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Abstract

:

At the end of 2019, COVID-19 outbreaks occurred one after another in countries worldwide. Managing the outbreak efficiently and stably is an essential public health issue facing countries worldwide. In this paper, based on the SEIR model, we propose a SCEIR model that incorporates close contacts (C) and self-protectors (P). Firstly, the epidemic data of China, the USA, and Italy are predicted and compared with the actual data. Secondly, sensitivity analysis of each parameter in the SCEIR model was conducted using Anylogic. The study shows that the SCEIR model established in this paper has a certain validity. The infection rate in contact with E (𝛽) etc., has positive effects on the basic regeneration number (R0); the self-isolation rate (φ) etc., has a negative effect on the basic regeneration number (R0). Emergency management measures are proposed according to the influencing factors corresponding to the model parameters. These can provide theoretical guidance for developing effective epidemic prevention and control measures in areas where the epidemic has not yet been controlled. It also provides some reference for formulating prevention and control policies for similar epidemics that may occur in the future.
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1. Introduction


COVID-19 is a worldwide public health emergency. Since its discovery in late December 2019, it has rapidly spread to almost all countries in the world in just a few months. Subsequently, it was declared a significant health hazard by the World Health Organization (WHO) [1]. Italy and the USA are among the most affected countries after China. From the outbreak to the present, the epidemic in China has been steadily controlled. However, there are still many countries where the epidemic is not effectively controlled [2]. More than two years have passed since the first patient was diagnosed with COVID-19. With the continuous mutation of the New Coronavirus, the Delta strain and the Omicron strain has emerged. A new peak of the epidemic was observed in various countries around November 2021. The epidemic has seen a second rebound, posing a significant threat to global public health and the economy [3]. In summary, the COVID-19 epidemic is a significant public health emergency with rapid spread, widespread infection, and great difficulty in prevention and control. It poses a new challenge to the world’s public health emergency management system [4].



Emerging epidemic infectious diseases such as COVID-19 require predictive models to implement precisely adjusted responses. Implementing measures to eliminate or attenuate its profound impact on society [5]. Traditional infectious disease models have become an essential tool in the current analysis of the transmission characteristics of COVID-19. The most common is the SEIR (susceptible-exposed-infected-recovered) model containing an incubation period [6]. Matteo Chinazzi et al. [7] used the global pooled population disease transmission model SEIR to predict the impact of travel restrictions on the domestic and international spread of the outbreak. They showed that travel restrictions delayed the overall outbreak progression by 3 to 5 days in mainland China, and the impact was more pronounced at the international level. Zifeng Yang et al. [8] integrated epidemiological data on COVID-19 into a susceptible exposure infection removal (SEIR) model to predict the outbreak based on a simulation model of SARS data in 2003. Kanak Modi et al. [9] used the SEIR model to find the estimated progression of COVID-19 spread at different basic reproduction numbers (R0) in India and computed a comparison to obtain a weak negative correlation between BCG and elevated body temperature and incidence of COVID-19.



However, the traditional SEIR model does not consider the practical effect of the response measures taken in the fight against the epidemic, so the original model needs to be improved. To improve the simulation, Nicola Piovella [10] derived peak and asymptotic values and their characteristic times for populations affected by COVID-19 by analyzing the SEIR infectious disease model to provide simple analytical expressions. Qun Li et al. [11] described the epidemiology of NCIP by analyzing data from the first 425 laboratory-confirmed cases in Wuhan, China. Yuexi Peng et al. [12] proposed an improved particle swarm optimization parameter identification algorithm to address the shortcomings of existing chaotic synchronization methods for fractional order discrete chaotic systems. It provides a reference value for the improvement of the SEIR model. Danting Luo et al. [13] used an adaptive PSO-SEIR algorithm to compute the inverse of the critical parameters in SEIR using a particle swarm algorithm and then find the key parameters. Kristan A. Schneider et al. [14] proposed a complex extension of the classical SEIR model for evaluating the effects of various interventions. It was obtained that reducing exposure through social distance (e.g., curfew, hygienic behavior, etc.) was also influential in delaying the peak of the epidemic. Ira M. Longini et al. [15] investigated the effectiveness of targeted antiviral prophylaxis to control influenza by using stochastic epidemiological simulations, comparing targeted antiviral prophylaxis with vaccination strategies, and verifying that targeted antiviral prophylaxis has the potential to be an effective measure to contain influenza. Shuli Zhou et al. [16] discussed the intra-urban Spatio-temporal transmission process of COVID-19 in 11 public places in Guangzhou, China. A Spatio-temporal simulation method that can estimate the travel flow within a dynamic city was designed based on the SEIR model using big data and a gravity model. This can help decision-makers to make rapid and accurate risk assessments and implement interventions before outbreaks. Caixia Zhou et al. [17] combined a BP neural network (BPNN) model with an SEIR model to theoretically analyze the timing and mode of resumption of schooling in Chinese universities. Yunchao Zhi et al. [18] discussed the shortcomings of the SEIR model in predicting epidemic development by analyzing the phase change of the basic reproduction number R0.



Regarding emergency management, Vasanthi Avadhanula et al. [19] found through comparative studies that when effective non-pharmacological intervention (NPI) strategies were adopted, the number of illnesses was significantly reduced, and NPI strategies will be an essential component of future respiratory virus pandemic control. B.R. Naveen et al. [20] developed a ridership-driven transportation strategy framework and an epidemic prevention strategy framework based on three mobility principles: flexibility, integrated mobility, and public partnership, by mapping ridership clusters based on passenger travel dynamics. This was used to address the emergency management needs of travel changes due to the new crown pneumonia. Biao Tang et al. [21] conducted a comparative study of COVID-19 outbreaks in three different settings, mainland China, Guangdong Province, China, and South Korea. They developed two models of disease transmission dynamics to obtain: a consistent top-down approach and strict public health emergency management measures were vital to the successful control of COVID-19 outbreaks in China. In South Korea, the critical factor in outbreak prevention and control was an extremely high detection rate of sick patients. Lipeng Fu et al. [22] developed a quantitative model based on the HOF, prediction of associated risk factors, and probability and diagnostic key factors of pandemics within the public sector regarding PCE. By providing a risk assessment model for epidemics or pandemics, providing a risk analysis method for the public health field and helping in the implementation of subsequent emergency management measures. Using a survey of Greek public health inspectors, Ioannis Adamopoulos et al. [23] suggest that job satisfaction is associated with ergonomic risk, with demographic variables being the most robust predictors, which suggests new recommendations for occupational health and safety in the field of public health inspection. Jiang Wu et al. [24] analyzed the characteristics of the Chinese government’s policy model for responding to the new coronary pneumonia and proposed countermeasures for how China should respond to the COVID-19 public health emergencies from the perspective of policy development. Qian-Hui SUN et al. [25] suggested that during this stressful period of “school closure”, it is necessary to focus on school students’ mental health. Teachers should actively help and guide students and provide them with good psychological support. Xiansha Kong et al. [26] analyzed the cumulative confirmation of COVID-19 and influenza cases and found that the implementation of a series of measures to address COVID-19 mitigated the new coronary pneumonia and influenza epidemic in China. The paper suggested that the overall national security concept should be adhered to and the risk awareness and concept of the whole society should be improved, etc. This is good guidance for good epidemic prevention and control.



Therefore, this paper proposes an improved SCEIR model based on the conventional SEIR model, combined with the actual situation of COVID-19 in China, the USA, and Italy. Simulation software such as Matlab and Anylogic were used to analyze the prediction. The cumulative diagnosis, cure, and death data from China, the USA, and Italy were compared and analyzed for sensitivity analysis of the parameters in SCEIR. Based on the analysis results, reasonable and practical emergency management measures were proposed to prevent and control COVID-19.




2. Model Building


2.1. Data Selection


The data for China in this article are from the National Health Commission of China (“NHC”). The data for the remaining countries are from the Johns Hopkins University School of Medicine (JHUSM).



As seen in Figure 1, the countries with the most severe early outbreaks were China and Italy, and the country with the most severe late outbreaks was the USA. Among the pre-epidemic prevention and control in each country, China has the most excellent prevention and control efforts, followed by Italy, and the USA has fewer prevention and control efforts. Therefore, data from three countries, China, the USA, and Italy, were selected for analysis in this paper.




2.2. SCEIR Model


COVID-19 is a new coronavirus that is different from previous infectious diseases. Its main transmission characteristics are high transmission rate, latent nature, and infectiousness of the population in the latent state. Therefore, the SEIR model is chosen for analysis in this paper. In the traditional SEIR model, the study population is divided into four types: S, E, I, and R. S (Susceptible) represents susceptible people, i.e., healthy people who have never been infected with an infectious virus but can be infected by contact with an infected person; E (Exposed) represents latent people, i.e., susceptible people who are infected with the virus until they develop symptoms; I (Infected) represents infected people, i.e., virus carriers who develop self-perceived or clinically recognizable symptoms during the 14-day incubation period and have a solid ability to transmit the virus to susceptible persons in contact; R (Recovered) represents emigrated persons, i.e., people who have recovered from the completion of treatment of infected persons or died, and recovered persons have antibodies after healing. They are not infected even when in contact with infected persons [27]. The SEIR formula is as follows.


     S  t + 1   =  S t  −   β  S t   I t   N       E  t + 1   =  E t  +   β  S t   I t   N  − γ  E t       I  t + 1   =  I t  + γ  E t  − δ  I t       R  t + 1   =  R t  + δ  I t     











In the infectious disease model, the basic reproduction number R0 is an important measurement parameter. The basic regeneration number is defined as the number of diseases caused by susceptible individuals per infected person during the infection period. The World Health Organization has given the calculation formula of R0 in <2019-nCoV (COVID-19) Basic Supplies Forecasting Tool > R0 = infection period * number of contacts per person per day * Infection probability of each contact. In this paper, the basic reproduction number R0 is obtained through literature. Therefore, the actual calculation in this paper is the infection rate β: infection rate β = basic regeneration number R0/infection period. In COVID-19, the infection period is usually 14 days.



Based on the traditional SEIR model, the description of parameters in Table 1 and the relevant parameter values in Table 2 are used to predict the epidemic situation in China through Matlab to get Figure 2. In Figure 2, sum I is defined as cumulative confirmed patients. Where “β” in the SEIR model is equivalent to “β2” in the SCEIR model.



It can be seen from Figure 2 that without any interference, the cumulative confirmed cases predicted by the SEIR model will increase indefinitely until reaching the total population, which is obviously unreasonable. All mathematical models involve simplifications. However, some omitted factors may be crucial [28]. Based on the actual situation in China, the USA, and Italy. In this paper, we propose establishing the SCEIR equation by introducing close contacts (C) and self-protectors (P) and correcting the initial SEIR equation. It is convenient to consider better the actual situation in the early stage of the epidemic. Among them, the exposed (E) include asymptomatic infected persons. The modified definition is as follows.



	(1)

	
Introduce C: Close contacts







Close contacts are people who are in contact with suspected or confirmed cases or asymptomatic infected persons. But have not taken effective protective measures.



	(2)

	
Introduce P: Self-protectors







Due to the self-isolation and self-protection of the Chinese population, each day, a susceptible person S becomes a less susceptible self-protector P at a rate of φ. A susceptible person is assumed to be safe from infection after becoming a self-isolator. This setting applies only to countries where self-isolation occurs.



	(3)

	
R Redefined







In order to intuitively show the recovery rate and mortality rate of COVID-19, the migrants are divided into R recovery patients and D death patients, neither of which is infectious.



Conceptually, the modified model is as follows.


     S  t + 1   =  S t  −    β 1   S t   E t   N  −    β 2   S t   I t   N  + ε  C t  − ρ  S t  + α  E t  − φ  S t       C  t + 1   =  C t  + ρ  S t  − λ  C t  − ε  C t       E  t + 1   =  E t  +    β 1   S t   E t   N  +    β 2   S t   I t   N  − γ  E t  − α  E t  + λ  C t       I  t + 1   =  I t  + γ  E t  −  (  θ + δ  )   I t       R  t + 1   =  R t  + δ  I t       D  t + 1   =  D t  + θ  I t       P  t + 1   =  P t  + φ  S t     








where, St+1, Ct+1, Et+1, It+1, Rt+1, Dt+1 and Pt+1 denote the number of susceptible, close contact, exposed, recovery, and death on day t + 1, respectively, and the subscript t denotes the amount of day-by-day variation. The parameter meanings are referred to in Table 1. The flow chart is shown in Figure 3.
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Table 2. Initial value and parameter value of the SCEIR model.






Table 2. Initial value and parameter value of the SCEIR model.














	
	China
	Source
	The USA
	Source
	Italy
	Source





	   S  t 0    
	14 billion
	[29]
	3.3 billion
	[30]
	0.559 billion
	[30]



	   C  t 0    
	8420
	[29]
	0
	-
	0
	-



	   E  t 0    
	1072
	[29]
	0
	-
	0
	-



	   I  t 0    
	816
	[29]
	0
	-
	2
	-



	   R  t 0    
	34
	[29]
	0
	-
	0
	-



	   D  t 0    
	25
	[29]
	0
	-
	0
	-



	   P  t 0    
	0
	[29]
	0
	-
	0
	-



	   β 1   
	0.15
	[29]
	0.4
	[30]
	0.3
	[30]



	   β 2   
	0.15
	[29]
	0.4
	[30]
	0.3
	[30]



	 γ 
	0.2
	OLS
	0.135
	OLS
	0.25
	OLS



	 α 
	0.8
	OLS
	0.865
	OLS
	0.75
	OLS



	 ρ 
	0.001
	OLS
	0.0001
	OLS
	0.001
	OLS



	 λ 
	0.05
	OLS
	0.05
	OLS
	0.05
	OLS



	 ε 
	0.95
	OLS
	0.95
	OLS
	0.95
	OLS



	 δ 
	0.1
	[29]
	0.05
	[30]
	0.053
	[30]



	 θ 
	0.006
	[29]
	0.007
	[30]
	0.01
	[30]



	 φ 
	0.19
	MCMC
	-
	-
	0.01
	MCMC










For better analysis, the following assumptions are made in this paper for the proposed SCEIR model: the influences of population inflow and outflow on the model are not considered; the natural mortality rate and the natural growth rate of the population during the period are not considered; E includes asymptomatic infected persons, and the R has antibodies and is no longer sick. Refer to Table 1 for the description of relevant variables and parameters in the SCEIR model.




2.3. Forecasting Models and Comparative Analysis of China, the USA, and Italy


2.3.1. Initial Values of the Model and Selection of Parameters


The initial data for China were obtained from the National Health Commission of China [29]. The initial data for both the USA and Italy were obtained from Johns Hopkins University [30]. The total population of China was 1.4 billion, the total population of the USA was 3.3 billion, and the total population of Italy was 0.559 billion, and N = S + C + E + I + R + D + P. The initial time selected was 23 January 2020.



Some of the parameter values in the SCEIR model are derived from the National Health Commission of China and Johns Hopkins University, and some are estimated using the ordinary least squares (hereinafter referred to as OLS). The OLS is a common classical parameter optimization algorithm. Its principle is to select the parameter that minimizes the sum of squares of errors between the actual value and the model result value as the parameter optimal solution. The specific parameter values are shown in Table 2.




2.3.2. Forecasting Models and Comparative Analysis for China


Matlab is a simulation software with powerful numerical calculations and easy-to-write programs to simulate infectious diseases by stochastic simulation [31]. Based on the epidemic data and parameter values for China listed in Section 2.2, simulations were performed by Matlab. The predicted trend of the epidemic in China can be obtained in Figure 4.



The Chinese National Health Commission released data on the China epidemic on 23 January 2020. The epidemic in China stabilized in March, and all confirmed patients in Hubei Province were discharged on 26 April 2020. The overall epidemic in China was steadily controlled, so data from 23 January to 26 April 2020, for a total of 94 days, were selected for comparative analysis.



As seen in Figure 5, the steep increase in cumulative cases on 12 February was due to a change in diagnosis in Hubei Province on that date. Thus approximately 12,000 clinically diagnosed confirmed cases were added to the cumulative number of cases in China on 12 February. This resulted in a significant change in the data. In addition, the Chinese National Health Commission revised the mortality data on 16 April, resulting in a sudden increase in the cumulative number of deaths, similar to the predicted data. The comparison chart shows that the results obtained from the model strongly correlate with the actual data in four aspects: cumulative confirmed cases, newly confirmed cases, recovered cases, and deaths.



By comparing the SEIR model and the SCEIR model, as shown in Figure 2 and Figure 4. It can be seen that the SCEIR model proposed in this paper influenced the simulation of the spread of the COVID-19 outbreak. Figure 4 clearly shows that the number of infected individuals (I) is significantly reduced due to self-isolation. According to Figure 5, the cumulative number of confirmed cases reaches its peak at approximately the same time. This observation suggests that the SCEIR model is more accurate than the SEIR model.



To further verify the accuracy of the predicted data, the actual number of confirmed cases and the predicted number of confirmed cases were fit. They analyzed to obtain Figure 6. As shown in Figure 6, the goodness-of-fit (R2) was 0.97, which proved that the actual number of confirmed cases and the predicted number of confirmed cases had a high correlation, indicating that the SCEIR model was effective.




2.3.3. Forecast Models and Comparative Analysis in the USA


Based on the epidemic data and parameter values for the USA listed in Section 2.2 simulations were performed by Matlab. It is possible to obtain the predicted trend of the epidemic in the USA in Figure 7.



In the epidemic data released by Johns Hopkins University, the USA data were counted from 21 January 2020. Therefore, we selected data from 21 January to 28 June 2020, for a total of 160 days in the USA, for comparative analysis in this paper.



The results in Figure 8 are generally correlated with the actual data in all three aspects: cumulative confirmed cases, recovered cases, and deaths. The reason for this is the analysis of the slow growth of cumulative confirmed cases in the USA before April. Still, there is exponential growth after April with a slightly more significant difference.



A fit analysis of the actual number of confirmed and predicted confirmed cases in the USA was performed to obtain Figure 9. As shown in Figure 9, the goodness-of-fit (R2) was 0.88. Although lower than the goodness-of-fit (R2) for China, it is greater than the general value of 0.8. In summary, there is a high correlation between the actual number of confirmed and predicted confirmed cases in the USA, indicating that the SCEIR model is valid for a country with a trend of COVID-19 outbreak development such as the USA.




2.3.4. Forecasting Models and Comparative Analysis for Italy


Based on the epidemic data and parameter values for the USA listed in Section 2.2, simulations were performed by Matlab. The predictable trend of the Italian epidemic is obtained in Figure 10.



To facilitate the analysis and comparison of the data for the three countries. This paper selected data for Italy for a total of 120 days, from 31 January to 29 May 2020, for comparative analysis.



The results obtained in Figure 11 are generally correlated with the actual data, although the cumulative number of recoveries is generally correlated with the actual data. However, there is a strong correlation with the actual data in 2 aspects: cumulative confirmed cases and cumulative deaths.



A fit analysis of the actual number of confirmed and predicted confirmed cases in Italy was performed to obtain Figure 12. As shown in Figure 12, the goodness-of-fit (R2) was 0.94. This demonstrates a high correlation between the actual number of confirmed and predicted cases in Italy, indicating that the SCEIR model is valid for a country with a trend of COVID-19 epidemic development such as Italy.



The following results can be derived by combining the actual data with the predicted data and the goodness-of-fit for the three countries. Although there is some error in the SCEIR model, the overall predicted data are reasonable. This provides a particular reference for future epidemic prediction work.






3. Sensitivity Analysis of Important Parameters


China carried out strict outbreak prevention and control measures from the very beginning of the outbreak. Prevention and control measures include, but were not limited to, tracing of close contacts and suspected patients, isolation of suspected patients, and setting up specialized hospitals for admission and treatment. Among these measures, establishing module hospitals was China’s first prevention and control measure and played an essential role in preventing and controlling the epidemic. China is also the first country to echo home isolation and national containment, providing a reference solution for global epidemic prevention and control.



The epidemic in the USA was very weak in the early stages, so the epidemic was not well controlled, leading to an out-of-control epidemic in the later stages. The USA had no home quarantine policy in the early stages, and some states later implemented “no-footing” and “curfew” policies. However, the implementation effect is not very good. Therefore, this paper does not consider self-protectors in the USA SCEIR model. The epidemic in the USA is still on the rise due to the inadequacy of prevention measures.



Italy is the second country with a severe outbreak after China. During the first wave of the epidemic, the Italian government borrowed from China’s epidemic prevention policies, and the prevention was effective. However, a new outbreak started in Italy in November 2020 and December 2021.



The main epidemic prevention measures in China, the USA, and Italy are listed in Table 2 by synthesizing the three countries’ epidemic prevention policies and actual implementation. The impact parameters in the SCEIR model corresponding to the epidemic prevention measures are marked in Table 3.



As the table shows, raising awareness of population protection, setting up specialized hospitals, isolating confirmed patients, raising awareness of medical care, media campaigns, and home isolation are the standard preventive measures in the three countries. Among them, ρ, β1, β2, δ and φ appear more frequently, and γ, α, λ, ε, and θ appear less frequently.



To determine the dependence of each parameter on the basic reproduction number R0, a sensitivity analysis of each parameter was performed using Anylogic. The analysis was used to determine the effect of each parameter on the actual data. Sensitivity analysis involves identifying the relationship between input and predicted parameters through a series of tests using different input parameters to see how changes in the predicted parameter values affect the system’s dynamic behavior [32]. Anylogic’s ranking corresponds directly to the degree of statistical influence. A positive value indicates that an increase in this parameter leads to an increase in R0. In contrast, a negative value indicates that an increase in this parameter leads to a decrease in R0. As shown in Figure 13, among these parameters, ρ, β1, β2, λ and γ have a positive effect on R0, α, ε, θ, δ and φ have a negative effect on R0.



According to the three countries’ epidemic prevention and control measures, it can be seen that the differential parameter between the USA and Italy compared with China, except for the first Chinese square cabin hospital, is φ. It can also be seen from Figure 13 that the self-isolation rate φ has a negative effect on the basic reproduction number R0. Therefore, this paper estimates the self-isolation rate that can be achieved in the USA and Italy. The predicted data after enhancing the self-isolation rate in the USA and Italy are obtained by calculation. The predicted results are shown in Figure 14.



As seen in Figure 15, when increasing the self-isolation rate to 0.001 in the USA and 0.02 in Italy, the cumulative number of confirmed cases can decrease by nearly 2/3.




4. Emergency Management Measures


According to the sensitivity analysis conducted by Anylogic for each parameter in the SCEIR model, we obtained that ρ, β1, β2, λ and γ had positive effects on R0, and α, ε, θ, δ and φ had negative effects on R0. According to the influence of various parameters on R0, the following suggestions on COVID-19 emergency management measures are proposed.



	
Strengthen the application of information intelligence technology. China has the world’s most extensive information system for epidemic reporting. But it did not play a good role in prevention and control at the early stage of the COVID-19 epidemic. It led to the spread of the epidemic on a large scale. In future epidemic prevention and control, we should focus on isolating close contacts, incubators, and infected persons. Ensure efficient and rapid tracing of close contacts, sub-close contacts, and temporal concomitants of confirmed cases.



	
Raise awareness of population protection. This is an essential part of epidemic prevention and control. The critical channels of communication and contact with the news media and the public should be fully utilized to scientifically guide the public’s emotions, mindset, and rational coping behavior. Different types of services should be provided for different target populations, such as psychological support, diversion, and crisis intervention assistance. Improve public mental health literacy, guide the public to protect themselves consciously, and reduce the probability of transmission.



	
Strengthen implementation at the level of access to medical care. Ensure the implementation of reasonable and practical arrangements for epidemic surveillance, nucleic acid testing, medical treatment, and emergency disposal. Further, improve the cure rate of confirmed cases and reduce the mortality rate of confirmed cases.



	
Strengthen the emergency management of public health safety in universities. In the context of the new pneumonia epidemic, schools, as a place where the density of the population is concentrated, should enhance the construction of infrastructure for public health emergencies to “take precautions and prepare for a rainy day”.







5. Conclusions


	
In this paper, the SCEIR infectious disease model was constructed by adding close contacts (C) and self-protectors (P) according to the actual situation of the COVID-19 epidemic. Comparing the SEIR model can root an accurate prediction of the development direction of the epidemic. This provides a reference value for simulating and predicting areas where similar epidemics may occur.



	
The influence of each parameter in the SCEIR model on R0, obtained from sensitivity analysis conducted by Anylogic, corresponds to specific epidemic prevention and control measures as follows: tracking close contacts, raising crowd awareness, and media campaigns have a positive influence on R0; home isolation and raising awareness of medical care have a negative influence on R0.



	
Based on the impact of various epidemic prevention measures on R0, this paper makes recommendations in terms of strengthening the application of information intelligence technology, using media campaigns to raise awareness of crowd protection, and strengthening the implementation at the level of access to medical care. It provides a reference value for developing reasonable and practical emergency management measures in areas where the epidemic has not yet been controlled.



	
Over time, COVID-19 has continued to mutate, with the emergence of Delta and Omicron strains. The natural population birth rate and mortality rate, as well as the migration in and out of the population, were not considered in this paper, and there are some limitations. In the future, the SCEIR model can be further optimized to ensure accurate and effective simulation prediction.
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Figure 1. Cumulative number of confirmed cases in various countries (20 January 2020–8 June 2020) Source: authors. 
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Figure 2. Trend chart of epidemic situation prediction in China based on SEIR model. Source: authors. 
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Figure 3. SCEIR flow chart of COVID-19. Source: authors. 
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Figure 4. Trend chart of epidemic situation prediction in China. Source: authors. 
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Figure 5. Comparison of China’s actual data and forecast data. Source: authors. 
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Figure 6. Fitting chart of actual and predicted confirmed cases in China. Source: authors. 
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Figure 7. Trend chart of epidemic situation prediction in the USA. Source: authors. 
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Figure 8. Comparison of actual data and forecast data in the USA. Source: authors. 
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Figure 9. Fitting chart of actual and predicted confirmed cases in the USA. Source: authors. 
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Figure 10. Trend chart of epidemic situation prediction in Italy. Source: authors. 
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Figure 11. Comparison between actual data and forecast data in Italy. Source: authors. 
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Figure 12. Fitting chart of actual and predicted confirmed cases in Italy. Source: authors. 
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Figure 13. Sensitivity analysis of parameters in SCEIR. Source: authors. 
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Figure 14. The USA (a) Italy (b) Prediction chart after enhancement φ. Source: authors. 
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Figure 15. The USA (a) Italy (b) Comparison chart of cumulative diagnosis after enhanced φ. Source: authors. 






Figure 15. The USA (a) Italy (b) Comparison chart of cumulative diagnosis after enhanced φ. Source: authors.



[image: Covid 02 00129 g015a][image: Covid 02 00129 g015b]







[image: Table] 





Table 1. Description of the SCEIRD model.
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Description






	
variable

	
    S  t 0     

	
Initial susceptible




	
    C  t 0     

	
Initial close contacts




	
    E  t 0     

	
Initial exposed




	
    I  t 0     

	
Initial infected




	
    R  t 0     

	
Initial recovery




	
    P  t 0     

	
Initial self-protectors




	
parameter

	
    β 1    

	
Infection rate in contact with E




	
    β 2    

	
Infection rate in contact with I




	
  γ  

	
Conversion rate from exposed persons to infected persons




	
  α  

	
Conversion rate from exposed persons to susceptible persons




	
  ρ  

	
Conversion rate from susceptible person to close contact person




	
  λ  

	
Probability of close contacts being infected




	
  ε  

	
Conversion rate from close contacts to susceptible persons




	
  δ  

	
Recovery probability of infected persons




	
  θ  

	
Death probability of infected person




	
  φ  

	
Self-isolation rate
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Table 3. Major epidemic prevention measures and their impact parameters in China, the USA and Italy.
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China

	
The USA

	
Italy




	
Major Measures

	
Impact

Parameters

	
Major Measures

	
Impact

Parameters

	
Major Measures

	
Impact

Parameters






	
Track close contacts

	
  ρ  

	
Improve the awareness of crowd protection

	
   ρ ,  β 1  ,  β 2    

	
Improve medical awareness

	
  δ  




	
Isolate suspected patients

	
    β 1    

	
Media publicity

	
   ρ ,  β 1  ,  β 2    

	
Isolate suspected patients

	
    β 1    




	
Track the footprints of suspected patients

	
    β 1    

	
Set up special hospitals

	
  δ  

	
Improve the awareness of crowd protection

	
   ρ ,  β 1  ,  β 2    




	
Improve the awareness of crowd protection

	
   ρ ,  β 1  ,  β 2    

	
Isolate confirmed patients

	
    β 2    

	
Media publicity

	
   ρ ,  β 1  ,  β 2    




	
Media publicity

	
   ρ ,  β 1  ,  β 2    

	
Improve medical awareness

	
  δ  

	
Set up special hospitals

	
  δ  




	
Set up special hospitals

	
  δ  

	
Curfew

	
   ρ ,  β 1  ,  β 2    

	
Isolate confirmed patients

	
    β 2    




	
Isolate confirmed patients

	
    β 2    

	
-

	
-

	
Home Isolation

	
  φ  




	
Improve medical awareness

	
  δ  

	
-

	
-

	
State blocking

	
   ρ ,  β 1  ,  β 2    




	
Publish diagnosis and treatment plan

	
  δ  

	
-

	
-

	
-

	
-




	
Home Isolation

	
  φ  

	
-

	
-

	
-

	
-




	
National blocking

	
   ρ ,  β 1  ,  β 2    

	
-

	
-

	
-

	
-




	
Establish module hospitals

	
  δ  

	
-

	
-

	
-

	
-

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
5 x10°

~ " -

a1doad jo 1aquiny

05

40 60 80 100 120 140 160
Time/day

20





media/file4.png
Number of people

o0

o Y

bt

» 10

k

K

sum |

150
Time/day

200

250

300





media/file30.png
Number of people

Time/day

(b) ¢ =0.02

';' '. T T T T T
E
e | i
o4
7F 1 ]
sum |
ﬁ L -
5 [ -
._-1_ [ -
3 | -
2 n -
I n -
D - i i i l
20 40 60 w0 100

120





media/file18.png
3,000,000

1,800,000

1,200,000

600,000

Predicted confirmed cases

2,400,000 [

® Ratio of actual and predicted
confirmed cases

Fitting of actual and predicted

confirmed cases °

0 600,000 1,200,000 1,800,000 2,400,000 3,000,000

Actual confirmed cases





media/file21.jpg
300,000
200,000
100,000

H]
g -

Number of people
H]
g

40000

20000

Comparison of cumulative number of confirmed cases (sum 1)

L = Actual data
-~ ~Forecast data
L L
0 50 %0 120
Comparison of cumulative rehabilitation population (R)
0 %0 20
Comparison of cumulative deaths (D)
L L L
0 ] %0 0

Time/day






media/file26.png
1.0
0.8
0.6
0.4
0.2

PRCC

0.0
—0.2
-0.4
—0.6
—0.8

I

.[31

.Bz.

Y

a

p A
Parameter






media/file27.jpg
12

10

»

Number of people
o

40

60 80
Time/day
(a) =0.001

100

120

140

160





media/file3.jpg
Number of people

=

P

S

%

0

x10®

150
Time/day

200

250

300





media/file22.png
300,000 Comparison of cumulative number of confirmed cases (sum I)

200000 - e -
100,000 L e Actual data
N T s —-—-Forecast data
O o e @ s | 1 | 1 | 1 |
& 0 30 60 90 120
'?8‘_‘ 200,000 Comparison of cumulative rehabilitation population (R)
@
Q -
S 100,000 |-
—
v :
0
E 0 by o - — - — : 1 | 1 |
E 0 30 . 60 . 90 120
40,000 Comparison of cumulative deaths (D)
20,000 [
0 : ,
0 30 60 90 120

Time/day





media/file19.jpg
~ " -

S
25 x10

0.5

a1doad jo saquiny

60 80 100 120
Time/day

40

20





media/file7.jpg
o x10*

®x = © w T ©m & = o

apdoad jo saquinn

Time/day





media/file10.png
Comparison of cumulative number of confirmed cases (sum I)

— -— — — pra— pr— pr—
- —

Actual data

- +=+= Hopecast data
| ; l ) l .

’ 20 40 60 80 100

)
?C-';L 90,000 Comparison of cumulative rehabilitation population (R)
@ :
60,000 |
S g
o 30,000 |-
Fg : |
0 : : . .
Z ! 20 40 60 80 100
6 000 Comparison of cumulative deaths (D)
4000 e —
2000 |- /,-"
0 - "/ l L l 1 ] 1 | N
’ 2 = 60 80 100

Time/day





media/file28.jpg
»

<

v o

Number of people
IS

w

0 20 40 60 80 100 120
Time/day

(b) 9=002





media/file14.png
bt
LFy

sum |1

L b

Number of people

Time/day





media/file11.jpg
Predicted confirmed cases

80,000

60,000

40,000

20,000

T

T

®  Ratio of actual and predicted

confirmed cases

Fitting of actual and predicted o
confirmed cases D

0 20,000 40,000 60,000 80,000
Actual confirmed cases






media/file6.png
&
:IECG ﬂp.l.";‘}
. Sl vr
Faay
S :n%:m»
=

Bl. B2






media/file15.jpg
Comparison of cumulative number of confirmed cases (sum I)

3,000,000
Actual data
1,500,000 |-~~~ Forecast data
9 L L
s 0 30 0 20 E)
2 Comparison of cumulative rehabilitation population (R)
£ 1500000 ”
£
5 1000000 |-
5 s [
E 0 L s
2 0 30 0 %0 20 750 E)
Comparison of cumulative deaths (D)
200000 [
100000 [ e
0 i .
0 0 %0 150 180

Time/day





media/file32.jpg
Number of people

250,000

200,000

150,000

100,000

50,000

- After prevention and control
- Before prevention and control

60 80 100 120

Time/day
(b)





nav.xhtml


  covid-02-00129


  
    		
      covid-02-00129
    


  




  





media/file29.png
Number of people

oo

(g

L
1

sum |1

60 &0
Time/day
(@) @ = 0.001

100

120

140

160





media/file16.png
Comparison of cumulative number of confirmed cases (sum I)

3,000,000
i Actual data
1,500,000 | —-—--Forecast data
O 1 | e anh 2 ame o = 1
w 0 30 60 90 120 150 180
a. Comparison of cumulative rehabilitation population (R)
$ 1,500,000 |-
Q. .
S 1,000,000 :
500,000 -
E O 1 | 1 L
; 0 30 60 90 120 150 180
200,000 f-
100,000 |
0 - ! ' :
0 30 60 90 120 150 180

Time/day





media/file2.png
3,000,000

I - China = — —Japan ----- Korea —-—- Germany
2,500,000 - =--=- Britain ------ France - Italy ———The USA
o !
Q. 2.000,000 |- 120,000
8 100,000
o¥ -
-~ 80,000 | i -
S 1,500,000 - 60,000 | _,".
g i 40,000 | ',."' :
S 1000000 | ) il
Z i 23/(())1/2.020 06/02I/2020 20/05;202(-).-"05/55/-202 19/(‘)})}2-(-)2(3
500,000 }-
0 — o T o S 2
20/01/2020 24/02/2020 30/03/2020 04/05/2020

Date

08/06/2020





media/file20.png
Number of people

-

I

b

-

LAy

sum 1

60
Time/day

80

100

120





media/file23.jpg
250,000

®  Ratio of actual and predicted
confirmed cases
B 200,000 - Fitting of actual and predicted
8 confirmed cases
2 150,000 |-
is
S 100,000 |
b=}
2
-]
5 50,000 -
&
A~
0k

0 50,000 100,000 150,000 200,000 250,000

Actual confirmed cases





media/file5.jpg





media/file24.png
250,000

200,000

150,000

100,000

50,000

Predicted confirmed cases

® Ratio of actual and predicted

confirmed cases

Fitting of actual and predicted

confirmed cases

0 50,000 100,000 150,000 200,000 250,000

Actual confirmed cases






media/file33.png
3,000,000

! - After prevention and control
2500,000 - | Before prevention and control

2
o 2,000,000
o
Q.
S 1,500,000 |
5
e
g 1,000,000
Z ’ ’ B

500,000

0 . 1 e

0 20 40 60 80 100 120 140 160
Time/day

(a)





media/file1.jpg
Number of people

3,000,000

--==China = = ~Japan - -Korea == Germany
2,500,000 |  Brtain -+~ Fance - ltaly The Usa
2,000,000 -
1500000 F o
1,000,000 ::: -
500,000 -

o R

20/01/2020 24/02/2020 30/03/2020 04/05/2020 08/06/2020
Date





media/file31.jpg
3,000,000

' After prevention and control
2,500,000 | | Before prevention and control

2,000,000

1,500,000

Number of people

1,000,000

500,000

20 40 60 80 100 120 140
Time/day

(a)





media/file25.jpg
o, 31| I P T S TP 0T TR (T DR SR R
Bl B2 vy @ p X & & O ¢

Parameter






media/file12.png
Predicted confirmed cases

80,000 }

60,000

40,000

20,000

confirmed cases

confirmed cases o

Ratio of actual and predicted

Fitting of actual and preglicted O

0 20,000 40,000 60,000

Actual confirmed cases

80,000






media/file9.jpg
Comparison of cumulative number of confirmed cases (sum 1)

2
B

Actual data
Forecast data

0
o 0 20 0 0 50 100
jg 2,000 Comparison of cumulative rehabiltation population (R)
Z coom [
5
% s000 [
H
E 0 s L L
H 0 g 0 C) £ 00
5000 Comparison of cumulative deaths (D)
2000 [ - S
2000 |
0 L s L .
0 20 0 0 El 00

Time/day





media/file8.png
2

sum |l

K
b

W LF =T L

ardoad jo ._MEE: N

ell

80

70

60

Time/day





media/file34.png
250,000
_ - After prevention and control
- Before prevention and control

200,000

150,000

100,000

Number of people

50,000

0 20 40 60 80 100 120
Time/day

(b)





media/file17.jpg
3,000,000

®  Ratio of actual and predicted
confirmed cases

.
g 2400000 - Fitting of actual and predicted 4
g confirmed cases .
]
2 1,500,000 -
&
‘E
§ 1,200,000 |
]
£
z
g 600000 -
~
ot

0 600,000 1,200,000 1,800,000 2,400,000 3,000,000
Actual confirmed cases





