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Abstract:
In December 2019, an outbreak of COVID-19 epidemic occurred in Wuhan, China
and this infection has spread rapidly into more than 109 countries around the world.
To limit the rapid spread in community and nationwide, Wuhan city lockdown and
nationwide intensive community screening were employed by Chinese government.
To assess the effectiveness of city lockdown and intensive community screening, we
built a modified SIR model by introducing an α value into the classic SIR model. The
α value represents the proportion of the infected that is not effectively isolated from
the susceptible at a given time point. The α value of China excluding Hubei province
was largely reduced by Wuhan city lockdown. Although the α value of Wuhan city
dropped a little with city lockdown, but dropped rapidly with intensive community
screening. With the decrease of α value, the epidemic in China would be end at the
beginning of June 2020. With current epidemiological data, the infection cases in
South Korea and Italy are predicted to increase exponentially in the next days, if
stringent mitigation measures were not adopted.
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Background
An outbreak of novel coronavirus (SARS-CoV-2) infection occurred in Wuhan city, China in
December 2019(1). The World Health Organization (WHO) has declared the disease caused by
SARS-CoV-2 infection as coronavirus disease 2019 (COVID-19). The cumulative number of
people with COVID-19 has surged over 80,000 in China and 140,000 worldwide in more than 109
countries around the world, and the official reported death toll exceeds 5300 (2-4). Although
cross-species transmission of SARS-CoV-2 has not been clarified, the rapid person to person
transmission was linked to the seafood market (Huanan Seafood Wholesale Market)(5). The
timing of the outbreak is right before the traditional Chinese New Year when mass migration
occurs every year, which facilitates the spread of the epidemic. What makes the situation worse is
that Wuhan is one of the largest cities in China with 11 million population and have highly mobile
transportation system, including flight, express train and local bus. So far there is no specific
medication for SARS-CoV-2 infection but supportive care(6). To halt this serious public health
event, Chinese government implemented two stringent mitigation measures, Wuhan city lockdown
and nationwide intensive community screening.
In this study, with current epidemiological data, we measured the effectiveness of these two
measures through a modified SIR model. We validated the accuracy of the model with real world
data of Guangdong province and Zhejiang province of China and predicted the end of epidemic in
China. We also predict the trend of epidemic in seriously infected countries, such as Italy and
South Korea with this model.

Methods
Data source
The reported cases of COVID-19 were collected from 8th December 2019 to 12th March 2020 by
Tencent real time tracking(7), Ifeng real time tracking(8) and data from National Health
Commission of the People’s Republic of China(9). Our data includes new infections, new cures,
new deaths, cumulative diagnoses, cumulative discharges, and cumulative deaths each day.
Because our data is in unit of 'days', our model will also iterate in unit of 'days' to produce daily
result.

Establishing SIR model
The present study used the classic SIR model to build a mathematical model, where S represents
the susceptible, I represents the infected, and R represents recovered.
Suppose 𝑖𝑖 (𝑡𝑡) , 𝑠𝑠 (𝑡𝑡) and 𝑟𝑟 (𝑡𝑡) represent the numbers of the infected, the uninfected and

the recovered individuals respectively at time 𝑡𝑡. Meanwhile, 𝛽𝛽 (effective daily infection rate) is

defined as 𝜆𝜆 × 𝑝𝑝, where 𝜆𝜆 is the number of both infected and healthy individuals’ effectively
contacts with per infected individual per day, and 𝑝𝑝 is the infection probability of the effective
contact. The model equations are established as follows:
𝑖𝑖(𝑡𝑡 + ∆𝑡𝑡) − 𝑖𝑖(𝑡𝑡) = 𝑖𝑖(𝑡𝑡) × 𝛽𝛽 ×

𝑠𝑠(𝑡𝑡)
× ∆𝑡𝑡 − 𝑖𝑖(𝑡𝑡) × 𝜇𝜇 × ∆𝑡𝑡
𝑁𝑁

𝑠𝑠(𝑡𝑡 + ∆𝑡𝑡) − 𝑠𝑠(𝑡𝑡) = −𝑖𝑖(𝑡𝑡) × 𝛽𝛽 ×

𝑠𝑠(𝑡𝑡)
× ∆𝑡𝑡
𝑁𝑁

𝑟𝑟(𝑡𝑡 + ∆𝑡𝑡) − 𝑟𝑟(𝑡𝑡) = 𝑖𝑖(𝑡𝑡) × 𝜇𝜇 × ∆𝑡𝑡
𝑠𝑠(𝑡𝑡)
𝑁𝑁

(1)

(2)

(3)

represents the proportion of healthy individuals in the effective contacts, because the disease

can only be transmitted by contacting them.

Calculation of “𝒑𝒑” (Infection probability)
We calculated the 𝑝𝑝 using data from the first available local data of Wuhan city (January 18th

2019) to the implement of city lockdown (January 23th 2019). Infection number was calculated by
the cumulative confirmed cases minus cumulative hospital discharges and deaths. Based on the
initial 𝑖𝑖 (𝑡𝑡), and the real time 𝑖𝑖 (𝑡𝑡) during this period, the value of 𝑝𝑝 in 𝑖𝑖 (𝑡𝑡) was found.
Since the initial 𝑁𝑁 ≈ 𝑠𝑠 (𝑡𝑡), we can simplify (1) to get:

𝑑𝑑𝑖𝑖
= (𝛽𝛽 − 𝜇𝜇) × 𝑖𝑖(𝑡𝑡)
𝑑𝑑𝑡𝑡

(4)

According to (4), the expression 𝑖𝑖 (𝑡𝑡) can be obtained:
𝑖𝑖 (𝑡𝑡) = 𝐶𝐶 × 𝑒𝑒 (𝛽𝛽−𝜇𝜇)𝑡𝑡

(5)

Due to 𝑖𝑖 (0) = 1，get 𝐶𝐶 = 1, then：

𝑖𝑖 (𝑡𝑡) = 𝑒𝑒 (𝛽𝛽−𝜇𝜇)𝑡𝑡

(6)

Taking 𝛽𝛽 = 𝜆𝜆 × 𝑝𝑝 into (6), we get：

𝑖𝑖 (𝑡𝑡) = 𝑒𝑒 (𝜆𝜆𝜆𝜆−𝜇𝜇)𝑡𝑡

(7)

We assumed the number of effective daily contacts per infected person is 5, (ie, 𝜆𝜆 = 5), and

according to Chinese statistics, the average length of hospitalization in Wuhan city is currently 20

days, and non-Hubei area is 9 days, so the average length of hospitalization is �

20+9
2

� = 14

days ,so 𝜇𝜇 = 1/14 is taken. Because the first case was found on December 8, the value of “𝑡𝑡”
is the difference between a given date and December 8 2019.
Then the fitted objective function is:
𝑚𝑚𝑖𝑖𝑚𝑚 �(𝑒𝑒 (𝛽𝛽−𝜇𝜇)𝑡𝑡 − 𝐼𝐼(𝑡𝑡))2
𝑡𝑡𝑡𝑡𝑡𝑡

𝐼𝐼 (𝑡𝑡) is the number of patients on t days after December 8.
Based on the data of Wuhan from 18th December 2019 to 22th December 2019, we got: p = 0.040,
R0 = 2.805.
Establishing Modified SIR Modeling
Two conditions should be taken into consideration during establishment of SIR model. First, the
isolated infected individuals were no longer able to transmit to others but have chance to recovery
with the implement of mitigation measures. Second, some virus-carrier would transmit to others
without limitation. The 2 conditions would induce 𝜆𝜆 changes, which means the effective contact
of per infected individuals with the healthy individuals per day would be changed. In order to
adapt the changes, we introduced an 𝛼𝛼 value to the classic SIR model. The 𝛼𝛼 was 1 at the

beginning of epidemic, which means not limitation of spread of epidemic disease. Then the value
would be reduced after the implement of mitigation measures. The lower α value means the
effective isolation of the infected individuals.

After 𝛼𝛼 was introduced into formulas (1), (2), (3), we got formulas (8), (9), (10) as follows:
𝑖𝑖(𝑡𝑡 + ∆𝑡𝑡) − 𝑖𝑖(𝑡𝑡) = 𝑖𝑖(𝑡𝑡) × 𝛼𝛼 × 𝜆𝜆 × 𝑝𝑝 ×

𝑠𝑠(𝑡𝑡)
× ∆𝑡𝑡 − 𝑖𝑖(𝑡𝑡) × (1 − 𝛼𝛼) × 𝜇𝜇 × ∆𝑡𝑡
𝑠𝑠(𝑡𝑡) + 𝑖𝑖(𝑡𝑡) × 𝛼𝛼

(8)

𝑠𝑠(𝑡𝑡 + ∆𝑡𝑡) − 𝑠𝑠(𝑡𝑡) = −𝑖𝑖(𝑡𝑡) × 𝛼𝛼 × 𝜆𝜆 × 𝑝𝑝 ×

𝑠𝑠(𝑡𝑡)
× ∆𝑡𝑡
𝑠𝑠(𝑡𝑡) + 𝑖𝑖(𝑡𝑡) × 𝛼𝛼

𝑟𝑟(𝑡𝑡 + ∆𝑡𝑡) − 𝑟𝑟(𝑡𝑡) = 𝑖𝑖(𝑡𝑡) × (1 − 𝛼𝛼) × 𝜇𝜇 × ∆𝑡𝑡

(9)

(10)

We used formula (10) to calculate the daily 𝛼𝛼 value, where 𝑟𝑟 (𝑡𝑡 + ∆𝑡𝑡) − 𝑟𝑟 (𝑡𝑡) is the

number of newly discharged patients on that day, and 𝑖𝑖 (𝑡𝑡) is the total number of existing

patients on that day. To measure the 𝛼𝛼 trend, we first calculate the true 𝛼𝛼 value of the target day
as 𝛼𝛼𝑡𝑡 , then we calculate the 𝛼𝛼 value of the day before the target day as 𝛼𝛼𝑏𝑏 . Then we take 𝛼𝛼 =

(𝛼𝛼𝑏𝑏 + 𝛼𝛼𝑡𝑡 )/2 as the target day’s 𝛼𝛼. Experiments have shown that this can increase the accuracy of
the fit.

To calculate the daily 𝜆𝜆 value, the calculated α value above is taken into equation (8), where

𝑖𝑖 (𝑡𝑡 + ∆𝑡𝑡) − 𝑖𝑖 (𝑡𝑡) is the number of newly diagnosed patients on that day, and 𝑖𝑖 (𝑡𝑡) is the

existing number of patients on that day. 𝑠𝑠 (𝑡𝑡) is the difference between the total population (N)
and the cumulative number of patients on the day.
Prediction of new α values
The prediction of cumulative cases needs the α value of each day. Supposing to predict the 𝛼𝛼

value for M days starting from day T, we selected the real 𝛼𝛼 values for n days (T-n, T-1) and

fitted its trend. Usually n between 10 and 15 was required and the latest trend of 𝛼𝛼 value in the n

days was used to fit the function. The fitting method for 𝛼𝛼 is as follows. First, if the available

data is less than 5 days and the maximum difference between the values is less than 0.1, then the
alpha value is averaged. Second, if the available data is more than 5 days, both First-order linear
regression and second-order linear regression were used to fit, respectively. Then we select the
appropriate regression equation as the prediction function based on prior knowledge and fitting
errors.

Predicting the infection cases with the predicted α value
Based on the predicted 𝛼𝛼 values above, we built a model according to (8), (9), (10).We

substituted current last day’s 𝑖𝑖 (𝑡𝑡), 𝑠𝑠 (𝑡𝑡), 𝑟𝑟 (𝑡𝑡) into these formulas, and brought in the predicted

α one by one. Each time we brought in an 𝛼𝛼 value, and got next day’s 𝑖𝑖 (𝑡𝑡), 𝑠𝑠 (𝑡𝑡), 𝑟𝑟 (𝑡𝑡). After

repetition for 𝑚𝑚 𝛼𝛼 values, the infection cases (𝑖𝑖 (𝑡𝑡)) for the next 𝑚𝑚 days would be predicted.

Results

Figure 1 Validation of modified SIR model with data of Guangdong and Zhejiang Province. The
𝛼𝛼 values from February 3rd to February 12th (before nationwide intensive community screening but after

Wuhan city lockdown) were used to predict 𝛼𝛼 values from February 13th to March 10th for Guangdong

(A) and Zhejiang (C). Predicted 𝛼𝛼 values from February 13th to March 10th were used to predict the i(t)

from February 14th to March 11th for Guangdong (B) and Zhejiang (D).

Validation of Modified SIR Model
We made predictions for Guangdong and Zhejiang province to verify the accuracy of the
model. Data of Guangdong and Zhejiang from February 3rd to February 12th were used to fit the
trend of 𝛼𝛼 values. Then the fitted trend was used to predict the 𝛼𝛼 value from February 13th to
March 10th. The predicted 𝛼𝛼 values were taken into the modified SIR model along with the

𝑖𝑖(𝑡𝑡), 𝑠𝑠(𝑡𝑡), 𝑟𝑟(𝑡𝑡) of February 13th to predict the 𝑖𝑖(𝑡𝑡), 𝑠𝑠(𝑡𝑡), 𝑟𝑟(𝑡𝑡) on each day. As shown in Figure

1, the predicted 𝛼𝛼 values and infection cases of Guangdong and Zhejiang province were well in

accordance with the real numbers before March 1, and they decreased sharply after the implement
of Wuhan city lockdown. This result reflected the accuracy of this model. However, the predicted
cases are higher than the real infection cases in Guangdong (148 vs. 34) and Zhejiang (116 vs. 5)
on March 11th, which may be due to the delayed effect of nationwide intensive community

screening (beginning on February 16th and the cases decreased from February 27th, delayed about
10 days) to further reduce the α value.

Figure 2. Real world 𝜶𝜶 value and infection cases of Wuhan city from January 20th to March 11th

and China excluding Hubei from January 21th to March 11th. Real 𝛼𝛼 value (A) and infection cases

(B) of Wuhan city; Real 𝛼𝛼 value (C) and infection cases (D) of China excluding Hubei.

Figure 3. Impact of city lockdown on Wuhan city and China excluding Hubei province. (A) 𝛼𝛼

values of Wuhan city from January 20th to January 22th (before city lockdown) were used to predict the
𝛼𝛼 value from January 23th to February 14th without city lockdown. (B) Predicted 𝛼𝛼 values were used
to calculate the infection number of Wuhan city from January 24th to February 15th. (C) 𝛼𝛼 values of

China excluding Hubei province from January 21th to January 22th were used to predict the 𝛼𝛼 value
from January 23th to February 14th without city lockdown. (D) Predicted 𝛼𝛼 values were used to

calculate the infection cases of China excluding Hubei province from January 24th to February 15th.

Figure 4. Impact of intensive community screening on Wuhan city and China excluding Hubei
province（A）𝛼𝛼 value from February 5th to February 14th (before intensive community screening)
were fitted to predict the 𝛼𝛼 value of Wuhan city from February 15th to March 10th without intensive

community screening. (B) predicted 𝛼𝛼 values were used to calculate the infection cases of Wuhan city

from February 16th to March 11th. (C) 𝛼𝛼 value of China excluding Hubei Province from February 5th

to February 14th were used to predict the 𝛼𝛼 value of China excluding Hubei Province from February

15th to March 10th without intensive community screening. (D) predicted 𝛼𝛼 values were used to

calculate the infection number of China excluding Hubei Province from February 16th to March 11th.

Evaluation of the effectiveness of city lockdown and intensive community screening
We calculated 𝛼𝛼 values of Wuhan city and China excluding Hubei (Figure 2), and found that

the 𝛼𝛼 value of Wuhan decreased slightly after city lockdown (from 0.905 on January 23th to

0.814 on February 16th). However, the 𝛼𝛼 value of China excluding Hubei decreased steadily after

January 23th (from 0.926 on January 23th to 0.254 on February 16th). The result suggested that the

rapid spread of the virus from Wuhan to other cities had been effectively suppressed, but the local
spread in Wuhan was not.
The nationwide intensive community screening (on February 16th), was associated with
significantly decrease of α value of Wuhan city (from 0.814 on February 16th to 0 on March 11th)
and China excluding Hubei (from 0.254 on February 16 to 0 on March 11th), suggested that the
contact between the infected and the susceptible was greatly reduced nation widely. As a result,
the infected cases decreased significantly from 36385 and 8163 on February 16 to 13462 and 493

on March 11th, respectively, in Wuhan and China excluding Hubei (Figure 2).
Next, we predicted the increase of infection cases, supposing the 2 measures had never been
implemented. To assess the impacts of city lockdown on Wuhan, data of Wuhan city from January
20th to January 22th were used to predict the 𝛼𝛼 value from January 23rd to February 14th, and the
infection cases of Wuhan from January 24th to February 15th was predicted with simulated 𝛼𝛼

values. Similar analyses were performed with data of China excluding Hubei. The infection cases
of Wuhan city and China excluding Hubei would be 165,923, and 3,673,386, respectively, on
February 15th. In fact, with city lockdown, the real infection cases of Wuhan city and China
excluding Hubei were 35,314 and 8,463, respectively (Figure 3).
Similar analyses were performed to evaluate the effectiveness of intensive community
screening. For Wuhan city and China excluding Hubei, the 𝛼𝛼 values from February 15th to March

10th were predicted with data from February 5th to February 14th and then infection cases from

February 16th to March 11th was predicted with the predicted 𝛼𝛼 values. Infection cases of Wuhan
city and China excluding Hubei were predicted to be 828,884 and 2,366 respectively on March

11th. In fact, with intensive community screening, the real infection cases of Wuhan city and China
excluding Hubei were 13,462 and 493 respectively on March 11th (Figure 4).

Figure 5. Prediction of the epidemic trend in China (A) 𝛼𝛼 values from February 16th to March 10th

were fitted to predict 𝛼𝛼 values of 90 days from March 11th. (B) predicted 𝛼𝛼 values were used to
predict future infection cases (𝑖𝑖(𝑡𝑡)) in China.

Prediction of the trend of epidemic in China.

The 𝛼𝛼 values in next 90 days from March 11th were obtained by fitting the 𝛼𝛼 values from

February 16th to March 10th. Taking the initial 𝑖𝑖(𝑡𝑡), 𝑠𝑠(𝑡𝑡), 𝑟𝑟(𝑡𝑡) on March 10th, we predicted that

the end time of epidemic in China is around the 90th day after March 11th, that is the
beginning of the June (Figure 5).

Figure 6. Prediction of the epidemic trend in South Korea and Italy. (A) 𝛼𝛼 values from February

29th to March 9th were fitted to predict 𝛼𝛼 values from March 10th to March 24th (B) predicted 𝛼𝛼

values were used to calculate the infection cases from March 14th to March 25th. (C) 𝛼𝛼 values from
March 3th to March 12th were fitted to predict 𝛼𝛼 values from March 13th to March 24th. (B) The

predicted infection cases from March 14th to March 25th.

Prediction of the trend of epidemic in South Korea and Italy.

For South Korea, the predicted 𝛼𝛼 values from March 10th to March 24th were obtained by

fitting the 𝛼𝛼 values from February 29th to March 9th. Taking the initial 𝑖𝑖(𝑡𝑡), 𝑠𝑠(𝑡𝑡), 𝑟𝑟(𝑡𝑡) on

March 10th, we predicted the trend of epidemic in South Korea during this period, and the

predicted infection cases would be 29400 on March 25th.

For Italy, 𝛼𝛼 values from March 13th to March 24th were obtained by fitting the 𝛼𝛼 values

from March 3th to March 12th. Taking the initial 𝑖𝑖(𝑡𝑡), 𝑠𝑠(𝑡𝑡), 𝑟𝑟(𝑡𝑡) on March 13th, we predicted the

trend of epidemic in Italy from March 14th to March 25th. The predicted infection cases of Italy

would be 155,728 on March 25th (Figure 6).

Discussion
Based on the classic SIR model in epidemic, R0 is calculated as 2.80, which is similar to
other studies (1, 10-14). However, this model could be not used to predict the development of
epidemic when government was engaged to promote isolation of infected individuals and potential
virus carriers. In this study, the 𝛼𝛼 value was introduced in the SIR model, which represents the
contact of the infected individuals and the susceptible person. The results showed that this

modified-SIR model has highly accuracy in predicting infection cases, based on the data of
Zhejiang and Guangzhou province.
Next the modified-SIR model was used to evaluate the effectiveness of city lockdown and
intensive community screening. The predicted infection cases without those mitigation measures
were much higher than the real infection cases in Wuhan and China excluding Hubei, suggesting
that the two mitigation measures were effective in suppressing the spread of epidemic. A step-wise
reduced 𝛼𝛼 value may reflect the effective isolation of the infection cases. Specifically, Wuhan

city lockdown largely decreased the 𝛼𝛼 value of China excluding Hubei by containing the large
proportion of infected individual in Wuhan city. On the other hand, intensive community

screening significantly decreased 𝛼𝛼 value of local Wuhan city. This is probably because hospital
beds were extremely short in the beginning of the epidemic, which leads to a large proportion of
infected individuals went back community and transmitted to family members and neighbors.
Intensive community screening made the infected individuals or virus carriers to be isolated from
healthy population by sending them to newly built medical center and quarantine facilities. With
current mitigation measures along with more isolation facilities being built, it is anticipated that
the epidemic in China would be end at the beginning of June.
According to current epidemiological data (15) and our prediction based on the modified SIR
model, epidemic in South Korea and Italy would worsen, and the infection cases would increase
exponentially in the next few days. Italy has ordered city lockdown in several city by suspending
the public transportation, which may make the epidemic containing in the lockdown areas.
Subsequent community screening is recommended next to limit the spreading inside the
community, based on the experience from China.

Our study has limitations. First, this modified SIR model predicts the 𝛼𝛼 values based on

current trend. If other disturbing events occur in the future, such as critical virus mutation and
measures implemented by the government, the accuracy of the prediction will be impaired.

Second, rapidly increase of discharge from hospital may change the real 𝜇𝜇 value, which may be
adverse to the accuracy for prediction.

Despite these limitations, our results showed a reliable modified SIR model to predict the
epidemic development. Based on this model, city lockdown is effective to block the spread from
epidemic area to other cities, while intensive community screening may cut off the infected
individuals to susceptible person. The 2 measures may help to control the now spreading
epidemic, such as Italy, South Korea and other countries.
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Figures

Figure 1
Validation of modi ed SIR model with data of Guangdong and Zhejiang Province. The  values from
February 3rd to February 12th (before nationwide intensive community screening but after Wuhan city
lockdown) were used to predict  values from February 13th to March 10th for Guangdong (A) and
Zhejiang (C). Predicted values from February 13th to March 10th were used to predict the i(t) from
February 14th to March 11th for Guangdong (B) and Zhejiang (D).

Figure 2
Real world  value and infection cases of Wuhan city from January 20th to March 11th and China
excluding Hubei from January 21th to March 11th. Real value (A) and infection cases (B) of Wuhan
city; Real  value (C) and infection cases (D) of China excluding Hubei.

Figure 3
Impact of city lockdown on Wuhan city and China excluding Hubei province. (A)  values of Wuhan city
from January 20th to January 22th (before city lockdown) were used to predict the  value from January
23th to February 14th without city lockdown. (B) Predicted  values were used to calculate the infection
number of Wuhan city from January 24th to February 15th. (C)  values of China excluding Hubei
province from January 21th to January 22th were used to predict the  value from January 23th to
February 14th without city lockdown. (D) Predicted  values were used to calculate the infection cases of
China excluding Hubei province from January 24th to February 15th.

Figure 4
Impact of intensive community screening on Wuhan city and China excluding Hubei provinceA value
from February 5th to February 14th (before intensive community screening) were tted to predict the 
value of Wuhan city from February 15th to March 10th without intensive community screening. (B)
predicted  values were used to calculate the infection cases of Wuhan city from February 16th to March
11th. (C)  value of China excluding Hubei Province from February 5th to February 14th were used to
predict the  value of China excluding Hubei Province from February 15th to March 10th without intensive
community screening. (D) predicted  values were used to calculate the infection number of China
excluding Hubei Province from February 16th to March 11th.

Figure 5
Prediction of the epidemic trend in China (A)  values from February 16th to March 10th were tted to
predict  values of 90 days from March 11th. (B) predicted  values were used to predict future infection
cases (()) in China.

Figure 6
Prediction of the epidemic trend in South Korea and Italy. (A)  values from February 29th to March 9th
were tted to predict  values from March 10th to March 24th (B) predicted  values were used to
calculate the infection cases from March 14th to March 25th. (C)  values from March 3th to March 12th
were tted to predict  values from March 13th to March 24th. (B) The predicted infection cases from
March 14th to March 25th.

