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Abstract: At the end of 2019, an outbreak of the novel coronavirus (COVID-19) made a profound
impact on the country’s production and people’s daily lives. Up until now, COVID-19 has not been
fully controlled all over the world. Based on the clinical research progress of infectious diseases,
combined with epidemiological theories and possible disease control measures, this paper establishes
a Susceptible Infected Recovered (SIR) model that meets the characteristics of the transmission of the
new coronavirus, using the least square estimation (LSE) method to estimate the model parameters.
The simulation results show that quarantine and containment measures as well as vaccine and drug
development measures can control the spread of the epidemic effectively. As can be seen from the
prediction results of the model, the simulation results of the epidemic development of the whole
country and Nanjing are in agreement with the real situation of the epidemic, and the number of
confirmed cases is close to the real value. At the same time, the model’s prediction of the prevention
effect and control measures have shed new light on epidemic prevention and control.

Keywords: novel coronavirus; epidemic control; traffic control measures; least square estimation;
SIR model

1. Introduction

The coronavirus (CoV) derives its name from the fact that the virus with typical
glycoprotein resembles a crown or solar corona under electron microscope. Coronaviruses
are single-stranded RNA viruses and contain the largest known RNA genomes, ranging
from 27 to 32 kilobases in length [1]. They belong to the family Coronaviridae, order
Nidovirales, and widely exist in nature. Apart from human beings, the coronavirus has a
wide range of hosts. It can be isolated from various animals such as camels, pigs, cattle,
chickens, ducks, geese, cats, dogs, mice, and bats, which may cause an infection in the
respiratory system, digestive system, and nervous systems [2,3].

Since it was first identified and described in 1965, three major large-scale outbreaks
have occurred, namely the Severe Acute Respiratory Syndrome (SARS) in 2003, the Middle
East Respiratory Syndrome (MERS) in 2012, and MERS in 2015 [4].

On 12 December 2019, the Wuhan Health Commission confirmed 27 cases of pneumo-
nia caused by unacquainted virus [5], and the number of infections gradually increased.
On 7 January 2020, Chinese authorities confirmed a novel coronavirus as the pathogen
source of the pandemic [6]. On 1 February 2020, the World Health Organization (WHO)
declared the novel coronavirus (COVID-19) as a Public Health Emergency of International
Concern (PHEIC) [7]. On 11 February 2020, at the Global Research and Innovation Forum
opened in Geneva, WHO Director-General Ghebreyesus announced at a press conference
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that the new coronavirus was named “COVID-19”. Since the outbreak, the WHO has main-
tained close communication with the Chinese government in several aspects, including
the identification and treatment of infected individuals, follow up monitoring of novel
coronavirus pneumonia close contacts, and the publicization of pandemic prevention and
control policies.

As of 31 January 2020, the total number of coronavirus cases around 23 provinces in
China (including Hong Kong, Macao, and Taiwan) as well as Thailand, Japan, Malaysia,
Germany, the United States, Australia, and so on, reached 11,955, with 234 deaths [8]. The
speed of spread of infectious diseases is often measured by the basic regeneration number
of the virus. In this pandemic, since the probability of the outbreak and the time of peak
occurrence under different interventions are not clear yet, further research is needed.

On 20 January 2020, the National Health Commission of China (NHC) included novel
coronavirus pneumonia in the class B infectious diseases stipulated in the Law of the
People’s Republic of China on the Prevention and Control of Infectious Diseases, and
carried out prevention and control measures in accordance with the class A infectious
diseases. Under the norms of laws and policies, some pandemic intervention measures
have been gradually implemented, such as gathering virus infected persons to designated
places for separate isolation and treatment, medical isolation and observation of close
contacts, close observation of personnel in the pandemic focus, etc. The effectiveness
and impact of these measures on pandemic control need to be quantitatively studied.
The research in this area has important practical significance for formulating appropriate
pandemic prevention and control measures after the outbreak in other areas.

The start of the pandemic occurred during the Spring Festival travel rush in Wuhan,
the largest land and water transportation hub of China’s mainland, which has a huge scale
of population flow. According to data released by Wuhan municipal, from the start of
the pandemic to the lockdown, there were about five million residents who left Wuhan.
Therefore, on 23 January 2020, Chinese authorities enacted lockdown in seven cities in
Hubei, including Wuhan, Ezhou, Huanggang, Chibi, Xiantao, Zhijiang, and Qianjiang,
which effectively caused the travel restriction of more than 40 million people. In order to
slow down the spread of the pandemic, and avoid the pandemic breaking out in other
regions, the Chinese government invested resources and paid a high price in these measures
to reduce the spread of the virus to other regions. However, how much effect these measures
can play in the prevention and control of the pandemic is currently unknown.

Following the impact of the novel coronavirus on the general population, estimating
the natural growth of the virus can determine the probability and the peak time of the
outbreak, so as to provide the basis for policymakers to formulate and implement rea-
sonable and effective interventions. This allows pandemic interventions to better protect
the general population and control the pandemic on the premise of minimum impact on
social-economic development and people’s livelihoods.

Many scholars have been studying the spread of infectious diseases for a long time,
which can date back to 1760, when D. Bernoulli [9] proposed a mathematical model of the
transmission of variola. In recent years, mathematical research on infectious diseases has
made rapid progress. In 1998, Shulgin and Stone [10] introduced seasonal variation based
on the Susceptible Infected Recovered (SIR) model, and created a deterministic model
under the same rate of birth and death. Lekone [11] and others created the Susceptible
Infected Exposed Recovered (SEIR) model for Ebola virus transmission in 2006. In 2016,
Talawar [12] used the MCMC method to estimate the SIR model parameters by taking into
account that recovery and infection times are continuous. Using the Markov Chain Monte
Carlo (MCMC) method, Talawar estimated the SIR model parameters by considering the
continuity of recovery and infection time. Later, scholars around the globe conducted
additional research on infectious diseases. For instance, Florea and Lzureanu (2020) simu-
lated the spread of infectious diseases by using the Susceptible Infected Susceptible Model
(SIS) system [13]; Zhang et al. (2017) studied the spread of infectious diseases in the trans-
portation system [14]. Under the circumstances of a pandemic, it is necessary to conduct
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research accounting for public health intervention measures. Therefore, our research is of
both theoretical and practical significance.

2. Methods

In this chapter, Section 2.1 firstly explains the source of the data and visualizes the
change in the pandemic situation by using curve graphs; Section 2.2 introduces the SIR
model used in this article in detail; Section 2.3 discusses an LSE method used to esti-
mate parapets in our model; Section 2.4 introduces the calculation method of the basic
regeneration number from the perspective of pandemic transmission dynamics.

2.1. Data

The data are from the NHC in China for COVID-19 between 20 January 2020 and
31 January 2020 in China’s mainland. On 3 February 2020, we collected the pandemic-
related data published every day from the content column of “pandemic prevention and
control dynamics” on the official website of the National Health Commission [15]. It
contains total confirmed, recovered, and dead cases (Figure 1). Since the NHC of China
adopted a daily reporting system for the pandemic, we sorted the above-mentioned data
in units of days, and carried out research using the same unit of time.

Total confirmed cases in China, 2020 Total suspected cases in China, 2020
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Figure 1. Official statistics. (a) The number of confirmed cases due to COVID-19 from 20 January
to 31 January; (b) the number of suspected cases due to COVID-19 from 20 January to 31 January;
(c) the number of recovered cases due to COVID-19 from 20 January to 31 January; (d) the number of
deaths due to COVID-19 from 20 January to 31 January.

2.2. The Model

In this paper, we proposed a pandemic model based on the SIR model associated with
the progress of clinical research, epidemiological development, and different interventions.
We used the Chinese mainland’s novel coronavirus pneumonia cases from 20 January 2020
to 31 January 2020 to estimate the model parameters and calculate the basic reproduction
number of the new coronavirus disease in China. We then analyzed the effectiveness of
interventions such as quarantining suspected cases and suspending public transportation,
to predict the possibility of a future pandemic outbreak.
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The SIR model was proposed by Kermack and Mckendick in 1927 [16]. In this paper,
using the core ideas of the SIR model, the population under consideration is divided into
three compartments: susceptible (S), infective (I), and removed (R). The susceptible class
(S) represents those individuals who can obtain the disease but are not yet infective. The
infective class (I) refers to those who have been infected with the virus and are transmitting
the disease to the susceptible class. The removed class (R) consists of those who are
removed from the susceptible-infective interaction by recovery with immunity, or death.

Based on current research on COVID-19 by experts, for directly transmitted pathogens,
the following assumptions are made in our epidemiological models:

i The population considered with constant size N is large enough that the fraction
of each class can be considered a continuous variable. Since this pandemic occurs
rapidly, the model does not include natural births or natural deaths.

ii. The population is regarded as a homogenous mixture, and the daily contact rate «
is the average number of effective contacts per infective per day. In other words, «
is the contact rate times the probability of transmission given a contact between a
susceptible and an infectious individual [17,18].

iii. Individuals are removed from the infective class by recovery at the rate { and
by death at the rate . Both of them are proportional to the class size with a
proportionality constant.

iv. Despite the opinion of researchers that recovered individuals would still be sus-
ceptible to novel coronavirus [19,20], there has been no case of reinfection among
recovered people. Thus, in this paper, we assume recovered individuals are con-
ferred with permanent immunity and could not be infected by others again. Then,
the rate of transfer from I to R is { + 7.

Thus, our SIR model is appropriate for the situation where individuals recover from
COVID-19 with permanent immunity. Under this context, the compartmental diagram for
this SIR model is given in Figure 2.
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Figure 2. The compartmental diagram for the SIR model. Flows represent the fractions of the total

populations flows from the donor compartments per unit time.

Let S(t), I(t), and R(f) be the fractions of the total populations in theses compart-
ment of S, I, and R respectively at time t > 0. We obtain the following system of
differential equations:

as(t) _
- aS(t)I(t)
) _ aS()I(t) = ¢I(t) —vI(t) =aSH)I(t) — (T+7)I(t) )

(t)

dI(t
At
RO = gm0,

We define the initial susceptible population in the SIR model as Sy and the number of
infected people as Iy. Moreover, in system (1), it follows that

S(0) = Sy > 0, I(0) = Iy > 0, R(0) = Ry > ONS(t) + NI(t) + NR(t) = N.

Since R(t) can be replaced by S(t) and I(t) by using R(t) = N — S(t) — I(t), it is
sufficient to analyze the initial value problem in the S — I phase plane.
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We define the average number of effective contacts per patient as ¢. This is defined
as the number of infectious contacts during the infection period. When the patient has
effective contact with a healthy person, the healthy person will become infected and become
a patient.

To help analyze the transmission of a novel coronavirus, we define the calculation of
the contact o in the infectious period, which is presented in Equation (2).

1 J+y

g 14

@

For a better understanding of the behaviors of solutions, we try to view their orbits in
the S — I phase. Only considering S(t), I(t) in the equations of system (1), the behaviors
of solution paths in the S — I phase are described as

ds  —as1 1 1 .
dI  aSI—(B+7)I _14 (él:rsv) —1+ &

By integrating both sides of Equation (3), we can obtain the following equation:
1
<p(S,I):S+I—ElnS:C 4)
in which C is an integration constant that can be derived from Sy and I as:
C=5y+1 ! InS
=20+l = — Moo

Since system (4) satisfies

de(S,1) _dS(t)  dI(t) _1dS(H) _
a  dt TTar T odisi -

for all t, the function ¢ (S, I) remains a constant along with a solution (S, I) of (3).
Then, phase plane portraits of solution paths are presented below.

1§
I=Sy+Ip—S+—In>
So+lp—S+ Ine )

The epidemiologically reasonable region in the S — I phase is the triangle given by
T={(S,1)]S>0,1>0,S+1< Np}.

The goal of using the S — I phase is to analyze removal rate p. A phase portrait
corresponding to the solution path (5) is given in Figure 3.

As shown in Figure 3, we define the initial susceptible population in the S — I phase
trajectory as Sg and the number of infected people as Iy. The arrows in the figure indicate
the changing trends of S(t) and I(t) as time ¢ increases. With the variation in removal rate
o, the arrival time of the peak value of the curve is different. Additionally, when Sy = p,
it is the highest point of the curve, as shown in P;, P>, and P; points in Figure 3. With
p = 0.3, 0.5, 0.7, as shown in Figure 3, the corresponding peaks of I are I = 0.41, 0.18, 0.11.
Considering p = 0.3, for instance, if the point of initial values (S, Iy) falls on the left side
of the vertical line S = p = 0.3, I(t) decreases monotonically to 0 as f — co. That is, the
number of patients gradually decreases and disappears eventually. When the initial value
of S was on the right side of the line Sy = p = 0.3, with the increase in t, the value of ()
increases, and the number of patients with infectious diseases increases until the Sy passes
the point of S = p, at which point I begins to decrease gradually and towards to zero.
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Figure 3. Phase portrait for the SIR model. Each curve depicts the solution path for different
parameter values.

The arrow direction on the phase trajectory represents the time process of the continu-
ous spread of the disease after the occurrence of the disease. It can be found that under
different intervention price adjustments, the number of infected people will eventually be
cleared up as time goes by, that is, the disease will eventually be effectively controlled.

The corresponding parameter values of each phase trajectory curve are listed in
Table 1.

Table 1. Parameter values of each phase track.

SO I() R() P
Py 0.8 0.2 3.33 0.3
D, 0.7 0.15 2 0.5
P 0.6 0.1 1.43 0.7

From the above discussion on the change in the S — I phase trajectory, the following
conclusions can be drawn:

(1) If Sg < p, then I(t) decreases to zero as t — oo, which represents that the infectious
individuals will disappear quickly;

(2)If Sp > p, then the number of infectious individuals first increases up to a maximum
value NIy, and then decreases to zero as t — co. That is, the virus will spread for some
time but eventually die out.

In conclusion, it is possible to control infectious diseases in two aspects, namely by
reducing the susceptible individuals S and increasing the relative removal rate p.

2.3. Least Squares Method for Parameters Estimation

Accurate estimation of parameters is the basis for the precise prediction of infectious
diseases. The traditional least square estimation (LSE) method generally finds the optimal
solution of the parameter estimates by solving the minimum Sum of Squared Errors
(SSE) [21]. In the SIR model, the basic idea of the least square method is to minimize the
sum of the squared error between the number of infective persons in the fitting model and
the actual number of infective persons.
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During the spread of infectious diseases, the confirmed cases I () and daily new cases
are known, while the number of susceptible patients S (t) is difficult to identify, so it can
be regarded as an unknown parameter. Infectious rate «, recovery rate ¢, and death rate y
are essential unknown parameters in the novel coronavirus SIR model. Here, we use the
LSE method to estimate the parameters of our model.

In the model, we define that the unknown parameter 6 = («,,y). We use n to repre-
sent the number of people in each part of the SIR model, neN . The actual observed value
of the infective class is denoted by I* = {Il-*,i =12,---, n}, and the model simulation
value of infective people is Y(0) = {y;(6),i =1,2,--- ,n}. The corresponding errors is
expressed as V = Y(0) — I*. Then, the SSE of 6 can be written as:

n

SSE(0) = |V|* = Y_[v:(6) — I} ]*. ©6)

i=1

The goal is to obtain an estimated value 6 of the unknown parameter 0 and find the
minimum SSE(6). By calculating the derivative of Equation (6) about 6, we get:

BSSE Byl( )
- 22 I du
BSSE a i(6
_ 22 yal(3 ) )
assg 1 2(6)
v 22 T

Let Equation (7) be equal to zero, and then the LSE of the parameters «, {, and 7y can
be obtained by Matlab. In this paper, the collected pandemic data are substituted into
Equation (7) for simulation verification. The simulation results can be seen in Section 3.

2.4. Pandemic Spreading Dynamics Analyses

In addition to estimating the parameters of our SIR model, we are also concerned
with 3. In this paper, Ry refers to the number of second-generation cases that can be
infected under ideal conditions [22]. When a case enters the susceptible population, the
larger the number of Ry, the more difficult it is to control the pandemic without any
intervention [23]. That is, I tells us about the rate of spread of the disease. Under normal
circumstances, ¥y = 1 is the threshold of the occurrence of the pandemic, which can be
expressed as follows.

If Ry < 1, then a pandemic will not occur, while if y > 1, an initial case will lead to an
outbreak, so the disease will take and infect the entire population in the area eventually [24].

LetT = {(S,I,R) € R%|S+1+ R =1},and I'isa subset of the hyperplane S + I + R = 1.
For the novel coronavirus SIR model in this paper, the process of deriving its basic repro-
ductive ratio is shown in Figure 4 [25]. In Figure 4, t is the transmission time of infectious
diseases, and N implies the total number of people in the area involved.

T
infection
L )| ()

NI(t) =1 e~ (Ct+yD) (New infections at time t)
(Probability of survival)

Figure 4. The evolution of infective individuals, where (Sy, 0, 0) is the disease-free equilibrium in
the feasible region T'.

As given in Figure 4, T represents the time period of disease transmission. It can be
seen that in an environment where all the people are susceptible, a coronavirus infective
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individual who was infected at time t = 0 has the probability e~ (&7 that they will
remain infectious for at least time t. Thus, the number of newly infected individuals is
aNSge~ €147 at time t. Then, we obtain [26]:

aNSy

R, :/Oo NSge Gt gt = .
0 0 © 0€ §+7

3. Real Data Applications

Current studies show that COVID-19 is a new pathogen, so people of all ages are im-
mune to new coronavirus and are generally susceptible to infection [27]. For this pandemic,
the official notification of the epicenter was the Huanan Seafood Market in Wuhan [28].
The local hospital reported the first unexplained pneumonia case on 8 December 2019,
which was diagnosed as having been infected by a novel coronavirus. During the 40 days
from 8 December 2019 to 19 January 2020, there was a giant flow of population in the
market for the Lunar New Year, and these people were scattered in all regions of Wuhan,
and the virus can infect all kinds of people. Therefore, we set the population of Wuhan as
the initial susceptible population, that is, the value of S (0) is 12.3 million. We define the
susceptible population of the initial state nationwide as S.(0), the number of people with
initial diagnosis nationwide as I .(0), and the number of rehabilitation and death cases in
the initial state nationwide as R (0). Taking 20 January 2020 as the initial state nationwide,
there is S.(0) = 12,300,000, I.(0) = 224, R.(0) = 0.

3.1. Prediction Results Based on COVID-19 SIR Model

With the development of the pandemic, China’s NHC has generated statistics on
asymptomatic infections and confirmed cases separately. Because asymptomatic infections
do not have clinical symptoms after diagnosis, such as fever, cough, and sore throat, it can
take a period of time for some asymptomatic infections to become diagnosed. Therefore,
the NHC makes it clear that asymptomatic infections are not confirmed cases and are
not new infected patients. Therefore, asymptomatic infections are not included in the
confirmed case data in this paper [29].

On the one hand, very few cases of asymptomatic infections have been reported. On
the other hand, the diagnosis of these cases is often delayed. This paper believes that
asymptomatic infections can be counted as confirmed cases only after official diagnosis.

Predicted from the model, the reproductive ratio of COVID-19 is estimated to be 6.47,
and other estimated parameters are shown in Table 2.

Table 2. COVID-19 model parameter estimation of China.

Parameter Parameter Description  Estimated Mean Value Method
o Infection rate 0.3858 LSE
4 Recovery rate 0.0374 LSE
0% Disease death rate 0.0206 LSE
Initial value Definition Estimated mean value Source
5(0) Initial value of S(#) 12,300,000 [30]
1(0) Initial value of I(t) 224 [30]
R(0) Initial value of R(t) 0 [30]

With the above parameter estimations, the infection trend of COVID-19 can be pre-
dicted. Through model calculation, we convert the percentage calculated in the model
into the number of different types of people. According to our model, in the context of
current interventions (before 31 January 2020), the nationwide estimated infections I(f) as a
function of time would increase to a peak after 25 days, that is, around 14 February 2020. In
reality, the second round of outbreaks peaked in mid-to-late February, with little difference
between model predictions and reality. At the same time, Wuhan saw zero new confirmed
cases for several consecutive days in the middle of March 2020. If calculated according to
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the date of 20 March 2020, the time interval from the first outbreak report on 8 December
2019 was 102 days, indicating that the prediction of the model is relatively accurate.

Figure 5 shows the development process of the COVID-19 pneumonia starting point
from 20 January 2020 to 100 days. We can see that up to 45,737 people were infected at
the peak of this pandemic. From the overall forecast of the pandemic, we can find that
the pandemic would gradually disappear after 100 days, and the total number of infected
people is about 80,284. We plotted the actual confirmed data of 21 days from 20 January
2020 to 9 February 2020, and compared it with the prediction curve of I(). The final results
of our model prediction and actual value of I(f) are shown in Table 3.

infections x 10* infections x 10%
1350 T T . . . 9

1200

\——model-predicted S(t) | 7

1050
—model-predicted I(t)

900 medel-predicted R(t) - ¢
o actual infective
750 | 15
S 600 14 X
450 43 h
300 {2
150 41
0 100 t/Day
Figure 5. Forecast of COVID-19 pandemic in China.
Table 3. Model prediction results of I(#).
Date Actual Predicted Date Actual Predicted
Value Values Value Values
1 February 2020 11,791 9320 6 February 2020 28,018 28,278
2 February 2020 14,380 12,148 7 February 2020 31,161 32,669
3 February 2020 17,205 15,546 8 February 2020 34,546 36,663
4 February 2020 20,438 19,487 9 February 2020 37,198 40,665
5 February 2020 24,324 23,793 10 February 2020 40,171 42,622

In order to judge the pros and cons of fitting of the model, we choose the coefficient of
determination R? as the criterion.

where SSE = i (yi — 9;)%, SST = i (yi—7)% andy, 7, ) represents the actual value,
the average ana ghe predicted Valuelof1 y, respectively. Based on the data from 20 January
to 10 February, we obtained R? = 0.9856. It means that the fit explains 98.56% of the
total variation in the actual data about the average in our model, which proves that the
prediction results of our model are close to the real values of the pandemic situation, and
the prediction has strong reference significance.

In addition, we drew the curves of removed individuals in China’s mainland based

on official statistics, as shown in Figure 6.
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Figure 6. The model-predicted cumulative number of removed individuals in China’s mainland.

It can be seen from Figure 6 that there is a certain time difference between the model
and the real data in predicting the number of patients that were cured or died due to disease.
That is, the real data arrive at a certain value later than the model predicts. However, the
overall trend predicted by the models fits well with the real data. After analysis, we
believe that this is mainly caused by the following reasons. First, the disease itself is a
newly discovered disease, requiring a long treatment cycle, and many patients have a long
recovery cycle, so the growth of the cured number in real statistics is relatively slow. At
the same time, in the treatment process of the pandemic, the hospital has taken relatively
cautious measures. After the symptoms disappear, the patients can be discharged only
after two nucleic acid tests every two days, all negative, which also causes the number of
cured patients to grow slowly.

Figure 7 shows the pandemic situation in Wuhan predicted by the model 50 days after
20 January 2020, and compares it with the real situation. In order to verify the difference
between the model simulation results and the real situation, we simulated the number of
confirmed cases in the whole process of the pandemic and compared them with the real
situation of the pandemic. It can be seen from Figure 7 that the model is close to the real
situation of the pandemic to a large extent, indicating the effectiveness of the model for
pandemic prediction.

infections x 10”

6 T T T T T

5 —model-predicted results
i |"o actual infective )

4

| OO G Treesaanantanaaaaoans t/Day
15 20 25 30 35 40 45 50

Figure 7. Prediction curve and actual numbers of confirmed COVID-19 cases in China.
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Since Wuhan is a transportation hub in central China, many provinces have a history
of travel to Wuhan apparent in their imported cases. Therefore, we collected the nationwide
number of confirmed cases from 20 January 2020 to 9 February 2020 [31], and drew the
heat maps with an interval of five days as shown in Figure 8.

o | 10 <10
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£ . gy 50100 50-100
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Figure 8. Evolution of novel coronavirus in China with heat maps. (a—e) represent the pandemic
situation on 20 January 2020, 25 January 2020, 30 January 2020, 4 February 2020, 9 February
2020, respectively.

As can be seen from Figure 8a—e, Hubei Province serves as the epicenter. The pandemic
gradually spread to neighboring provinces over time. The number of confirmed cases is
the highest in Hubei province and in neighboring provinces.

On this basis, we collected the ratio of the outflow population from other provinces
to Hubei Province, respectively, in mainland China (excluding Hong Kong, Macao, and
Taiwan) to the total outflow population of Hubei Province [32]. These data can reflect the
population migration of Hubei during the development of the pandemic.

Based on the collated data, we drew a heat map of the passengers travelling from
Hubei Province to various provinces, as shown in Figure 9. Comparing Figure 8 with



Mathematics 2021, 9, 2849 12 of 18

Figure 9, we can find that the heat map of the national pandemic evolution is consistent
with the population migration in mainland China from Hubei province. As a result,
transportation can be considered the main channel for the spread of infectious diseases.

Figure 9. Heat map of population migration in China’s mainland from Hubei Province.

3.2. Prediction Results Based on COVID-19 SIR Model of Nanjing

On the morning of 20 July 2021, the COVID-19 Prevention and Control Headquarters
of Jiangning District, Nanjing received the special pandemic prevention team of the Lukou
International Airport and reported that among the regular nucleic acid test samples of the
staff of Lukou International Airport, the test results were positive, and the staff involved
were mainly those involved in flight support at the airport, including those in ground
service and cleaning positions. We used the model mentioned in Section 2 to simulate and
predict the local pandemic in Nanjing.

The model takes the data of confirmed cases in Nanjing on 20 July 2021 as the ini-
tial value of the model, and the pandemic development trend chart shown in Figure 10
is obtained.

infections

— Predicted in Nanjing
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/ :
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Figure 10. The model-predicted infectious individuals in Nanjing.

It can be seen from Figure 10 that under the existing pandemic prevention and treat-
ment measures in Nanjing, the pandemic peak will appear on 3 August 2021, and the peak
number of infected people is about 223. We define Nanjing’s susceptible population as
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SN. Since the pandemic originated from a highly mobile and densely populated airport,
Sy increased significantly. It can be seen from Figure 10 that the prediction results of our
model are close to the real data, indicating that the model in this paper can be equally
applicable in small-scale pandemic situations.

In response to the prevention and control of the pandemic, relevant government
departments have taken many measures. We conducted experiments based on our model
to assess the impact of the measures taken by the government on the pandemic. The
specific forecast results are shown in Figure 11.

When simulating the impact of different measures on the development of the pan-
demic, we simulated and predicted the possible impact of different pandemic prevention
measures on the pandemic situation by adjusting the values of susceptible, infectious, and
recovered cases in the model.

Figure 11 shows the impact of different prevention and control measures on the
pandemic development for 100 days after 20 January 2020, as predicted by the model.

Figure 11a,b reflect the impact of drug research and development and treatment
scheme improvement on the spread of the pandemic. With the introduction of measures
such as drug research and development and improvement of treatment schemes, the
cure rate of patients will be improved significantly and the death rate of diseases will
be reduced greatly. We simulated the impact of drug research and development and the
improvement of the treatment scheme on the pandemic situation by increasing the value
of R and reducing the value of I. Simulation shows that the development of drugs and the
improvement of treatment plan can lead to the peak of the pandemic in advance, and the
number of infected people at the peak of the pandemic is lower than that without drugs
and treatment measures.

Figure 11c reflects the impact of the implementation of traffic restriction measures in
Wuhan based on pandemic prevention and control. The introduction of traffic restriction
measures in many cities led by Wuhan City, Hubei Province can reduce vulnerable people
to a certain extent. We assessed the impact of traffic restriction measures on the overall
pandemic situation by reducing the value of S. It can be found that the overall impact of the
scheme on the pandemic situation is limited. That is, although the peak of the pandemic
situation will decrease and move back to a certain extent, the degree of reduction of the
peak is small, only about 100 people, and the time of the peak moving back is about 6 days.
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Figure 11. Cont.
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Figure 11. Model simulations. (a) Change in recovered people with different cure rates; (b) change in
deaths with different cure rates; (c) change in infected people with the impact of traffic management;
(d) change in infected people with the impact of interventions.

In this pandemic situation, measures such as pandemic prevention publicity, popu-
lation self-isolation, and reducing aggregation can significantly reduce susceptible popula-
tions. By significantly reducing the S value, we evaluated the impact of various isola-tion
measures on the development of the pandemic. As can be seen from Figure 11d, the above
measures can significantly reduce the pandemic peak, and the date of the peak will be
significantly delayed by about 25 days.
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4. Discussion

Based on the published data on the pandemic situation and the cognition and research
of medical experts on the pandemic situation, we draw the following conclusions with the
help of an infectious disease dynamics model:

By using the SIR model designed in this paper and combining it with the pandemic
data of China from 20 January 2020 to 31 January 2020, we simulated and predicted the
pandemic development trend. This model is also applied to the prediction of the pandemic
situation in Beijing. In different time ranges and geographical ranges, the method proposed
in this paper can accurately predict the pandemic development. The specific results are
as follows.

First, the number of infected people nationwide is expected to peak around 14 Febru-
ary 2020. The peak number of the pandemic was 45,737. Through the prediction and
simulation of the whole process of pandemic development, it is concluded that the pan-
demic will gradually disappear after 100 days, and the number of infected people in the
whole pandemic is about 80,284.

Second, for a large city such as Nanjing, pandemic prevention and control is accompa-
nied by many uncertainties. The model predicted that the peak of the pandemic in Nanjing
would appear in 3 August 2021, and the peak of the number of infected people would
be about 223. The prediction results of the pandemic situation by the model are basically
consistent with the actual development of the pandemic situation, and the pandemic trend
curve is basically consistent with the actual number of confirmed cases.

This model simulates the change in the number of confirmed cases and the develop-
ment trend of the pandemic situation, which is close to the national pandemic situation in
early 2021 and the real development of the pandemic situation in Nanjing.

Using the simulation results of the pandemic development trend of the model in this
paper, and combined with the prevention and control of a small-scale sporadic pandemic
in the past two years, we draw the following conclusions:

The control of infectious diseases in the embryonic stage is considered the best time
for pandemic prevention and control because it can cut off the transmission chain of
the pandemic in a short time and effectively isolate the susceptible population from the
confirmed population.

First, although Hubei may have missed the best time to curb the disease, the effective
lockdown for several cities does have a largely positive effect at the later stage on prevention
and control of the pandemic. These interventions can isolate infected people and limit their
travel, so as to reduce the spread of the virus, which is significant when more and more
people are infected in other areas.

Second, since the relevant pandemic prevention steps were taken, the effective spread
rate of the pandemic has been better controlled across the country, and the cure rate of
infected people has been greatly improved, while the mortality rate of infected people has
been significantly reduced.

Third, isolation and observation of suspected populations is an important means
of pandemic prevention and control, which can isolate susceptible populations from
suspected populations as soon as possible. In addition, with the appeal from media
and other channels, the general population go out less, try to avoid getting together and
gathering for meals, and wear masks in and out of public places, which to a large extent,
can limit the number of infected people and reduce the second-generation cases across the
country, and perhaps the third generation, imported from Wuhan. These protections can
prevent a large-scale outbreak even if transports suspension missed the best time to control
the disease.

Although the pandemic in some areas appears to be at an inflection point, and the
nationwide situation of pandemic prevention and control improves gradually, awareness
and management still cannot be relaxed. With the large-scale population movement and
the resumption of work in some enterprises and institutions after the end of the Spring
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Festival holiday in 2020, new challenges to the prevention and control of the pandemic
may show up, and the second peak of the pandemic should be avoided.

Regardless of the types of disease, drug development, and therapy implementation
are of help to treat and control the disease. Therefore, regarding this pandemic, front-line
medical workers and researchers have made great contributions to the development and
screening of drugs and treatment plans for pandemic prevention and control.

Our model implicates the importance of quarantine in pandemic prevention and
control, but how to make more effective quarantine policies still needs further discussion.
From the perspective of pandemic-spreading dynamics, only probable individuals need to
be kept in quarantine. Therefore, if the detection equipment is sensitive and convenient
enough, and people have a strong awareness of self-detection and isolation, theoretically
speaking, the work and life of our society can nearly return to normal without pandemic
freak-out. With respect to the protection of people’s livelihood, how to further improve
the public health and strengthen the construction of infrastructure, and how to effectively
regulate public transports and key public places are worthy to be noted by the relevant
government departments so that they can prepare in advance and formulate specific
feasible contingency plans in case of emergency.

The pandemic is different from individuals’ illness, for it brings great harm not only
to people’s physical and mental health, but also to the politics, economics, culture, and
education with respect to quality of life. For instance, due to the rapid spread of the
disease, schools have postponed the new spring semester across the country. Additionally,
some government departments get suspended, and the catering, tourism, entertainment
industries, and transport companies may all suffer great losses. Meanwhile, small and
medium-sized enterprises will have an enormous burden of survival crises. The magnitude
of these impacts is difficult to accurately measure by numbers at this stage, and the elimi-
nation of these impacts cannot be completed overnight. A more complex calculation model
is needed to evaluate the balance between pandemic prevention and control measures and
various social elements.

As a consequence, from the perspective of social governance, how to strike a bal-
ance between effective pandemic control and the interests of the whole society is a more
critical task.

5. Conclusions

Through the above research, it can be found that the relevant measures taken by the
Chinese government in response to COVID-19 can play a key role in the rapid control
and effective treatment of the pandemic. These measures have a certain reference value
and significance for the upcoming Beijing Winter Olympics Organizing Committee in
the organization of events, the isolation measures of foreign athletes, and the admission
organization policies for spectators, which will provide a reference for the safety of large-
scale events in worldwide.
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