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Abstract
Background: Globally COVID-19 epidemics have caused tremendous disasters. As the best city to prevent the 

COVID-19 infection in China, Shanghai experienced five wave COVID-19 epidemics but only has 388 confirmed cases and 
7 deaths from January 20 2020 to January 4, 2022.

Methods: This study summarizes, analyzes and simulates COVID-19 epidemic in Shanghai, estimates transmission 
rates and blocking rates to symptomatic infections.

Results: Key findings for simulations were that for five waves of epidemics, after reaching the infection turning point, the 
blocking rate of symptomatic infection is over 99%. Keeping the blocking rate (approximate 95%) just reaching the infection 
turning point cannot against the spreads of COVID-19 epidemics.

Conclusion: Strict prevention and control strategies implemented in Shanghai authority are not only effective but also 
necessary. To avoid multiple outbreaks of an epidemic, authorities should at least maintain preventive and control measures 
implemented 7 days after inflection turning point until all new infections have been cleared.
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Introduction
 Over the past two years, the 2019 coronavirus disease (COVID-19) 

has placed tremendous pressures onto the prevention, control, and 
healthcare systems worldwide. Many countries have experienced 
multiple outbreaks of the COVID-19 epidemic due to incomplete 
preventive measures and virus variants. As of January 8, 2022, there are 
more than 298.9 million confirmed cases of COVID-19 with just under 
5.5 million deaths globally. Mathematical models have played important 
roles in the formulation, evaluation, and prevention of control strategies 
to epidemic infectious diseases. Modelling the dynamics of spread of 
disease can help people to understand the mechanism of epidemic 
diseases, formulate and evaluate prevention and control strategies, 
and predict tools for the spread or disappearance of an epidemic 
[1]. Since the outbreak of COVID-19 in Wuhan, many scholars have 
published a large numbers of articles on the modeling and prediction 
of COVID-19 epidemic [2-10]. Shanghai is the best city to prevent the 
spread of COVID-19 in China. This paper summarizes, analyzes the 
five waves of the COVID-19 epidemic in Shanghai, estimates infection 
transmission rates, infection blocking rates, and preventive measures 
through modeling and numerical simulations.

Materials and Methods
The dataset of the Shanghai COVID-19 epidemics from January 20 

2020 to January 4, 2022 was collected and edited from the official website 
[11]. Using differential equation models stimulates the outcomes 
of the current symptomatic individuals and cumulative recovered 
symptomatic individuals. Equation parameters were determined by 
so-called minimization error square criterion described in references 
[12,13]. Simulations and figure drawings were implemented via Mat lab 
programs.

Summary of five wave COVID-19 epidemics in Shanghai

Since 2020, there have been five waves of epidemics in Shanghai 
(more than three infected people). The Shanghai epidemics are 
summarized as follows:

• The first wave epidemic: From January 20 to May 2, 2020, there
were 339 infected people, seven of whom died. There were no new 
infections after 63 days. The highest number of people hospitalized with 
symptoms was 255 (days 23-24). The largest daily increase in infections 
was 27 on day 10. The first person recovered on day 4. Up to 34 people 
recovered on day 26. All hospitalized patients recovered after day 103.

• During the period from May 3 to July 19, 2020, on May 17, May 20 
and June 29, three imported symptomatic cases from other provinces 
were reported, and they were recovered on May 27, May 31, and July 
19, respectively. No new infections reported from July 19 to November 
8, 2020.

• The second wave epidemic: From November 9, 2020 to January
2, 2021, cumulative seven people were infected and no deaths were 
reported. There were no new infections after the 14th day. The highest 
number of people hospitalized with symptoms was 7 (on days 14-19). 
The largest daily increase in infections was on days 11 and 13, with two 
infections. The first patient recovered on day 20. Up to 2 individuals 
recovered on day 26. All hospitalized patients cleared after day 56.

• No infections were reported between January 3 and January 19,
2021.

• The third wave epidemic: From January 20 to March 17, 2021,
cumulative 22 people were infected and no deaths were reported. There 
were no new infections after the 16th day. The highest number of people 
hospitalized with symptoms was 22 (on days 14-16). The largest daily 
increase in infections was on the 1st day, with 4 infections. The first two 
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patients recovered on day 18. Up to 3 individuals recovered on day 35. 
All hospitalized patients cleared after day 55.

• No new infections were reported between March 18 and August 1, 
2021.

• The fourth wave epidemic: From August 2, 2021 to September 28, 
2021, cumulative 10 people were infected and no deaths were reported. 
There were no new infections after the 24th day. The highest number of 
people hospitalized with symptoms was 9 (on days 24-34). The largest daily 
increase in infections was on day 19, with 3 infections. The first patient 
recovered on day 18. Up to 2 individuals recovered on days 44 and 48. All 
hospitalized patients cleared after day 57.

• No infections were reported between September 29 and November 
24, 2021.

• The fifth wave epidemic: From November 25, 2021 to January 4, 
2022, cumulative 7 people were infected and no deaths were reported. 
There were no new infections after the 22th day. The highest number of 
people hospitalized with symptoms was 7 (on days 22-26). The largest daily 
increase in infections was on the 1st day, with 3 infections. The first patient 
recovered on day 27. There was one recovered individual on days 27, 31, 32, 
34, 36, 37 and 40 respectively. All hospitalized patients cleared after day 40. 
There are still 8 asymptomatic individuals under investigations.

• In summary, during January 20, 2020 to January 4, 2022, Shanghai 
reported 388 COVID-19 infected individuals, 381 individuals recovered 
and seven died. There are 8 asymptomatic individuals to be investigated.

Analysis and simulations of COVID-19 epidemics in Shanghai

The first Shanghai epidemic infected 399 individuals and lasted 103 
days. However the following four epidemics infected 7, 22, 10, and 7 
individuals, and lasted 56, 55, 57, and 40 days, respectively. The time of 
clearing new infections of the first Shanghai epidemic was 64 day. However 
the times of clearing up new infections of the four epidemics were 14 day, 
15 day, 24 day, and 22 day, respectively. The reported data suggest that after 
the first epidemic, the Shanghai authority has implemented very effective 
prevention measures such that decreased largely infected individuals, 
healthcare expenditures and workloads.

In order to estimate numerically the transmission rates and blocking 
rates to symptomatic infections, we need to set up mathematic models to 
simulate the dynamics of spread of infection disease.

For the first epidemic, the symptomatic infected individuals (I) and the 

asymptomatic infected individuals (Ia) infect the susceptible population (S) 
with the transmission rates of β11 and β21, respectively, making S become 
symptomatic infected individuals, and with the transmission rates of β12 
and β22, respectively, making S become asymptomatic individuals. Then, 
a symptomatic individual is cured at a rate κ, an asymptomatic individual 
returns to normal at a rate κa. An infected individual dies at a rate α. 
Here all parameters are positive numbers. Assume that the dynamics of 
an epidemic can be described by m-time intervals, which corresponds 
different prevention and control measures, and medical effects. At ith time 
interval, the model has the form [12,13]:

         ( )( ) ( ) ( )1 11 21 a
dI i I I S i I i I
dt

θ β β κ α= + − −   (1a)

        
( )( ) ( )2 12 22     a

a a a
dI i I I S i I
dt

θ β β κ= + −   (1b)

         
( )rdI i I

dt
κ=      (1c)

         

( )ra
a a

dI i I
dt

κ=      (1d)

         
( )dD i I

dt
α=      (1e)

where Θ1(i)=(1−θ1(i)) and Θ2(i)=(1−θ2(i)) (i=1,...,m) represent the 
blocking rates to symptomatic and asymptomatic infections, respectively.

For other epidemics, the model has simply the form

       (3.2a)  ( ) ( )1   dI i IS i I
dt

θ β κ= −
    

( )rdI i I
dt

κ=      (3.2b)

Where, Θ1(i)=1−θ1(i) represents the blocking rate to symptomatic 
infections, and β represents the transmission rate of the symptomatic 
individuals to make S become symptomatic individuals.

Using the approaches described, we can determine the parameters of 
equations (1) and (2). However we need to amend slightly the formulas to 
calculate κ(i) in order to obtain better simulation results [12,13].

The parameters of equations (1) and (2) of the five wave epidemics of 
Shanghai are given in Table 1. The calculated transmission rates β, blocking 
rate Θ′1s to symptomatic infections are listed in Table 2.

 i: 1 2 3 4 5 6 7

1

Days 0-4 5-10 11-16 17-24 25-43 44-52 53-103

α(i) 0 0.0027701 0 0 0.0007985 0 0.012958

Ka(i) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

K(i) 0.018182 0.01108 0.0096805 0.025337 0.10298 0.11804 0.039437

2
Days 0-14 15-19 20-34 35-45 45-56 – –

K(i) 0 0 0.04024 0.06667 0.1270 – –

3
Days 0-3 4-9 10-17 18-29 30-44 45-55 –

K(i) 0 0 0 0.026986 0.086486 0.1859 –

4
Days 0-19 20-24 24-34 35-43 44-57 – –

K(i) 0.019118 0 0 0.045763 0.19241 – –

5
Days 0-12 13-22 23-26 27-34 35-40 – –

K(i) 0 0 0 0.10811 0.31429 – –

Table 1: Equation parameters of the five wave epidemics of Shanghai during 2020-2021.
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Figures 1-3 shows the outcomes of the current symptomatic 
individuals, the cumulative recovered symptomatic individuals and the 
current covered individuals of the five wave epidemics in Shanghai. The 
three figures display visually the evolutions of the five wave epidemics in 
Shanghai.

Figures 4 and 5 shows the simulation results of equations (1) and (2) for 
the outcomes of the current symptomatic individuals and the cumulative 
recovered symptomatic individuals. Observe that simply models can 
describe approximately the complex evolutions of the five wave epidemics 
in Shanghai. In particularly, we can give the estimations to the infection 

Table 2: Equation parameters of the five wave epidemics of Shanghai. For the first epidemic, β21=0.23, β12=0.39756, β22=0.014199.

i: 1 2 3 4 5 6
1 β11 Days 0-4 5-11 12-16 17-24 25-43 44-103

0.59643 Θ1(i) 0 66.6% 82.7% 95.5% 99.1 100%
Θ2(i) 0 80% 82.7% 81.1% 83.1 100%

2 β Days 0-14 15-19 20-56 – – –
0.13881 Θ1(i) 0 99.6% 100% – – –

3 β Days 0-3 4-9 10-17 18-29 30-55 –
0.59546 Θ1(i) 0 88.5% 95.5% 99.8% 100% –

4 β Days 0-19 20-24 25-34 35-57 – –
0.11352 Θ1(i) 0 28.9% 99.9% 100% – –

5 β Days 0-12 13-22 23-26 27-40 – –
0.07934 Θ1(i) 0 73% 99% 100% – –

Figure 1: Outcomes of the current symptomatic individuals of the five wave epidemics in Shanghai. The first epidemic marked by. Note: (     ) The second epidemic marked by (     ), 
The third epidemic marked by (     ), The fourth epidemic marked by (     ), The fifth epidemic marked by (     ).

Figure 2: Outcomes of the cumulative recovered symptomatic individuals of the five wave epidemics in Shanghai. Note: (     ) The first epidemic marked by. (     ) The second epidemic 
marked by. (     ) The third epidemic marked by. (     ) The fourth epidemic marked by. (     ) The fifth epidemic marked by.
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Figure 4: Outcomes of the current symptomatic individuals of the five wave epidemics in Shanghai marked by (     ), (     ), (     ), (     ) and (     ), respectively. The corresponding 
simulations are displayed via solid lines coloured by red, cyan, blue, green and magenta, respectively.

Figure 5: Outcomes of the cumulative recovered symptomatic individuals of the five wave epidemics in Shanghai marked by (     ), (     ), (     ), (     ) and (     ), respectively. The 
corresponding simulations are displayed via solid lines colored by red, cyan, blue, green and magenta, respectively.

Figure 3: Outcomes of the current recovered individuals of the five wave epidemics in Shanghai. Note: (     ) The first epidemic marked by. (     ) The second epidemic marked by.  
(    )The third epidemic marked by. (     ) The fourth epidemic marked by. (     ) The fifth epidemic marked by.
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blocking rates with the help of the simulations.

Results and Discussion
From Tables 1 and 2 it follows that:

• Transmission (Baseline) Rates for first and third outbreaks 
Epidemics are almost the same. However, higher blocking rates end the 
third outbreak 48 days earlier than the first epidemic in Table 1 and 
Figure 1.

• The second, fourth and fifth epidemic (baseline) transmission 
rates were very low. This explains more about effective infection 
prevention (Example: more people carry masks in public places, less 
public places gatherings). The blockage rate Θ′1s reached more than 
99% after reaching the inflection returning point for the five epidemics 
in Figure 1 and Table 2.

• The blocking rate Θ′1s reached more than 99% after reaching the 
inflection turning point for the five epidemics in Figure 1 and Table 2.

• For the five epidemics, the blocking rates Θ′1s reached over 99% 
after the infection turning point days in Figure 1 and Table 2.

In summary, the calculated equation parameters provide 
quantifying interpretations to the results of the spreads of the epidemics 
and control measures.

The numerical simulation results show that:

• The first wave epidemic: On day 0, day 4, day 10, day 16, day 43, 
day 52, and day 103, the numbers of the reported and simulated current 
symptomatic individuals are approximate the same. On day 24 and day 
70, there is only one difference. On day 0, day 4, day 10, day 43, day 
52, and day 70, the numbers of the reported and simulated cumulative 
recovered symptomatic individuals are approximate the same. On day 
24 and day 103, there are three and one differences, respectively.

• The second wave epidemic: On day 0, day 14, day 19, day 34, day 
45, and day 56, the numbers of the reported and simulated current 
symptomatic individuals are approximate the same; the numbers of the 
reported and simulated cumulative recovered symptomatic individuals 
are also approximate the same.

• The third wave epidemic: On day 0, day 3, day 9, day 17, day 29, 
day 44, and day 55, the numbers of the reported and simulated current 
symptomatic individuals are approximate the same; the numbers of the 
reported and simulated cumulative recovered symptomatic individuals 
are also approximate the same.

• The fourth wave epidemic: On day 0, day 19, day 24, day 29, day 
34, and day 57, the numbers of the reported and simulated current 
symptomatic individuals are approximate the same; the numbers of the 
reported and simulated cumulative recovered symptomatic individuals 
are also approximate the same.

• The fifth wave epidemic: On day 0, day 12, day 22, day 26, day 
34, and day 40, the numbers of the reported and simulated current 
symptomatic individuals are approximate the same; the numbers of the 
reported and simulated cumulative recovered symptomatic individuals 
are also approximate the same.

In summary, models (1) and (2) can simulate well the outcomes 
of the five COVID-19 epidemics in Shanghai. The calculated equation 
parameters can help us to understand and explain the mechanism of 

epidemic diseases and control strategies for the event of the practical 
epidemics.

Conclusions
The main contributions of this paper are summarized as follows:

• It is the first time to summary the five wave Shanghai epidemics. It 
shows a clear picture to prevent the spread of the Shanghai epidemics.

• It introduces two models to simulate the Shanghai epidemics. The 
simulation results can provide reasonable interpretation and estimation 
of prevention and control measures and effectiveness of treatments.

• It suggests that it needs a blocking rate of more than 95% to 
prevent the spreads of the COVID-19 epidemics.

• It suggests that good prevention and control measures and 
treatments may end new COVID-19 infections in 40 days.

A recommendation to avoid multiple outbreaks of an epidemic is 
competent authorities should at least maintain preventive and control 
measures implemented 7 days after inflection turning point until all 
new infections have been cleared.

It is not wise strategy to withdraw all prevention and control 
measures before the number of the all infected people have been cleared. 
100% blocking the speed at which COVID-19 infection spreads is key 
Strategies for early clearance or reduction of epidemic spread possible.

Strict prevention and control strategies implemented in Shanghai 
authority are not only effective but also necessary. It is expected that 
this research can provide better understanding, interpretation and 
leading the spread and control measures of epidemics.
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