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Coronavirus Disease (COVID-19) is regarded as one of the biggest respiratory illness 

outbursts influencing different nations concurrently including Nigeria and a novel strain 

of Coronavirus (SARS-CoV 2) has been distinguished as the causative agent. To study 

the transmission dynamics of COVID-19, SEAIQR model is presented. The existence 

and stability of Disease Free Equilibrium (DFE) are established. Numerical evaluation 

of observed data and model data is fitted using a nonlinear least square method, 

implemented in Python. Simulations were conducted to further monitor the effect of 

complaisance with control strategies. It is found that the optimal control shows the 

effectiveness of control measures (reducing contact rate and usage of mask) when being 

applied. It is noticed that the best option is to observe social distancing against the use 

of a mask. Nonetheless, the effective approach is the compliance with both control 

measures, that is, complaisance with social distancing as well as the utilization of a mask. 

Hence, it is recommended that there should be educational campaigns on the impact of 

embracing social distancing, wearing a mask, need to be vaccinated; enforcement and 

sanctions for non-complaisance with the aforementioned control measures. 

 

1. Introduction 

The world keeps combating Coronavirus diseases 2019 (COVID-19) triggered by severe acute syndrome 

coronavirus 2 which is considered an exceptionally dangerous infection that interrupts the human respiratory 

system. It has resulted in globally basic health as well as economic situations stemming directly from the infection 

and the likely damaging side effects of the control measures applied to control its spread out. Its burden has 

exceeded those of its associated coronaviruses.  

The pandemic began towards the end of December 2019 with patients on admission to health centres with a 

preliminary diagnosis of pneumonia. The patients’ health issues were connected to the seafood and damp animal 

marketplace in Wuhan, Hubei District, China [1]. On January 2, 2020, an overall lot of 41 patients on admission 

were confirmed to be infected with COVID-19 [2]. Several inexplicable cases of coughing, pneumonia, dyspnea, 

fatigue as well fever in Wuhan, China, for a brief time. The inception of COVID-19 led to the shutdown of 

organisations, businesses, colleges, marketplace, travelling within and outdoors, intermingling, curfew, and 

reducing the number of people attending social gatherings to a few numbers of people, to mention but a few. On 

January 22, 2020, China had around 7734 confirmed COVID-19 cases, while 90 cases were mentioned in around 

thirteen nations [1,3]. Since the inception, a total amount of 495,685,661 COVID-19 cases with the following 

breakdown: Africa – 11,787,400; Europe -  182,315,949; Asia - 142,494,852; North America – 96,859,714; South 

America – 56,294,934; Oceania – 5,932,091 has been disclosed around 226 countries as at April 7, 2022 including 

6,192,935 fatalities with the following breakdown: Africa- 253,098; Europe - 1,795,474; Asia – 1,408,365; North 

America -  1,446,731; South America – 1,289,718; Oceania – 9,534The united states: 640,513 fatalities, Europe: 
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265,565 fatalities, Oceania: 1,051 fatalities, as well as others: 7 fatalities) [4]. Nigeria has fallen under countries 

influenced by the COVID-19 pandemic. February 27, 2020, capped in the first case of COVID-19 in Lagos state, 

southwestern, Nigeria when an Italian person came into the country on the 24th of February and was isolated at 

a health centre on the 26th of February, 2020 [5]. 

COVID-19 is transmitted from individual to individual through route exposure to contaminated surface areas as 

well as via respiratory drops’ internal breadth coming from infected people. Initially, there was no vaccine to 

fight the widespread COVID-19. However, currently, there is a development of a vaccine or even antiviral 

therapy authorized for the avoidance or monitoring of COVID-19 [6]. Before the influx of COVID_19 into 

Nigeria, the Federal authorities ensured states in Nigeria put together medical centres having isolation facilities 

with the focus to curb the widespread of the disease. To appropriately lessen the widespread of COVID-19, 

federal authorities via Nigeria Center for Disease Control (NCDC) have been executing numerous control 

measures including enforcing stringent, necessary lockdown as well as encouraging (and in many cases 

stringently imposing) other measures including people sustaining a minimum required range between themselves 

(social distancing), steering clear of congested celebrations, enforcing an optimum number of people in any sort 

of gathering (religious as well as social) and also making use of nose masks in public. To aid minimization of the 

widespread of COVID-19, contact tracing of suspected individuals was tipped up in many nations as well as 

confirmed cases (asymptomatic individuals and symptomatic individuals) are promptly separated in isolation for 

immediate treatment. 

Mathematical modelling is a beneficial tool used successfully to control widespread infectious diseases. It is a 

summary of the operations of real-life using mathematical symbols, equations, as well as formulas, and is 

generally utilized in a lot of areas, including physical sciences, biology, medicine [7], farming, administration, 

and social sciences [8] etc. The compartmental models and actual cases are more efficient in offering beneficial 

details about a certain disease outbreak. Such models can either be linear or nonlinear, stochastic or deterministic. 

In the health sector, a mathematical model is being applied to forecast the outburst of diseases, and prevent or 

treat these health problems. Presently, a lot of mathematical models are utilized to describe the transmission of 

diseases and are published in journals related to biomathematics [9]. Since the inception of COVID-19, 

researchers across many countries have been formulating different mathematical models utilizing ordinary 

differential equations [11, 12, 13, 14, 15], delay differential equations [16] etc., as a procedure for getting 

expertise in the transmission mechanism of the widespread of the disease, effect of the disease, prevention and 

control of the disease, precautionary measure to curb the spread of the disease varying from cleaning of hands 

along with a disinfectant, 2-5 meters distance in social gathering and the use of nose mask [10, 11].  

The transmission dynamics of COVID-19 in Lagos, Nigeria are examined in [17], while the outbreak cases of 

COVID-19 were studied in [11, 15, 18, 19, 20]. In [11], SEIQCRW was adopted to examine the outbreak of 

COVID-19 in Nigeria. The model considered the human-human and environment-human mode of transmission 

with nonlinear forces of infection. Different mitigation strategies to curb the spread of the disease were also 

examined. It was suggested in addition to the already known mitigation strategies, that there should be fumigation 

of the environment to reduce the transmission mode between humans and the environment. [15] adopted 

SEIAHQRS model which considers hospitalized, asymptomatic and quarantined individuals. The model also 

considered the re-infection of recovered individuals and reported that there are 94% chances for secondary 

reinfection of disease when recovered individuals have interaction with hospitalized and exposed individuals 

through contact. On the contrary, it is reported in [19], that there are 99.9% chances of reinfection and infection 

when there is contact between the infected individuals and exposed individuals in the susceptible compartment. 

This deviation might have resulted from the SEIR model considered unlike in [15] which considered a broader 

class of the population. Furthermore, It is suggested in [18] that there need for reliable involvement of community 

health personnel for a proper response to COVID-19 was explained. It was figured out that the feasible proof of 

ongoing and increasing community transmission of COVID-19 infections, insufficient screening ability and 

overwhelming health resources. It disclosed the infection of many health personnel despite the existence of a 
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shortage of experienced health personnel. It was suggested that the federal authorities should immediately bring 

community health workers aboard, release quick epidemic intelligence and scale up making use of mobile 

applications for contact tracing. It was also recommended that reducing the transmission rate of infection alone 

is not enough to eliminate the disease due to the visibility of backward bifurcation but the need for Nigerians to 

additionally adhere stringently to COVID-19 protocols in alleviating the widespread and demise of coronavirus 

[20]. The community-wide effect of numerous control and minimization approaches in some territories within 

Nigeria (especially the conditions of Kano, Lagos and Federal Capital Territory, Abuja) were analysed in [10]. 

Numerical simulations of the model revealed that COVID-19 might successfully be managed in Nigeria making 

use of modest degrees of social-distancing approach in the territories and the whole country. Although, making 

use of nose masks in public places can substantially lower COVID-19 in Nigeria, its use as an exclusive 

intervention tactic, might fail to result in a considerable decrease in the burden caused by the disease. Such a 

decrease is viable in the territories (and the whole of Nigeria country) if everyone can adhere to the use of a 

masking strategy complemented with the social-distancing strategy. 

Scientists in various regions have presented excellent exposition on precautionary and curative measures to 

contain the pandemic and have mentioned better results. Nonetheless, a more review of the current form of models 

along with a justified and sufficient evaluation is needed. It is observed, that many of the models proposed in the 

literature considered the vital dynamics but the report showed that the rate of transmission of this virus is more 

than the birthrate and death rate in many countries [1], hence the need to examine the non-vital dynamics of 

COVID-19. Therefore, in this paper, SEAIQR model combining the effect from the exposed, asymptomatic, 

symptomatic, and quarantined individuals, is developed with the focus on the non-vital dynamics of the model 

of COVID-19 due to the rapid spreading of the virus. Also, numerical simulations of the model were fitted with 

COVID-19 confirmed cases in Lagos State, Nigeria and some mitigation strategies were applied to observe the 

rate of transmission of COVID-19. 

2. Model Formulation 

SEAIQR model is developed to examine the transmission mechanism of COVID-19 among humans. The total 

number of people at time 𝑡 is symbolized as 𝑁(𝑡) which is distributed within six compartments. The susceptible 

humans are symbolized as 𝑆,  the exposed humans are symbolized as 𝐸, the asymptomatic infected humans are 

symbolized as 𝐴, the symptomatically infected humans are symbolized as 𝐼, the quarantined humans are 

symbolized as 𝑄 and the recovered humans symbolized as 𝑅. 

The susceptible humans 𝑆 are persons are those likely to be infected, the exposed humans 𝐸 are those persons 

vulnerable to the virus. The asymptomatic infected humans 𝐴 are persons at the incubation period of the virus, 

as a result, they are infected but without symptoms. The symptomatic infected humans 𝐼 are persons at the latent 

period of the virus, which implies, they are infected and fully showing the symptoms of the disease. The 

quarantined humans 𝑄 are persons whose infection is confirmed and isolated for treatment. After a period of 

treatment, these persons recovered 𝑅. 

To mathematically formulate the model, it is assumed there are no migration, birth rate and death rate are 

neglected. The susceptible persons can be infected by getting in contact with asymptomatic, symptomatic and 

quarantined persons, with 𝛽 accounting for the transmission rate. Exposed persons progress into the Infected 

class 𝐼 at a rate of 𝜎. 𝜂𝐴 and 𝜂𝑄 measures the reduction in disease transmission for asymptomatic persons and 

quarantined persons respectively. 𝑎 is the fraction of the exposed persons without traces of the disease at the end 

of the incubation period. 𝑞𝐸 , 𝑞𝐴 and 𝑞𝐼 respectively represent the rate at which Exposed persons, Asymptomatic 

persons, and symptomatic persons become quarantined. After a period of treatment, these persons are either 

discharged from the hospital at a rate of 𝜌𝐼 and 𝜌𝐴 respectively or face death. Consequently, 𝛿𝐼 and 𝛿𝐴 respectively 

represents the disease-induced death rate. 𝜅 is the proportion of patients with incomplete treatments, thus 

becoming asymptomatic infected. The general transmission dynamics are displayed in Figure 1. 
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Figure 1. Transmission Dynamics of COVID-19 using SEAIQR model 

A system of time evolution of the population state describing the transmission mechanism of COVID-19 is 

expressed from Figure 1 in the following systems of nonlinear ODEs:  

 

{
 
 
 
 
 

 
 
 
 
 

𝑑𝑆

𝑑𝑡
= −𝛽𝐴𝜂𝐴𝑆𝐴 − 𝛽𝐼𝑆𝐼 − 𝛽𝑄𝜂𝑄𝑆𝑄

𝑑𝐸

𝑑𝑡
= 𝛽𝐴𝜂𝐴𝑆𝐴 + 𝛽𝐼𝑆𝐼 + 𝛽𝑄𝜂𝑄𝑆𝑄 − (𝑞𝐸 + 𝜎)𝐸

𝑑𝐴

𝑑𝑡
= 𝜎𝑎𝐸 + 𝜅𝜌𝑄𝑄 − (𝜌𝐴 + 𝑞𝐴)𝐴

𝑑𝐼

𝑑𝑡
= 𝜎(1 − 𝑎)𝐸 − (𝜌𝐼 + 𝑞𝐼 + 𝛿𝐼)𝐼

𝑑𝑄

𝑑𝑡
= 𝑞𝐸𝐸 + 𝑞𝐴𝐴 + 𝑞𝐼𝐼 − (𝜌𝑄 + 𝛿𝑄)𝑄

𝑑𝑅

𝑑𝑡
= (1 − 𝜅)𝜌𝑄𝑄 + 𝜌𝐴𝐴 + 𝜌𝐼𝐼

 (1) 

 𝑁(𝑡) = 𝑆(𝑡) + 𝐸(𝑡) + 𝐴(𝑡) + 𝐼(𝑡) + 𝑄(𝑡) + 𝑅(𝑡) 

The state variables and parameters describing the transmission dynamics of COVID-19 in (1) are defined in the 

table below:   

Table  1. Description of state variable of COVID-19 model (1) 

       State variable  Description  

𝑆  Total number of the susceptible persons  

𝐸  Total number of the exposed persons 

𝐴  Total number of the asymptomatic infectious persons 

𝐼  Total number of the symptomatic infectious persons 

𝑄  Total number of the quarantined persons 

𝑅  Total number of the recovered persons 
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Table  2. Description of the parameters of the model (1)     

        Parameters Description  

𝛽  Contact rate from the infected persons to the susceptible persons  

1/𝑞𝐸  Incubation period of the virus 

𝑞𝐼  Quarantined rate for symptomatic infected persons 

𝑞𝐴  Quarantined rate for asymptomatic infected persons 

𝛿𝐼  Disease induced death rate for the infectious compartment 

𝛿𝑄  Disease induced death rate for the quarantined compartment 

𝜌𝐼  Rate at which symptomatic infectious persons recovers 

𝜌𝐴  Rate at which asymptomatic infectious persons recovers 

𝜌𝑄  Rate at which a quarantined person recovers 

𝜅  Fraction of hospitalized persons with incomplete recovery 

𝑎  Fraction of exposed persons showing no symptoms at the end of the incubation period 

𝜂𝐴  reduction in the widespread of disease for asymptomatic persons 

𝜂𝑄  reduction in the widespread of disease for symptomatic persons 

1 − 𝑎  Fraction of exposed persons that are highly infectious at the end of the incubation 

period 

3. Steady State of Model 1 

3.1. The Disease-Free Equilibrium Point 

For the Disease-Free Equilibrium of model 1, let  

              ℰ0 = (𝑆0, 𝐸0, 𝐴0, 𝐼0, 𝑄0, 𝑅0) 

Thus, at the DFE point ℰ0, 𝐸0, 𝐴0, 𝐼0, 𝑄0, 𝑅0 = 0 that is, in the absence of COVID-19, by resolving system (1), 

the resulting DFE point is  

ℰ0 = (𝑆(0),0,0,0,0,0) 

where 𝑆(0) is the initial size of the susceptible persons (𝑁(0) = 𝑆(0)) [15]. 

3.2. Basic Reproduction Number 

Reproduction Number denoted by ℛ0 plays a major role in the epidemiological model. It forecasts if an infection 

will widespread throughout the human population or not. It is defined as the number of secondary infections 

produced from primary infection in a susceptible host population. When ℛ0 > 1, then the disease is epidemic 

and there will continually be an increase in the number of cases among susceptible populations if no 

environmental changes or external influences intervene. When ℛ0 = 1, the disease is endemic and when ℛ0 <

1, there will be a decrease in the number of cases. 

To complete the basic reproduction number of the model (1), the next-generation matrix technique is adopted. 
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The infection matrix is  

 𝐹 =

(

 
 

0 𝛽𝐼 𝛽𝐴𝜂𝐴 𝛽𝑄𝜂𝑄
0 0 0 0
0 0 0 0
0 0 0 0

)

 
 

 (2) 

 The transition matrix  

 𝑉 =

(

 
 

(𝑞𝐸 + 𝜎) 0 0 0
−𝜎𝑎 𝜌𝐴 + 𝑞𝐴 0 −𝜅𝜌𝑄
−𝜎(1 − 𝑎) 0 (𝜌𝐼 + 𝑞𝐼 + 𝛿𝐼) 0
−𝑞𝐸 −𝑞𝐴 −𝑞𝐼 𝜌𝑄 + 𝛿𝑄

)

 
 

 (3) 

 The reproduction number for model (1) is  

 

ℛ0 = 𝜌(𝐹𝑉
−1) =

𝛽𝐴𝜂𝐴𝜅𝜌𝐴(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼))

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)((𝑞𝐴+𝜌𝐴)(𝛿𝑄+𝜌𝑄)−κ𝑞𝐴𝜌𝑄)

+
𝛽𝐼𝜎(1−𝑎)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)

+
𝛽𝑄𝜂𝑄(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼)))

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)((𝑞𝐴+𝜌𝐴)(𝛿𝑄+𝜌𝑄)−κ𝑞𝐴𝜌𝑄)

 (4) 

where 𝜌(. ) is the spectral radius such that  

 ℛ0 = ℛ𝐴 +ℛ𝐼 +ℛ𝑄 

 ℛ𝐼 , ℛ𝐴 and ℛ𝑄 measures the contribution from highly infected persons, asymptomatically infectious persons and 

quarantined persons respectively. these three communication routes of the disease cover the whole infection 

threat for the outburst of COVID-19. 

The constituent reproduction number ℛ𝐴 measures the product of the contact rate of susceptible persons from 

asymptomatic persons near the DFE 𝛽𝐴, the proportion of quarantined persons and symptomatic persons move 

to asymptomatic or mildly infected compartment due to hospitalized persons with incomplete recovery at a rate 

𝜅 that is, 
𝛽𝐴𝜂𝐴𝜅𝜌𝐴(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼))

((𝑞𝐴+𝜌𝐴)(𝛿𝑄+𝜌𝑄)−κ𝑞𝐴𝜌𝑄)
 over the average duration in the symptomatic 

infected and exposed compartment 
1

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)
 

Similarly, the contribution of the reproduction number ℛ𝐼 measures the contact rate of susceptible persons from 

infected persons near the 𝛽𝐼, the portion of those highly infectious after the incubation period that is  𝛽𝐼𝜎(1 − 𝑎) 

over the average duration of 
1

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)
 

Lastly, the constituent number ℛ𝑄 measures the product of the contact rate of susceptible persons from 

quarantined persons near the DFE 𝛽𝑄, the proportion of asymptomatic infected persons near the DFE 𝛽𝑄, the 

proportion of asymptomatic infected persons and symptomatic persons who are quarantined that is 

𝛽𝑄𝜂𝑄(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼)))

((𝑞𝐴+𝜌𝐴)(𝛿𝑄+𝜌𝑄)−κ𝑞𝐴𝜌𝑄)
 over the average duration in the symptomatic infected 

and exposed compartment 
1

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)
.  
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3.3. Stability of the Disease-Free Equilibrium 

Theorem 1. The DFE of the coronavirus disease is globally asymptotically stable if ℛ0 < 1 and unstable 

otherwise  

Proof. Let 𝜋(𝐸, 𝐸, 𝐼, 𝑄) be a Lyapunov function with some nonnegative parameters 𝜔1, 𝜔2, 𝜔3 and 𝜔4 such that  

 Π(𝐸, 𝐴, 𝐼, 𝑄) = 𝜔1𝐸 +𝜔2𝐴 + 𝜔3𝐼 + 𝜔4𝑄 

Differentiating the Lyapunov function  

 
𝑑𝜋

𝑑𝑡
= 𝜔1

𝑑𝐸

𝑑𝑡
+𝜔2

𝑑𝐴

𝑑𝑡
+𝜔3

𝑑𝐼

𝑑𝑡
+𝜔4

𝑑𝑄

𝑑𝑡
 (5) 

Substituting for 
𝑑𝐸

𝑑𝑡
,
𝑑𝐴

𝑑𝑡
,
𝑑𝐼

𝑑𝑡
,
𝑑𝑄

𝑑𝑡
 in equation (5) yields 

 

𝑑𝜋

𝑑𝑡
≤ 𝜔1(𝛽𝐴𝜂𝐴𝑆𝐴 + 𝛽𝐼𝑆𝐼 + 𝛽𝑄𝜂𝑄𝑆𝑄 − (𝑞𝐸 + 𝜎)𝐸)

+𝜔2(𝜎𝑎𝐸 − (𝜌𝐴 + 𝑞𝐴)𝐴 + 𝜅𝜌𝑄𝑄) + 𝜔3(𝜎(1 − 𝑎)𝐸 − (𝜌𝐼 + 𝑞𝐼 + 𝛿𝐼)𝐼)

𝜔4(𝑞𝐸𝐸 + 𝑞𝐴𝐴 + 𝑞𝐼𝐼 − (𝜌𝑄 + 𝛿𝑄)𝑄)

 

Grouping like terms yields  

 

𝑑𝜋

𝑑𝑡
≤ 𝜔1(𝛽𝐴𝜂𝐴𝑆𝐴 + 𝛽𝐼𝑆𝐼 + 𝛽𝑄𝜂𝑄𝑆𝑄) − (𝜔1(𝑞𝐸 + 𝜎) + 𝜔2𝜎𝑎 + 𝜔3𝜎(1 − 𝑎))𝐸

−((𝜌𝐴 + 𝑞𝐴) − 𝜔4𝑞𝐴)𝐴 − (𝜔4(𝜌𝑄 + 𝛿𝑄) − 𝜅𝜌𝑄𝜔2)𝑄

−(𝜔3(𝜌𝐼 + 𝑞𝐼 + 𝛿𝐼) − 𝜔4𝑞𝐼)𝐼

 

At DFE ℰ0, 𝐸0, 𝐴0, 𝐼0, 𝑄0 = 0. 

Hence substituting the values of 𝐸0 = 0, 𝐴0 = 0, 𝐼0 = 0,𝑄0 = 0  

 

𝑑𝜋

𝑑𝑡
≤ −(𝜔1(𝑞𝐸 + 𝜎) + 𝜔2𝜎𝑎 + 𝜔3𝜎(1 − 𝑎))𝐸 − (𝜔2(𝜌𝐴 + 𝑞𝐴) − 𝜔4𝑞𝐴)𝐴

−(𝜔4(𝜌𝑄 + 𝛿𝑄) − 𝜅𝜌𝑄𝜔2)𝑄 − (𝜔3(𝜌𝐼 + 𝑞𝐼 + 𝛿𝐼) − 𝜔4𝑞𝐼)𝐼
 (6) 

 

Equating the coefficient of 𝐴 in (6) to zero and applying the multiplication property of equality which states that 

if 𝑝 = 𝑞 as well as if  𝑟 = 𝑠 then and there 𝑝𝑟 = 𝑞𝑠 yields  

 𝜔2(𝜌𝐴 + 𝑞𝐴) = 𝑞𝐴𝜔4 

Choosing 𝜔4 = (𝜌𝐴 + 𝑞𝐴),𝜔2 = 𝑞𝐴 Also equation the coefficient of 𝐼 in equation 6 to zero and substituting for 

𝜔4 and solving for 𝜔3 yields  

 𝜔3 =
𝑞𝐼(𝜌𝐴+𝑞𝐴)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)
 

Lastly, equating the coefficient of 𝐸 in equation (6), substituting for 𝜔2, 𝜔3 and solving for 𝜔1 yields  

 𝜔1 = −
𝑞1(𝜌𝐴+𝑞𝐴)𝜎(1−𝑎)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)
−

𝜎𝑞𝐴

(𝑞𝐸+𝜎)
 

Substituting for 𝜔1, 𝜔2, 𝜔3, and 𝜔4 in equation (5) gives  
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𝑑𝜋

𝑑𝑡
≤ −(−

𝑞1(𝜌𝐴+𝑞𝐴)𝜎(1−𝑎)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)
− 𝜎𝑞𝐴 + 𝜎𝑎𝑞𝐴 +

𝑞𝐼(𝜌𝐴+𝑞𝐴)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)
𝜎(1 − 𝑎))𝐸

−(𝑞𝐴(𝜌𝐴 + 𝑞𝐴) − (𝜌𝐴 + 𝑞𝐴)𝑞𝐴)𝐴 − ((𝜌𝐴 + 𝑞𝐴)(𝜌𝑄 + 𝛿𝑄) − 𝑞𝐴𝜅𝜌𝑄)𝑄

−(
𝑞𝐼(𝜌𝐴+𝑞𝐴)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)
− 𝑞𝐼(𝜌𝐴 + 𝑞𝐴)) 𝐼

 (7) 

𝑑𝜋

𝑑𝑡
≤  − ((𝜌𝐴 + 𝑞𝐴)(𝜌𝑄 + 𝛿𝑄) − 𝑞𝐴𝜅𝜌𝑄)𝑄 (8) 

 

 

𝑑𝜋

𝑑𝑡
≤

[
 
 
 
 
 

−

(

 
 
 

𝛽𝐴𝜂𝐴𝜅𝜌𝐴(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼))

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)

+
𝛽𝐼𝜎(1−𝑎)((𝜌𝐴+𝑞𝐴)(𝜌𝑄+𝛿𝑄)−𝑞𝐴𝜅𝜌𝑄)

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎)

+
𝛽𝑄𝜂𝑄(𝜎𝑎𝑞𝐴(𝜌𝐼+𝑞𝐼+𝛿𝐼)+(𝜌𝐴+𝑞𝐴)(𝑞𝐼𝜎(1−𝑎)+𝑞𝐸(𝜌𝐼+𝑞𝐼+𝛿𝐼)))

(𝜌𝐼+𝑞𝐼+𝛿𝐼)(𝑞𝐸+𝜎) )

 
 
 

+((𝜌𝐴 + 𝑞𝐴)(𝜌𝑄 + 𝛿𝑄) − 𝑞𝐴𝜅𝜌𝑄) [ℛ0 − 1]]𝑄

 (9) 

Therefore, 
𝑑𝜋

𝑑𝑡
= 0 iff 𝑄 = 0 and 

𝑑𝜋

𝑑𝑡
< 0 if ℛ0 < 1. Hence, the largest compact invariant set in Ω = {𝑆𝐸𝐴𝐼𝑄𝑅 ∈

ℝ6:
𝑑𝜋

𝑑𝑡
= 0} is the singleton set {ℰ0}. From La Salle’s invariant principle, it can be concluded that ℛ0 < 1 implies   

{ℰ0} is globally asymptotically stable in Ω.   

3.4. Section Numbering   

 3.4.1.  Existence of the Endemic State 

The final size of the COVID-19 pandemic using model (1) is obtained here. Using the notation 𝑥 ∈ ℝ+
4 , 𝑦 ∈ ℝ+ 

and 𝑧 ∈ ℝ+ to represent the sets of asymptotically infected, exposed, asymptotically infected, quarantined, 

susceptible, and the recovered class of the model. Consequently,  

 𝑥(𝑡) = (𝐸(𝑡), 𝐴(𝑡), 𝐼(𝑡), 𝑄(𝑡))𝑇 , 𝑦(𝑡) = 𝑆(𝑡)  𝑎𝑛𝑑  𝑧(𝑡) = 𝑅(𝑡) 

Let 𝐹 be the 𝑚 × 𝑛 diagonal matrix whose diagonal entries are denoted by 𝜖𝑖(𝑖 = 1,2,3,⋯ ,𝑚) are the 

comparative susceptibilities of the equivalent susceptible compartment. Define Γ as the 𝑚 × 𝑛 with the property 

(𝑖, 𝑗) representing the proportion of the 𝑗  𝑡ℎ  susceptible persons that go into the infected component when infected 

with the infectious disease. Let 𝑓 be an n-dimensional row of a vector of relative horizontal widespread of the 

disease. Let Γ be the infection rate (𝛽𝐴, 𝛽𝐼 , 𝛽𝑄) of the model (1) such that Γ = 𝛽𝐴(𝑥, 𝑦, 𝑧) + 𝛽𝐼(𝑥, 𝑦, 𝑧) +

𝛽𝑄(𝑥, 𝑦, 𝑧). Define the 𝑚 −dimensional vector  

 Π = [Π1, Π2, Π3, … , Π𝑚] = Γ𝑓𝑉
−1Λ𝐹 

From model (1) it follows that  

 𝑓 = [0,1,1,0], Π = ℛ0, 𝐹 = 1, Λ = [

1
0
0
0

] 

With regards to the above change, variables and definition of the model reduces to  

 

𝑑𝑥

𝑑𝑡
= Λ𝐹𝑦Γ(𝑥, 𝑦, 𝑧)𝑑𝑥 − 𝑉𝑥

𝑑𝑦

𝑑𝑡
= −𝑓𝑦Γ(𝑥, 𝑦, 𝑧)𝑑𝑥

𝑑𝑧

𝑑𝑡
= 𝑊𝑥

 (10) 
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Where 𝑉 is the transition matrix (3), 𝑊 is a 𝑘 × 𝑛 matrix with the property that the (𝑖, 𝑗) entry signifies the degree 

of transition from the j 𝑡ℎ infected class into the recovered (i 𝑡ℎ) class upon recovery.  

Theorem 2. The endemic size of the epidemic model (1) or (equivalently (10)) is given by  

 ln (
𝑆(0)

𝑆(∞)
) ≥ ℛ0 (1 −

𝑆(∞)

𝑆(0)
) (11) 

Proof: 

  
𝑑𝑆

𝑑𝑡
+
𝑑𝐸

𝑑𝑡
+
𝑑𝐴

𝑑𝑡
+
𝑑𝐼

𝑑𝑡
+
𝑑𝑅

𝑑𝑡
= −𝛿𝐴𝐴 − 𝛿𝐼𝐼 (12) 

Since all the solutions in the system (1) are non-negative and bounded from (12), it can be deduced that as 𝑡 →

∞, 𝐸 → 0,𝐴 → 0, 𝐼 → 0, 𝑄 → 0, 𝑆 → 𝑆(∞) ≥ 0. Assume that the total population 𝑁 is constant for 𝑡 ≥ 𝑇 and  

 ℛe = ℛ0
𝑆(𝑇)

𝑁(𝑇)
 (13) 

as an effective reproduction number. Define the function  

 𝑀(𝑡) = ln 𝑆(𝑡) +
𝐸(𝑡)

𝑁(𝑇)
+

𝐴(𝑡)

𝑁(𝑇)
+

𝐼(𝑡)

𝑁(𝑇)
+

𝑄(𝑡)

𝑁(𝑇)
+

𝑅(𝑡)

𝑁(𝑇)
 (14) 

𝑀(𝑡) is invariant for 𝑡 ≥ 𝑇, estimating the derivatives along with the solution of the system (1) which is 𝑀′(𝑇) =

0. Hence, 𝑀(𝑇) = 𝑀(∞). Also, when there is no more infection the population 𝐸(∞) = 𝐴(∞), 𝐼(∞), 𝑄(∞) =

0, and 𝑁(𝑇) = 𝑆(𝑇) + 𝐸(𝑇) + 𝐴(𝑇) + 𝐼(𝑇) + 𝑄(𝑇) + 𝑅(𝑇) = 𝑆(∞) + 𝑅(∞) = 𝑁(∞), implying that 𝑅(∞) =

𝑁(∞) − 𝑆(∞), From (14) 

 ln 𝑆(𝑇) +
𝐸(𝑇)

𝑁(𝑇)
+

𝐴(𝑇)

𝑁(𝑇)
+

𝐼(𝑇)

𝑁(𝑇)
+
𝑄(𝑇)

𝑁(𝑇)
+
𝑅(𝑇)

𝑁(𝑇)
= ln 𝑆(∞) +

𝑁(∞)−𝑆(∞)

𝑁(𝑇)
 (15) 

Using (13) 

 ln
𝑆(𝑇)

𝑆(∞)
= −

𝐸(𝑇)

𝑁(𝑇)
−

𝐴(𝑇)

𝑁(𝑇)
−

𝐼(𝑇)

𝑁(𝑇)
−
𝑄(𝑇)

𝑁(𝑇)
+
𝑅𝑒(𝑁(∞)−𝑆(∞)−𝑅(𝑇))

𝑆(𝑇)
 (14) 

When 𝑇 = 0 with the initial condition 𝐸(0) = 𝐴(0) = 𝑄(0) = 𝑅(0) = 0 and with 𝑆(0) = N(0) > 0, the 

endemic state given by the inequality (14) reduces to  

 ln (
𝑆(0)

𝑆(∞)
) = ℛ0 (1 −

𝑆(∞)

𝑆(0)
) (15) 

4. Numerical Simulation 

4.1. Parameter Estimation and Model Fitting 

Estimates of some parameters of the model (1) are sourced from the literature as indicated in Table 3. While other 

unknown parameters are estimated by fitting the cumulative number of confirmed cases reported NCDC website 

to those generated by the model (1) and are presented in Table 4. 

For simulation convenience and computational flexibility, the population of Lagos State is re-scaled to 5 million 

i.e. S(0)=5,000,000 with a pandemic starting with one index case which was confirmed and isolated in Lagos 

State on March 16, 2020. Other initial state variables are set as follows  

 𝐸(0) = 2, 𝐴(0) = 5, 𝑅(0) = 0, 𝐼(0) = 0 
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The data fitting technique involves using a mathematical technique called the Nelder-Mead method which is used 

to estimate the unknown values of the parameter used in the model (1). To implement the nonlinear least square 

method, the model (1) is written in vector form consisting of the parameters to be estimated for the initial values 

of the state variables. The nonlinear least square method permits the solution of the set of parameters that 

minimizes the sum of the squares of the difference between the observed cumulative confirmed cases reported 

by NCDC and the cumulative confirmed cases predicted by the model which is implemented using a computer 

program called Python.  

Figures 2 and 4 show the daily incidence of confirmed cases and the cumulative number of confirmed cases in 

Lagos State. 

The numerical simulation is done and plotted against time using Python and the results are shown in Figures 4 – 

6 to illustrate the effect of assessment control i.e complaisance with either social distancing or usage of mask and 

both. 

To assess control strategies in combating the pandemic. The following control strategies are considered namely:   

1.  Effect of social distancing  

2.  Effect of mask usage  

3.  Effect of compliance with both control strategies  

4.2. Effect of Compliance with Social Distancing 

The effect of compliance with social distancing is observed using the parameters in Tables 3 and 4 for the 

simulation of the model (1) at different levels of measures of compliance with social distancing as follows:   

1.  No compliance with social distancing: This involves simulating the model (1) using the baseline values for 

𝛽𝐴, 𝛽𝐼 , 𝛽𝑄 in Table 4.  

2.  Slight compliance with social distancing: This involves simulating model (1) by reducing the contact rate 

(𝛽𝐴, 𝛽𝐼 , 𝛽𝑄) in Table 4 by 8%.  

3.  Moderate compliance with social distancing: This involves simulating model (1) by reducing the contact rate 

(𝛽𝐴, 𝛽𝐼 , 𝛽𝑄) in Table 4 by 10%.  

4.  Strict compliance with social distancing: This involves simulating the model (1) by reducing the contact rate 

(𝛽𝐴, 𝛽𝐼 , 𝛽𝑄) in Table 4 by 15%.  

The effect of compliance with social distancing is presented in Figure 4.  

4.3. Effect of the Usage of Mask 

The effect of compliance with the usage of a mask is observed using the parameters in Tables 3 and 4 for the 

simulation of the model (1) at different levels of measures of compliance with  the usage of a mask as follows:   

1.  No Usage of Mask: This involves simulating the model (1) using the baseline values for 𝜂𝐴, 𝜂𝑄 in Table 4.  

2.  Low Usage of Mask: This involves simulating the model (1) by reducing the values of the reduction rate of 

the disease transmission (𝜂𝐴, 𝜂𝑄) in Table ref4.2 by 10%.  

3.  Moderate Usage of Mask: This involves simulating the model (1) by reducing the values of the reduction rate 

of the disease transmission (𝜂𝐴, 𝜂𝑄) by 40%.  

4.  Strict Usage of Mask: This involves simulating the model (1) by reducing the values of the reduction rate of 

the disease transmission (𝜂𝐴, 𝜂𝑄) by 80%.  
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The effect of compliance with the usage of a mask is presented in Figure 5.  

4.4. Effect of the Compliance with Control Strategies 

The effect of compliance with control strategies is observed using the parameters in Tables 3 and 4 for the 

simulation of the model (1) at different levels of measures of compliance with control strategies as follows:   

1.  No Compliance: This involves simulating the model (1) using the initial values for 𝛽𝐴, 𝛽𝐼 , 𝛽𝑄 , 𝜂𝐴, 𝜂𝑄 in Table 

4.  

2.  Low rate of compliance: This involves simulating the model (1) by reducing the values of 𝛽𝐴, 𝛽𝐼 , 𝛽𝑄, 𝜂𝐴 and 

𝜂𝐴, 𝜂𝑄 in Table 4 by 0.08% and 10% respectively.  

3.  Average rate of compliance: This involves simulating the model (1) by reducing the values of 𝛽𝐴, 𝛽𝐼 , 𝛽𝑄 , 𝜂𝐴 

and 𝜂𝐴, 𝜂𝑄 in Table 4 by 0.1% and 40% respectively.  

4.  Strict/High rate of compliance: This involves simulating the model (1) by reducing the values of 𝛽𝐴, 𝛽𝐼 , 𝛽𝑄 , 𝜂𝐴 

and 𝜂𝐴, 𝜂𝑄 in Table 4 by 0.15% and 80% respectively.  

The effect of compliance with the control strategies is presented in Figure 6.   

 Table 3. Initial value of the parameters used for the model (1) 

Parameters     Values Reference 

𝜎 1/5.1 per day [21] 

𝑎 0.025 per day [5] 

𝜌𝐼 1/7 per day [5,11] 

𝜌𝑄 1/14 per day [5,11] 

𝛿𝐼 0.043 per day Estimated from [10] 

𝛿𝑄 0.186 per day Estimated from [10] 

 

Table 4. Fitted parameter of the model (1) with the cumulative number of confirmed cases for Lagos State 

 Fitted Parameters Values 

𝜂𝑄 0.151 per day 

𝜂𝐴 4.935 per day 

𝜌𝐴 0.00408 per day 

𝛽𝐴 0.00457 per day 

𝛽𝐼 5.04 per day 

𝛽𝑄 0.1169 per day 

𝜅 0.4588 per day 

𝑞𝐴 0.223 per day 
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𝑞𝐼 1.238 per day 

𝑞𝐸 0.4687 per day 

  

 

 

 

 

 

 

 

 

 

 

Figure 2. Model Fitting of daily incidence of confirmed cases of COVID-19 in Lagos State provided by NCDC 

   

 

 

 

 

 

 

 

 

 

 

Figure 3. Model Fitting with cumulative confirmed cases of COVID-19 in Lagos State 
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Figure 4. Model simulation for different levels of compliance with social distancing in a void of mask usage. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Model simulation for different levels of usage of mask usage in a void of social distancing 
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Figure 6. Model simulation for different efficiency of both control measures (social-distancing and mask  usage) 

Figures 2 and 3 respectively show the fitting of the model (1) with data of daily incidence and number of 

cumulative confirmed cases of COVID-19 in Lagos State provided by NCDC. It is observed that it is well fitted 

and the parameter estimation is presented in Table 4. 

Figure 4 shows the model simulation for different efficiency resulting from compliance with social distancing in 

a void of mask usage. The result shows that the peak for non-compliance with the social distancing of daily 

incidence of confirmed cases of about 6900 is attained around 120 days from the inception of the disease. Slight 

compliance with social distancing reduces the peak of daily incidence of confirmed cases from 6900 to 3100 

which is attained 180 days from inception. Moderate compliance with social distancing reduces the peak of daily 

incidence of confirmed cases from 6900 to 2500 which is attained 200 days from inception. Strict compliance 

with social distancing reduces the daily incidence peak of confirmed cases from 6900 to 900 which is attained 

310 days from inception. 

Figure 5 presents the model simulation for different efficiency of mask usage in the absence of social distancing. 

It is observed that the peak for no compliance with the usage of a mask of daily incidence of confirmed cases of 

about 6900 is attained around 120 days from the inception of the disease. A low rate of compliance with the usage 

of masks reduces the peak of daily incidence of confirmed cases from 6900 to 5500 which is attained 135 days 

from inception. A moderate rate of compliance with mask usage reduces the peak of daily incidence of confirmed 

cases from 6900 to 4200 which is attained 150 days from inception. A strict/high rate of compliance with mask 

usage drastically reduces the peak daily incidence of confirmed cases from 6900 to about 1800 which is attained 

180 days from inception. 

Figure 6 displays the model simulation for different efficiency of both control measures (social-distancing and 

mask usage). It is observed that the peak for no compliance with control measures (usage of mask and social 

distancing) of daily incidence of confirmed cases of about 6900 is attained around 120 days from the inception 

of the disease. A low rate of compliance with control measures reduces the peak of daily incidence of confirmed 

cases from 6900 to 2100 which is attained 210 days from inception. A moderate rate of compliance with control 

measures reduces the peak of daily incidence of confirmed cases from 6900 to 900 which is attained 300 days 

from inception. A strict/high rate of compliance with control measures drastically reduces the peak of daily 

incidence of confirmed cases from 6900 to about 0 i.e the peak is flattening.  
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5. Conclusions 

The transmission and the widespread of COVID-19 using SEAIQR model are being examined. The SEAIQR 

model consists of systems of the ordinary differential equation describing the transmission dynamics of COVID-

19 among susceptible persons, exposed persons, asymptomatic persons, symptomatic persons, quarantined 

persons and recovered persons. The existence and stability of DFE are established. The existence of the endemic 

state and the endemic size of the population is discussed. Numerical evaluation of observed data and model data 

is fitted using a nonlinear least square method, implemented using Python. Simulations were conducted to further 

monitor the effect of complaisance with control strategies. Although, the issue of the dependability, correctness 

and standard of the disclosed data is complex and out of the content of the research as the research centred more 

on the part of mathematical modelling. Besides, the model is not age-structured and does not take into 

consideration the birth rate, natural death rate and migration. Furthermore, there may be under-reporting of the 

confirmed cases and fatalities disclosed during and after lock-down because of inadequate health facilities 

experienced in Nigeria in regards to monitoring and the degree of screening.  

From the numerical results, the optimal control shows the effectiveness of control measures (reducing contact 

rate and usage of mask) when being applied. It is noticed that the best option is to observe social distancing 

against the use of a mask. Nonetheless, the effective approach is the use of both control measures, that is, 

complaisance with social distancing as well as the utilization of a mask.  

The following recommendation is needed to curb the epidemic in Lagos and Nigeria as a whole: Educational 

campaigns on the impact of embracing social distancing, wearing a mask and the need to be vaccinated; 

Enforcement and sanctions for non-complaisance with the aforementioned control measures. 
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