic Solution 

Assume we have following assumptions for one person 
Lte: N = 1 
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where β → infection force and α → removal rate. 
Assume that all equations are constant 
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if it was ( ) aS t
b

>  the number of infections is growing. We assume that there is 

a CPT convalescent plasma translation in the SIR model CPTδ → , 1 the rate is 
proportional to I(t) [14]. 

The rate is proportional to I(t), R(t): 
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The critical size of the susceptible at which the infective reaches maximum in 
the presence of CPT is higher than the size in the absence of CPT. 
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which gives the restriction in the solution. 

3.2. Travelling Wave Solution 

From the basic model (1), we introduce a travelling wave solution by assuming 

= −y x ct  

Then the model becomes 

d0
d
Sc IS
t

= −                          (3) 
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2

2
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d d 10
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I Ic I S
y Ry

 
= + + − 

 
                   (4) 

Let the time tend to −∞ as y tend ∞. We need to find the value of wave speed 
solution c 

If we have 

1= −S P  
d 0
d

− − =
Pc I
y  

This yield 
2
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d d 11 0
dd

I Ic I
y Ry

 
+ + − = 

 
 

The face plane solution 
0

12 1c
R

≥ −  

The speed is better to be small, we can set 0 0R S q= , where q is the constant 
rate. That can occur if susceptible stay home and have social distancing which 
effect the speed spread of c. 

4. SEIR Model 

SEIR is a model development of relative SIR model that analyze the epidemio-
logical case of Covid-19 in countries from information is allowed at period of 
time (Efimov, etc.). The model applied the predict of spread the virus and design 
the predictor by time interval [9]. The susceptible individual S capable of con-
trolling the disease, the asymptotic exposed E and the infections population I 
capable of giving the disease to susceptible. R is per mentally immune after 
healing or dying D. The model gives generic behavior of epidemics (∝, β, a) 
which are transition rates. This gives a novel of SEIR model which predicts the 
outbreak of Covid-19 in different restriction discussed in (Yang et al., 2020). 

The model of SEIR 

d ,
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= − +

= −

=

                      (5) 

where μ, α, c and d are constant rate. 

4.1. Stability Analysis of SEIR Model 

The improvement of the model can be found by searching of the impact of nat-
ural birth considering period. The dynamic process of SEIR describes as follow-
ing: 
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E(t), I(t), S(t) D(t) are the number of induvial in susceptible, Exposed infec-
tion, recovered and death model. C = I + E + R + D, in spread the disease E(t), 
I(t), R(t) ≤ C where C represent the total of population. 

The linear expansion of SEIR model is 

2 1
d ,
d

η η= −
E r I E
t  

1 2
d .
d

η η= −
I E I
t  

The general solution gives 

( ) ( )
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= ∫ , 

( ) ( )
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e dγγ
∞ −= ∫ tI I t t

 

where 1 2 1
2 2

η η
γ

+
= − ± ∆ , and ( )2

1 2 1 24η η ηη∆ = − + . 

For more analysis see ref [15]. 

4.2. The Effect of the Vaccine in Corona Model SIRV 

Covid-19 is a threat of infection being spread around the world. Scientists work 
hard to introduce a perfect vaccine against the disease. The questions arise in 
this situation of the population. The questions arise after scientist found vaccine 
which reduces the risk of Coronavirus. 

What’s the condition for an epidemic to stop, how many people do we need to 
vaccinate? 

What would happen if the vaccine were 100% effective in people. If the popu-
lation remain constant over time, N is equal to S(t) + I(t) + R(t). In this case 
there is a homogeneous mixture of the population, and everyone gets sick in the 
same period. The population susceptible to contracting the disease decreases 
monotonically over time. Moreover, is no distinction between asymptomatically 
and symptomatically infected persons. Considering the mortality rate is the 
same for all people, that yield the average age in the population is 60 years and 
there is no age distinction between people infected by Covid-19. 

This model is based on the following 
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= − −

= −
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                        (6) 

where dv is a vaccine term add to the basic model of SIR (1), and μ, α are con-
stant rate. 

5. Vaccination Effect 

ρ  is the proportion of those vaccinated successfully (with 0 1ρ< < ). In fact, 
constant vaccination reduces the birth rate µ  of susceptible, so that 

( )d ,
d

µ β µ µρ= + − − + −
S S R SI S I pS
t  

( )d 1 ,
d

β µ ρ µ= − + − −
I SI I I rI
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The basic reproductive rate of the epidemic 1R  is as the following: 

1 0R R
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( ){ }3 3, , 0, 0, 0+ = ∈ > > >R S I R R S I R
 

The purpose of this section is to find the effect of the vaccine for reduce the 
number of people that are affected I(t) to do this 

( )d 0
d
I I aS
t
= − ∝ <  

That means 1aSR = <
∝

, where S is number of people susceptible from 

* ∝
<S

a  

which gives us the number of people that vaccinate about 
0

1
R

, disease free equi-

librium of COVID-19 will be locally asymptotically stable otherwise the number 
of infected people will arise. If * 1S V+ = , The vaccine term must be 

0

11V
R

> − . Vaccination program will be helpful only if a large portion of people 

have it under some conditions [16]. 

Numerical Results 

In the numerical solution, we used MATLAB to plot the system of Equation (1) us-
ing the ode45 code. The plot gives us an idea of how the different groups of people, 
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susceptible, infected, or recovered, rise or fall during a period of weeks. Figure 1 il-
lustrates the blue line, representing susceptibility to high stale, which then decreas-
es. The red line represents when the patient’s infection rose, peaked, and gradually 
decreased, while the green line represents the recovered growth and is a stable ap-
proach 1. First, everyone is susceptible to the blue line. The number decrees, and 
some of the infected change to the red line; after a series of weeks, everyone be-
comes sick, as shown by the green line, but they recover from the disease or die. 

From the SEIR Equation (2) we can learn how counts change over time. Using 
the aforementioned ideas, we can consider a discrete-time version of these equa-
tions that describe the daily changes. We can increase the precision of the graph 
in Figure 2 by decreasing the specified step values. 

If we change the number of people to be vaccinated, graph Figure 3 explains  
 

Table 1. Parameters value used in the code of numerical solution. 

Parameters values of SIR and SEIR model 

Parameter value Used for 

a 0.8 Initial coefficient 

b 0.2 Removable coefficient 

t-max 52 Number of weeks 

dt 0.01 Size of time steps in week 

I max 1.1 Max number of infected 

 

 
Figure 1. The plot of SIR model, the graph shows number of people verses time. 

https://doi.org/10.4236/am.2023.147027


H. Alzubadi 
 

 

DOI: 10.4236/am.2023.147027 447 Applied Mathematics 
 

 
Figure 2. The plot of SEIR model, the graph shows number of people verses time. 

 

 
Figure 3. The plot of the SIR model with the vaccine when increasing the population of 
people vaccinate. 

 
how the term of affected people falls over time. People who have taken the full 
dose acquire a high immune response, so the disease does not spread. 

Moreover, Figure 3 shows the solution to this disease when we increase the 
number of vaccinated people; for example, dv = 0.005 means that half of the 
population is vaccinated. These results reduced the number of infected people 
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and increased the number of susceptible individuals. 
Table 1 represents all the parameters values used in numerical analysis in 

Figures 1-3 which gives us a numerical solution and its behaviour. 

6. Conclusions 

In this paper, we have approached some works we have previously done in mod-
eling infectious diseases, such as SARS. We provide a brief description of the 
history and improvement of the models. The mathematical model explains, ana-
lyzes, and numerically plays an essential role in developing solutions, such as so-
cial distancing and vaccination. In this study, we discussed different types of 
pandemics related to infectious diseases, especially in the case of the COVID-19 
model using SIR. We have seen that susceptible people become infected and 
then recover or are removed from the disease. The solution is generalized in Sec-
tion 2 of the SIR model. 

Subsequently, in Section 3, we added the vaccine term, which provided the full 
model of recent COVID-19. As described in the previous section, the vaccina-
tion program succeeded for many people. The model would also be more accu-
rate if the transmission and recovery rate parameters were closer to the actual 
data. Finally, the SIR model demonstrates the importance of technology and 
mathematics in solving real-world problems. As described in the previous sec-
tion, a solution to COVID-19 was found when we increased the number of vac-
cinated people to half or more of the population. These results reduced the 
number of infected people and increased the number of susceptible individuals. 

In the future, we expect to work with more diseases that appear and discuss 
how these conditions are transmitted and affect others. All these studies must be 
related to mathematical models of epidemics. 
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