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The spread and control of coronavirus disease 2019 (COVID-19) present a worldwide economic and medical burden to public health. It is imperative to probe the effect of vaccination and infectivity reductions in minimizing the impact of COVID-19. Therefore, we analyze a mathematical model incorporating different infectivity reductions. This work provides the most economical and effective control methods for reducing the impact of COVID-19. Using data from Ghana as a sample size, we study the sensitivity of the parameters to estimate the contributions of the transmission routes to the effective reproduction number [image: image] We also devise optimal interventions with cost–benefit analysis that aim to maximize outcomes while minimizing COVID-19 incidences by deploying cost-effectiveness and optimization techniques. The outcomes of this work contribute to a better understanding of COVID-19 epidemiology and provide insights into implementing interventions needed to minimize the COVID-19 burden in similar settings worldwide.
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1 INTRODUCTION
Coronavirus disease 2019 (COVID-19) is one of the infectious diseases that has caused a global medical and financial burden. Due to its high transmission rate, the World Health Organization (WHO) officially announced the prevalence of it as a global pandemic on 8th March 2020. The coronavirus spreads directly or indirectly from one infectious living host cell to another by replicating and causing infectious disease in the host (humans and/or animals) [1]. Therefore, it is imperative to investigate how the virus spreads in the community and devise strategies to halt the disease’s transmission.
Globally, COVID-19 has caused over 6 million deaths, and by March 2022, approximately 480 million incidences had been reported, according to [2]. However, the COVID-19 reinfection scenario using the SIR model shows that transmission dynamics could arise as a result of immunity waning, even in cases where the force of reinfection is relatively weak [3]. As mentioned in [4], the COVID-19 model, which entails infection through objects contaminated with SARS-CoV-2, is suggested to be made public knowledge.
COVID-19 spreads quickly, threatening global health and igniting a pandemic. This pandemic has had a major effect on other sectors, especially the socioeconomic sector [5]. As of 30 April 2022, there were 512,466,045 reported incidences and 6,257,512 COVID-19 fatalities worldwide, according to the Worldometer. With 6,046,467 COVID-19 cases reported overall, Indonesia ranks seventh in Asia and 18th globally [6].
These findings highlight the need to investigate the spread of COVID-19 in order to minimize its transmission. Using a deterministic model is one way that mathematics is crucial to simulating the epidemic phenomenon of the disease’s spread. The analysis of the COVID-19 model with declining immunity has advanced significantly. For the latter, the natural immunity period is defined by the vaccine efficacy level, which dictates when to start the mass vaccination strategy based on models involving symptomatic and asymptomatic infected populations, as explained in [6].
Mathematical models have been an important tool in epidemiology since the 18th century and can be used to determine the level of spread of infectious disease, aside from medical and biological research studies and strategies for controlling diseases. A modified susceptible–exposed–infectious–removed (SEIR) model with vaccination, quarantine, and isolated SVEQIMR is used to analyze the spread of COVID-19 disease in [7]. In this article, compartmental models were used to demonstrate the pattern of vaccination and control strategies for infectious diseases.
Furthermore, the compartmental model is used to study the behavior of COVID-19 after the introduction of vaccines in [8]. In this article, the population is divided into distinct compartments to demonstrate the control efficacy of infectious diseases in India. Again, a parameterized nonlinear SEIHR model to analyze the transmission of coronavirus disease in Indonesia using the compartmental model is analyzed in [9].
The transmission dynamics, basic reproduction number, and control measures of COVID-19 are analyzed using the compartmental model in [10]. In this article, effective public health interventions were proposed to control the spread of the disease in Wuhan, China. The cost-effective analysis, global stability, and control strategy for the spread of COVID-19 in Ghana are analyzed using the compartmental model in [11]. In this article, control measures were outlined by formulating the SEAIRV model to investigate human–environment–human transmission. However, these studies do not capture the effects of reducing the infectivity rate on the disease’s transmission.
The aforementioned issues have driven this study to explore the effects of vaccination and infectivity reductions on the spread of COVID-19, devise optimal control interventions, and analyze the cost–benefits of implementing the interventions. The subsequent sections are as follows: in Section 2, we present the design of the epidemiological model together with the definition of the parameters and variables in the model. In Section 3, we analyze the positivity of the model’s solutions, computation of the models’ reproduction numbers, and stability of the model. In Section 4, we present the model parameter estimation and sensitivity analysis. In Section 5, we present the numerical simulations and model analysis. In Section 6, we present the optimal control strategies and analyze the cost–benefit analysis. We finally present the concluding remarks of this study in Section 7.
2 [image: image] MODEL FORMULATION
The flowchart below illustrates the mechanism of the model. We denote [image: image] as the total population divided into seven different compartments: susceptible individuals at a given time [image: image], vaccinated individuals at a given time [image: image], exposed individuals at a given time [image: image], individuals under quarantine at a given time [image: image], infected individuals at a given time [image: image] isolated individuals at a given time [image: image], and individuals recovered at a given time [image: image]. We assume that the vaccinated individuals become susceptible again due to the vaccine’s inefficacy. Again, a portion of susceptible individuals undergo self-quarantine, while others enter the exposed class. Some of the exposed individuals become infected and then recover naturally without any special treatment. The remaining proportion of individuals either go through quarantine or become infected. It is also assumed that the individuals in the susceptible and vaccinated compartments would come into direct or indirect contact with the individuals in the exposed, quarantined, and isolated compartments. Therefore, we introduce infectivity reductions [image: image], and [image: image] attributed to the exposed, quarantined, and isolated compartments, respectively. The introduction of these different infectivity reductions is to minimize transmission from the potential carriers of the virus. Again, we assume that the quarantined and isolated individuals are not part of the active population at the time of incidence, so the total active population for the standard incidence at any given time is [image: image] Therefore, the forces for infection of susceptible and vaccinated classes are given as [image: image] and [image: image], respectively. Recovered individuals become susceptible again once they come into contact with the possible carriers of the COVID-19 virus. The description of the model’s parameters is given in Table 1. The optimal control interventions [image: image], and [image: image] are explained in the subsequent section.
TABLE 1 | Definition of model parameters.
[image: Table 1]The total population [image: image] in Eq. (1) is defined based on Figure 1 as follows:
[image: image]
[image: Figure 1]FIGURE 1 | SVEQIMR model flowchart.
The following nonlinear ordinary differential equations illustrate the model.
[image: image]
where [image: image], [image: image], and [image: image]
With initial conditions [image: image] all initial parameters of model (2) are nonnegative.
3 [image: image] MODEL MATHEMATICAL ANALYSIS
The detailed analysis of the model is conducted mathematically to show the positivity of solutions and their boundedness within a specific domain.
3.1 Positivity and boundedness of solutions
The variables and parameters of model (2) are nonnegative since it is based on a population with COVID-19.
Theorem 1. Define [image: image]; if [image: image] then [image: image] and its solutions and initial values are nonnegative for [image: image] and bounded in the region [image: image]
Proof: Let us consider the following instance where there exists an initial time [image: image] such that
[image: image] and [image: image] for all [image: image]
Here, [image: image] Without the loss of generalization, [image: image].
Therefore, [image: image], and [image: image] for all [image: image] However,
[image: image]
This contradicts the claim [image: image] Therefore, [image: image] for all [image: image] This shows that all the solutions are positive for [image: image] in all other cases.
Theorem 2. To prove the boundedness of model (2), define a positive invariant set as [image: image] and attract positive solutions.
Proof: Considering Eq. 1.
The rate of change in the total population is given as
[image: image]
[image: image]
[image: image]
From Eq. (3), it follows that,
[image: image]
Then, [image: image] Thus, [image: image] is bounded, and all solutions in the [image: image] approach enter or remain in [image: image] If [image: image] shows that [image: image] is a set of positive invariant and is in the region [image: image] This theorem proves the existence of COVID-19 at a given time in an area that was not infected with COVID-19 disease, and all the initial state variables are positive. This completes the proof.
3.2 Disease-free equilibrium and effective reproduction number
The disease equilibrium point, [image: image], of the model is achieved by equating system (2) to 0. The result is defined as follows:
[image: image]
At disease-free equilibrium (DFE), we set [image: image], and the following results are obtained from Eq. (4):
[image: image]
[image: image]
[image: image]
[image: image]
At disease-free equilibrium,
[image: image]
The corresponding Jacobian matrix of the system (2) evaluated at [image: image] (see, Eq. (5)) to obtain the disease-free equilibrium Jacobian matrix [image: image] is given as follows:
[image: image]
where [image: image] using [image: image]; hence, [image: image]
Using [image: image], Eq. (6) the following matrices can be deduced to evaluate the effective reproduction number [image: image]. We define the next-generation matrix [image: image] as the square matrix, which consists of matrix [image: image] representing new infections and matrix V.
[image: image]
[image: image]
where [image: image]
The effective reproduction number, [image: image], of the model is evaluated as the spectral radius of matrix [image: image]; that is, [image: image] given as
[image: image]
where [image: image] and [image: image].
Substituting [image: image], and [image: image] into Eq. (7), gives
[image: image]
Therefore, there is a unique equilibrium in the model, which implies that [image: image] in Eq. (8) is unique. The effective reproduction number, [image: image] indicates the number of secondary infections that one infected person can produce if they come into contact with people living in a safe zone. [image: image] can be summarized as follows: the exposed class contributed to a significant secondary infection, which is the first term of [image: image] where a proportion of [image: image] individuals entered the infected class. The infected class generated a significant secondary infection, which is the second term of [image: image] The quarantined class contributed to a significant secondary infection, which is the third term of [image: image] The isolated class contributed to a significant secondary infection, which is the last term of [image: image] We consider the dynamics of vaccination and infectivity reductions on [image: image] as follows in Eqs 9–11 respectively.
• In the absence of vaccination, the reproduction number, [image: image] is given as
[image: image]
• In the absence of infectivity reductions, the reproduction number, [image: image] is given as
[image: image]
• In the absence of vaccination and infectivity reductions, the reproduction number, [image: image] is given as
[image: image]
3.3 Stability analysis
Next, since the system has unique equilibrium points, we check its stability.
3.4 Local stability of disease-free equilibrium [image: image]
The Jacobian matrix, [image: image], is given in Equation 7. It can be seen from (6) that [image: image] are the three eigenvalues of [image: image]. The other eigenvalues are derived from the reduced matrix in Eq. (12):
[image: image]
where [image: image] and [image: image]
Therefore, the remaining eigenvalues are the roots of the following characteristic polynomial:
[image: image]
where
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
Therefore, using the Routh–Hurwitz stability conditions, the roots of [image: image] in Eq. (13) of the reduced matrix have negative real parts if the following conditions hold: [image: image] and [image: image] It is obvious that the condition holds if [image: image]. This proves that in model (2), disease-free equilibrium, [image: image], is locally stable if [image: image] and unstable if [image: image].
3.5 Existence of endemic equilibrium of the model
Let us consider [image: image] as the endemic equilibrium for system (2) and equate the derivative to zero (0). The following results are obtained:
[image: image]
where [image: image] for [image: image]
Then, [image: image] and solving Eq. 14 simultaneously gives the following
[image: image]
Substituting the expressions for [image: image] in Eq. 15 into the fifth equation of Eq. 14 and simplifying, we obtain the following equation for [image: image]:
[image: image]
Simplifying the above equation gives Eq. (16)
[image: image]
where [image: image]
Note that, in evaluating [image: image] and [image: image]
[image: image]
[image: image]
Substituting [image: image] and [image: image] and simplifying gives
[image: image]
[image: image]
Let [image: image].
It follows that
[image: image]
[image: image]
[image: image]
The expressions for [image: image] and [image: image] can be rewritten as follows
[image: image]
[image: image]
Let us consider the denominators of [image: image] and [image: image] in the following cases:
(a) If [image: image], then [image: image] This results in the endemic equilibrium point [image: image] since the expressions for [image: image] and [image: image] are nonnegative, which implies [image: image].
(b) If [image: image], then since [image: image] which implies [image: image], endemic equilibrium does not exist.
Using Eq. (17), for [image: image] when [image: image] it implies that the endemic equilibrium [image: image] has a positive and unique equilibrium point when [image: image]
3.6 Global stability of endemic equilibrium
Let us consider a globally positively definite and unbounded function [image: image] with a globally negative time derivative. For [image: image] for all [image: image] then at equilibrium, [image: image] is globally stable for the autonomous system [image: image] and [image: image] is the Lyapunov function.
Theorem 3. The system (14) has an endemic equilibrium [image: image] that satisfies [image: image]. If [image: image] the endemic equilibrium point globally asymptotically stable in a positive region [image: image] on [image: image] with
[image: image]
Proof. We define the Lyapunov function [image: image] and its endemic equilibrium as follows:
[image: image]
from Eq. (19), we have [image: image]
[image: image]
Substituting (2) and (18) into (20) gives
[image: image]
Solving the (21) value gives
[image: image]
Let [image: image]
[image: image] are obtained by setting the coefficients of [image: image] equal to 0, which after solving gives
[image: image]
Hence, the result is
[image: image]
From the above Eqs (22, 23), it can be realized that if the arithmetic mean is greater than or equal to their geometric mean, then [image: image] only holds if [image: image] It implies that [image: image]; therefore, the largest invariant set is [image: image] The endemic equilibrium [image: image] is globally asymptotically stable in the positive region [image: image] when [image: image] based on the Lyapunov–LaSalle stability theorem.
4 MODEL PARAMETERIZATION AND SENSITIVITY ANALYSIS
We evaluate the reproduction number to find the transmission routes of the pandemic and the proportion of individuals. A sensitivity analysis was carried out to evaluate the contribution of each parameter to the reproduction number.
4.1 Estimation of model parameters
We evaluate the reproduction numbers using the values in Table 3. The effective reproduction number [image: image] and a proportion of 0.19998 of the exposed individuals move to the infected class at any given time. The contribution from each transmission route is shown in the table below.
Table 2 reveals that the infectious and exposed classes contribute significantly to the transmission of the disease. This implies that there must be admissible measures to halt the transmission of the disease.
TABLE 2 | Contribution of transmission routes to the effective reproduction number [image: image].
[image: Table 2]4.2 Sensitivity analysis
We illustrate the arithmetic behavior of model (2) parameters’ sensitivity. The sensitivity of the parameters in [image: image] for the model is defined in Eq. 24 as
[image: image]
[image: image]
where [image: image]
From the above analysis, it is observed that [image: image] will increase proportionally as the following parameters [image: image] increase; on the other hand, [image: image] decreases proportionally as the following parameters [image: image] increase since sensitivity indices are sign determined. This can be used to show the numerical importance of the various parameters in [image: image]. Table 3 illustrates the numerical results of the sensitivity index of the various parameters in [image: image].
TABLE 3 | Values of the sensitivity index of parameters in [image: image].
[image: Table 3]Based on the numerical illustrations shown in Table 3, the effective reproduction number [image: image] will change as the parameters change. Sensitivity analysis is interpreted based on the sign associated with the particular parameter. The effective reproduction number [image: image] will decrease as the parameter values with the negative sign increase, while it increases when they decrease. Considering that [image: image] it indicates that [image: image] will increase [image: image] by 81% whenever there is a 1% increment in the transmission rate of the susceptible individuals. This depicts the explanation for all the parameter values with a positive sign. On the other hand, [image: image] indicates that [image: image] will decrease [image: image] by 15% whenever there is a 1% increment in the recovery rate of the infected individuals. This depicts the explanation for all the parameter values with a negative sign.
Now, we examine the relationship between the parameters of effective reproduction number [image: image] by checking the partial rank correlation coefficients (PRCCs) of the parameters. The following figure illustrates the behavioral pattern of each parameter in the transmission dynamics of the disease.
From Figure 2, one could realize that [image: image] have a high positive effect on [image: image] while [image: image] have a high negative effect on [image: image] One could realize that all these parameters are associated with vaccination and interventions to mitigate the infectivity rate in the population.
[image: Figure 2]FIGURE 2 | Partial rank correlation coefficient (PRCC) of effective reproduction number [image: image] parameters.
4.3 Effects of vaccination and infectivity reductions on the effective reproduction number [image: image]
This subsection explores the dynamics of [image: image] with respect to vaccination and infectivity reduction parameters [image: image]. The following figure demonstrates the changing effects of vaccination and infectivity reduction parameters on [image: image]
Figure 3A demonstrates the influence of vaccination rate [image: image] and vaccine inefficacy [image: image] One can realize that the effective reproduction number [image: image] increases as the vaccination rate [image: image] decreases, while [image: image] decreases as vaccine inefficacy [image: image] decreases. Figure 3B–g show the effects of vaccination rate [image: image], vaccine inefficacy [image: image], and infectivity reductions. It is observed that to mitigate the disease’s transmission, there should be effective control measures to minimize the infectivity levels and maximize the vaccination rate to halt the disease’s transmission. Figures 3H–J show the effect of the infectivity reductions on [image: image] It could be observed that an increase in [image: image] at any given time results in an increase in [image: image] (Figure 3H; Figure 3I). It can be seen that [image: image] and [image: image] have a significant effect on [image: image], as demonstrated in Figure 2. Based on the above graphical representation, it is important to minimize the infectivity levels of the exposed class [image: image] and quarantined class [image: image] to halt the disease’s transmission.
[image: Figure 3]FIGURE 3 | Effect of vaccination and infectivity reductions on the effective reproduction number [image: image] (A) a plot of σ and θ, (B) re and θ, (C) rq and θ, (D) rm and θ, (E) re and σ, (F) rq and σ, (G) rm and σ, (H) rq and re (I) rm and re (J) rm and rq. The meaning of the respective parameters is in Table 1.
5 NUMERICAL SIMULATIONS AND DISCUSSIONS
In this section, the real data are observed to depict the situation of the transmission. The real data are compared with the model’s solution accuracy. The proposed model is applied to explore the transmission of COVID-19 disease in Ghana using data from the WHO [17]. This includes the daily number of infections and the total number of daily infections after the introduction of vaccines. The data are analyzed and compared to other literature works for the simulations. The daily infections and the total number of infections are simulated to analyze the behavioral pattern of the transmission of the disease. In particular, we illustrate the changing effects of the vaccination rate [image: image], vaccine inefficacy [image: image] , and infectivity reductions on the size of infectious individuals.
5.1 Application of the [image: image] model
Once the model is formulated, it is necessary to compare it with data to check its validity. Here, we want to check the accuracy and authenticity of the model by verifying the extent to which the model can represent the real situation, as described in [18]. The simulation consists of the application of the data from Ghana to illustrate the transmission of COVID-19 for the period 1st January 2022 to 1st March 2022 when the individuals were vaccinated. The following state variables are considered using data from Ghana for the period 1st January 2022 to 1st March 2022 [17]. The estimated total population of Ghana is [image: image] [19]; hence, [image: image] and the assumed initial values are as follows: [image: image] All the parameters used for the simulations are shown in Table 3.
The SVEQIMR model (fitted) depicts the pattern of the real situation (real data), as shown in Figure 4A, which represents the plot of the daily number of infections, and Figure 4B represents the total number of infections for the period of 1st January 2022 to 1st March 2022. The plot of the model results indicates the pattern of the real situation. That is, the fitted model and real situation agree with each other and illustrate the transmission dynamics of the spread of the pandemic.
[image: Figure 4]FIGURE 4 | Plot of (A) the daily cases and (B) the total number of cases of the fitted model verses the real data from 1st January to 1st March 2022.
5.2 Effects of vaccination and infectivity reductions on COVID-19 incidences
Here, we analyze the influence of vaccination rate and vaccine inefficacy on the spread of COVID-19 disease using the same dataset. Let us consider the following parameters: vaccination rates [image: image] and vaccine inefficacy [image: image] for the infected class.
Again, we demonstrate the changing effects of the different infectivity reductions on the behavioral pattern of the transmission of COVID-19 disease by considering the following arbitrary values [image: image] for the infectivity reduction of exposed individuals [image: image], quarantined individuals [image: image], and isolated individuals [image: image]. The results are presented in Figure 5.
[image: Figure 5]FIGURE 5 | Plot of (A) the impact of vaccination rate [image: image] on COVID-19 daily cases (B) and the impact of vaccine inefficacy [image: image], (C) infectivity reduction of exposed individuals [image: image], (D) infectivity reduction of quarantined individuals [image: image], and (E) infectivity reduction of isolated individuals [image: image] on COVID-19 daily cases.
From Figure 5A, it is observed that an increase in the vaccination rate [image: image] results in a significant decrease in the daily number of reported cases. On the contrary, an increase in vaccine inefficacy [image: image] results in an increase in the daily number of reported cases, as shown in Figure 5B. It could also be observed that the disease dies out gradually with time as vaccine inefficacy [image: image] approaches zero (0); however, a high vaccination rate [image: image] reduces the number of infections. Therefore, there is a significant effect of different values of vaccination rate [image: image] and vaccine inefficacy [image: image] on the disease’s spread. The above illustration shows that vaccination against the spread of the coronavirus is very important and must be adhered to.
From Figure 5C, it is realized that an increase in the infectivity reduction of exposed individuals [image: image] results in a significant increase and higher peaks in the daily reported cases. Furthermore, an increase in the infectivity reduction of the quarantined class [image: image] results in a moderate increase in the daily reported cases compared to the peaks of [image: image], as shown in Figure 5D. The peaks of daily reported cases are lower than those of the exposed class because the individuals in this group are confined and monitored. In Figure 5E, there is a significant decline in the daily reported cases as the infectivity reduction of the isolated individuals [image: image] decreases, which has fewer peaks than the others. From the above graphical representation, the infectivity reduction of the exposed individuals [image: image] should be controlled carefully because the higher the infectivity reduction, the higher the number of daily reported cases and vice versa. This graphical representation can be confirmed by the numerical illustration of the contribution of the transmission route in Table 2. The exposed compartment contributed significantly to the effective reproduction number [image: image], with a proportion of 0.19998 of the individuals moving to the infected class. This means that approximately 20% of individuals in the exposed compartment become infected at a given time. The above diagram depicts the order of contribution of the transmission route to the effective reproduction number [image: image]
6 OPTIMAL CONTROL PROBLEM AND COST–BENEFIT ANALYSIS
We modify Equation 2 with the following optimal control variables: [image: image] representing the public awareness of the prevalence of COVID-19 and related infections where [image: image], which reduces the forces of infection [image: image] and [image: image], by [image: image]; [image: image] denoting the control effort to intensify COVID-19 vaccination; and [image: image] denoting the control effort for infectivity reduction, which reduces infectivity by [image: image]. All these efforts denote the control interventions in minimizing the transmission of COVID-19 and its reinfections. The modified Eq. (2) is given in Eq. (25) as follows:
[image: image]
where [image: image] and [image: image] remain as in Section 2 with the initial conditions given in the model (2).
6.1 Objective functional
We now formulate the optimal trajectories that show the effect of the control efforts [image: image] subjected to (36); the objective functional [image: image] is given as
[image: image]
We focus on minimizing the cost function (26), and the total cost of implementing the optimal control is given as
[image: image]
The parameters [image: image]and [image: image] in Eq. 27 are the balancing cost factors for [image: image], respectively. All the control efforts [image: image] are assumed to be bounded by Lebesgue measurable time-dependent functions on the interval [image: image], where [image: image] is the final time with the control effort set defined in Eq. 28 as
[image: image]
Now, we establish point-wise Hamiltonian [image: image] through Pontryagin’s maximum principle to transform the optimal control system (25) and its associated objective functional (26). The following optimal solution is achieved.
[image: image]
where [image: image] in Eq. 29 are the co-state variables with respect to the state variables, [image: image]
Theorem 4. Given [image: image] as the optimal controls and the corresponding solutions [image: image] of the system (25), which minimizes [image: image] over [image: image] then there exist co-state variables [image: image] that satisfy
[image: image]
with conditions [image: image] where [image: image] Then, the optimality conditions that minimize the Hamiltonian, H, of (29) with respect to the controls are given as
[image: image]
Proof: We formulate the adjoint equation for the optimal system by taking the partial derivative of Eq. 30 as follows in Eq. (32):
[image: image]
The control set illustrates the co-state system with the optimal conditions.
[image: image]
We solve for [image: image], and [image: image], and [image: image] of Eq. (33), and the results confirms the expression in Eq. (31) are as follows:
[image: image]
Therefore, using the bounds of the controls [image: image], and [image: image] the control efforts are in the compact form given by the optimal condition of the system in Eq. (34); hence, the proof is complete.
6.2 Optimal control strategies
Here, our aim is to determine the number of infections after deploying the optimal control interventions. We explore the effects of implementing the interventions; therefore, the optimality system (36) is solved forward in time and the adjoint system backward in time with the corresponding lower and upper bounds of the controls. We used the population of Ghana to study the behavioral pattern of COVID-19. The estimated total population of Ghana is [image: image] [19]; hence, [image: image] and the assumed initial values are as follows: [image: image] together with Λ = 1,364, [image: image], and [image: image] and parameter values illustrated in Table 3. The balance costs associated with the objective functional are assumed to be [image: image] and weight [image: image], where [image: image] The lower bound (LB) and upper bound (UB) are assumed to be [image: image] The results are illustrated according to the strategies to implement the control strategies.
6.2.1 Strategy 1: implementation of public awareness ([image: image])
The optimal solutions illustrated in Figure 6 account for the observations when the control effort [image: image] is applied accordingly.
[image: Figure 6]FIGURE 6 | Optimal solutions of implementing strategy 1. Plot (A) blue dotted line is the optimal solution for implementing strategy 1. (B) Optimal control profile for strategy 1.
The optimal solutions illustrated above depict the following observations when public education is only applied:
(a) Figure 6A represents the effect of the control effort [image: image] on the infectious individuals. It implies that the number of individuals will decrease if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 6B represents the profile of the control effort for public awareness of COVID-19. It implies that education on COVID-19 should reach 50% of the population throughout the implementation to halt COVID-19 transmission.
6.2.2 Strategy 2: implementation of vaccination ([image: image])
The optimal solutions illustrated in Figure 7 account for the observations when the control effort [image: image] is applied accordingly.
[image: Figure 7]FIGURE 7 | Optimal solutions of implementing strategy 2. Plot (A) blue dotted line is the optimal solution for implementing strategy 2. (B) Optimal control profile for strategy 2.
The optimal solutions illustrated above depict the following observations when vaccination is only applied:
(a) Figure 7A represents the effect of the control effort [image: image] on the infectious individuals. It implies that the number of individuals will decrease if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 7B represents the profile of the control effort for vaccination to prevent COVID-19. It implies that approximately 25% of the population should be vaccinated within 80 days and intensified further up to 75% in the subsequent days throughout the implementation to halt COVID-19 transmission.
6.2.3 Strategy 3: implementation of infectivity treatment ([image: image])
The optimal solutions illustrated in Figure 8 account for the observations when the control effort [image: image] is applied accordingly.
[image: Figure 8]FIGURE 8 | Optimal solutions of implementing strategy 3. Plot (A) blue dotted line is the optimal solution for implementing strategy 3. (B) Optimal control profile for strategy 3.
The optimal solutions illustrated above depict the following observations when infectivity treatment is only applied:
(a) Figure 8A represents the effect of the control effort [image: image] on the infectious individuals. It implies that the number of individuals will decrease if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 8B represents the profile of the control effort for COVID-19 reinfection. It implies that approximately 75% of the individuals suspected to be carriers of the virus should be treated/monitored throughout the implementation to halt COVID-19 transmission.
6.2.4 Strategy 4: implementation of public awareness and vaccination ([image: image])
The optimal solutions illustrated in Figure 9 account for the observations when the control efforts [image: image] are applied accordingly.
[image: Figure 9]FIGURE 9 | Optimal solutions of implementing strategy 4. Plot (A) blue dotted line is the optimal solution for implementing strategy 4. (B) Optimal control profile for strategy 4.
The optimal solutions illustrated above depict the following observations when control efforts for public awareness and vaccination are applied:
(a) Figure 9A represents the effect of the control efforts [image: image] on the infectious individuals. It implies that the number of individuals will decrease if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 9B represents the profile of the control efforts for public awareness and vaccination against COVID-19. It implies that approximately 80% of the population should be educated on COVID-19 within 22 days, which can be relaxed to approximately 25%, and 50% of the population should be vaccinated throughout the implementation of these interventions to halt COVID-19 transmission.
6.2.5 Strategy 5: implementation of public awareness and infectivity treatment ([image: image])
The optimal solutions illustrated in Figure 10 account for the observations when all the control efforts [image: image] are applied accordingly.
[image: Figure 10]FIGURE 10 | Optimal solutions of implementing strategy 5. Plot (A) blue dotted line is the optimal solution for implementing strategy 5. (B) Optimal control profiles for strategy 5.
The optimal solutions illustrated above depict the following observations when all the control efforts for public awareness and infectivity treatment are applied:
(a) Figure 10A represents the effect of the control efforts [image: image] on the infectious individuals. It implies that the number of individuals will decrease to a minimum within 30 days if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 10B represents the profile of the control efforts for public awareness and infectivity treatment. It implies that approximately 80% of the population should be educated on COVID-19, and 50% of suspected carriers of the virus should be treated/monitored throughout the implementation of these interventions to halt COVID-19 transmission.
6.2.6 Strategy 6: implementation of vaccination and infectivity treatment ([image: image])
The optimal solutions illustrated in Figure 11 account for the observations when the control efforts [image: image] are applied accordingly.
[image: Figure 11]FIGURE 11 | Optimal solutions of implementing strategy 6. Plot (A) blue dotted line is the optimal solution for implementing strategy 6. (B) Optimal control profiles for strategy 6.
The optimal solutions illustrated above depict the following observations when all the control efforts for vaccination infectivity reduction are applied:
(a) Figure 11A represents the effect of the control efforts [image: image] on the infectious individuals. It implies that the number of individuals will decrease to a minimum within 20 days if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 11B represents the profile of the control efforts for public education and vaccination against COVID-19. It implies that all the interventions [image: image] should be implemented at levels higher than 25% from the start of implementation throughout the subsequent days to halt COVID-19 transmission.
6.2.7 Strategy 7: implementation of all controls ([image: image])
The optimal solutions illustrated in Figure 12 account for the observations when the control efforts [image: image] are applied accordingly.
[image: Figure 12]FIGURE 12 | Optimal solutions of implementing strategy 7. Plot (A) blue dotted line is the optimal solution for implementing strategy 7. (B) Optimal control profiles for strategy 7.
The optimal solutions illustrated above depict the following observations when all the control efforts are applied:
(a) Figure 12A represents the effect of the control efforts [image: image] on the infectious individuals. It implies that the number of individuals will decrease to a minimum within 10 days if the control effort is optimally implemented in halting the disease’s transmission. Conversely, it will increase significantly.
(b) Figure 12B represents the profile of all control efforts. It implies that approximately 80% of the population should be educated on COVID-19, approximately 50% of the population should be vaccinated, and 50% of suspected carriers of the virus should also be treated/monitored throughout the implementation period of these interventions to halt COVID-19 transmission.
6.3 Cost–benefit analysis
Once the strategies are given, it is imperative to know the cost associated with implementing such intervention(s). Therefore, we explore the cost associated with each control strategy to check their effectiveness. We outline some cost-effectiveness approaches to further understand the control strategies.
We consider two procedures, namely, average cost-effectiveness ratio (ACER) and incremental cost-effectiveness ratio (ICER), which have been explained in [20–23], to carry out epidemiological studies.
6.4 Average cost-effectiveness ratio
We define the ACER of implementing a strategy as
[image: image]
The overall cost [image: image] stated in (27) would be used to evaluate the total cost that the intervention would generate in Eq. 36. We then compare the ACER values of each strategy, and the one with the lowest value is the most cost-effective, saving costs. Therefore, the cost-effective intervention is considered the strategy with the least ACER value. The expression in Eq. 35 is illustrated as follows.
From Table 4, control strategy 1, which involves the implementation of public education only, has the least value of ACER, indicating cost savings. However, relying solely on this metric is not enough to choose a strategy; hence, we further explore other approaches.
TABLE 4 | Strategies’ ACER values with their overall infection averted and cost incurred.
[image: Table 4]6.5 Incremental cost-effectiveness ratio
We define the ICER of implementing a strategy as
[image: image]
The total cost function [image: image] stated in (27) would be used to estimate the overall cost that the intervention would generate in Eq. (36). It is worth knowing that the averted total number of infections is the difference between the initial values of [image: image], without control(s) and with controls. The outcomes are tabulated in increasing order of infection averted.
The ICER in Table 5 is calculated as
[image: image]
[image: image]
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TABLE 5 | Strategies’ ICER values with their overall infection averted and cost incurred.
[image: Table 5]Assessing strategies 2 and 1 in Table 5, it is noticed from the ICER that strategy 2 is expensive to deploy in a resource-limited setting; therefore, strategy 2 is removed from the list of possible controls, and the ICER is calculated again. This is presented in Table 6.
TABLE 6 | Strategies’ ICER values with their overall infection averted and cost incurred.
[image: Table 6]Assessing strategies 1 and 4 in Table 6, it is noticed from the ICER that strategy 4 is expensive to deploy in a resource-limited setting; therefore, strategy 4 is removed from the list of possible controls, and the ICER is calculated again. This is presented in Table 7.
TABLE 7 | Strategies’ ICER values with their overall infection averted and cost incurred.
[image: Table 7]Assessing strategies 1 and 3 in Table 7, it is noticed from the ICER that strategy 3 is expensive to deploy in a resource-limited setting; therefore, strategy 3 is removed from the list of possible controls, and the ICER is calculated again. This is presented in Table 8.
TABLE 8 | Strategies’ ICER values with their overall infection averted and cost incurred.
[image: Table 8]Assessing strategies 1 and 5 in Table 8, it is noticed from the ICER that strategy 5 is expensive to deploy in a resource-limited setting; therefore, strategy 5 is removed from the list of possible controls, and the ICER is calculated again. This is presented in Table 9.
TABLE 9 | Strategies’ ICER values with their overall infection averted and cost involved.
[image: Table 9]Assessing strategies 1 and 6 in Table 9, it is noticed from the ICER that strategy 6 is expensive to deploy in a resource-limited setting; therefore, strategy 6 is removed from the list of possible controls, and the ICER is calculated again. This is presented in Table 10.
TABLE 10 | Strategies’ ICER values with their overall infection averted and cost incurred.
[image: Table 10]Finally, assessing strategies 1 and 7 in Table 10, it is noticed from the ICER that strategy 7 is expensive to deploy in a resource-limited setting; therefore, strategy 7 is removed from the list of possible controls. Therefore, we conclude that strategy 1 is the most cost-effective strategy to use among the several strategies under study here. From the above analysis, it is obvious that strategy 1, which involves public education, is the intervention that saves cost.
7 CONCLUSION
We have presented a work that analyzes the changing effects of vaccination and infectivity reductions on the transmission of COVID-19 using data from Ghana. We have estimated the model’s parameters and analyzed their effects on disease transmission through numerical and graphical illustrations. Again, we have exhibited the threshold dynamics of the effective reproduction number [image: image] together with the contributions from the transmission routes (Table 2). We have demonstrated the sensitivity of the model’s parameters to study their effects on the effective reproduction number [image: image] (Table 3; Figure 2; Figure 3).
The aim of this work is to study the effect of vaccination and infectivity reductions in controlling COVID-19 transmission and devise control interventions that save cost to mitigate the transmission; therefore, we have formulated optimal control strategies together with the cost–benefit analysis that consider control measures involving both pharmaceutical and non-pharmaceutical interventions to control COVID-19. We implemented the strategies (Figure 6A–Figure 12A), and it was realized that public education, vaccination, and infectivity reductions to prevent COVID-19 should be intensified and reach approximately 25% of the population from the beginning and intensified in the subsequent days (Figure 6B–Figure 12B).
It is also worth knowing that public education saves cost as per the cost–benefit analysis compared to the other strategies raised in this work. This intervention can minimize COVID-19, as illustrated in Figure 6A. This intervention should reach approximately 50% of the population throughout the period of its implementation in order to realize the results of strategy 1 (Figure 6). Although strategy 1 saves cost, other strategies elaborated in this work can also be applied, but one has to consider the cost involved in implementing the strategy. The cost involved in applying the optimal control strategies is presented in Table 4–Table 10.
The outcomes of the findings imply that both pharmaceutical and non-pharmaceutical measures are very important in controlling the transmission of COVID-19. These control measures should always be vigorously implemented to create public awareness on COVID-19 and its reinfection, as illustrated in Figure 6B–Figure 12B, in order to reduce the effective contact rates and rates of acquiring COVID-19, as illustrated in Figure 3.
Although we have demonstrated the dynamics of COVID-19 transmission with vaccination and different infectivity reductions, this work is focused on the homogeneity of the population, and we hope to extend this study to explore the transmission dynamics of COVID-19 reinfection by considering heterogeneity of the population such as age and sex. We encourage individuals to adhere to personal hygiene and be aware of COVID-19 reinfection.
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