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Abstract: The novel coronavirus disease 2019 (COVID-19) infection broke out in December 2019
in Wuhan, and rapidly overspread 31 provinces in mainland China on 31 January 2020. In the face
of the increasing number of daily confirmed infected cases, it has become a common concern and
worthy of pondering when the infection will appear the turning points, what is the final size and when
the infection would be ultimately controlled. Based on the current control measures, we proposed
a dynamical transmission model with contact trace and quarantine and predicted the peak time and
final size for daily confirmed infected cases by employing Markov Chain Monte Carlo algorithm. We
estimate the basic reproductive number of COVID-19 is 5.78 (95%CI: 5.71–5.89). Under the current
intervention before 31 January, the number of daily confirmed infected cases is expected to peak on
around 11 February 2020 with the size of 4066 (95%CI: 3898–4472). The infection of COVID-19
might be controlled approximately after 18 May 2020. Reducing contact and increasing trace about
the risk population are likely to be the present effective measures.
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1. Introduction

On 31 December 2019, the novel coronavirus disease 2019 (COVID-19) infection broke out in
Wuhan, China. As shown in Figure 1, the reported number of COVID-19 cases gradually increases
every day, and the cumulative number of confirmed cases and death cases has rapidly multiplied since
18 January 2020. From the point of view for the spread of COVID-19, the epidemic situation is
severe and spreads to all over the country (the mainland China) with the arrival of Chunyun (see the
Figure 2). Up to 20 January 2020, the confirmed infected cases have been found in 31 provinces of
mainland China. By the end of 4 February 2020, there have been 24,363 confirmed cases of COVID-
19 infections in mainland China, including 491 deaths and 892 hospital released cases, and 23,260
suspected cases under follow-up [1]. So far, in addition to China, the United States, Thailand, Japan,
South Korea and other countries have confirmed COVID-19 cases.
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Figure 1. The data about cumulative number of confirmed cases and deaths of COVID-19
from Jan 10 to Feb 4 2020, in mainland China. The source of data is from Chinese Center
for Disease Control and Prevention [1].

Since the 21st century, the global epidemics of severe acute respiratory syndrome coronavirus
(SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) have been caused by
human coronavirus, with alarming morbidity and mortality [2]. The novel coronavirus, occurring in
Wuhan, is a novel coronavirus strain that has never been found in humans [3], which is defined as
the seventh member of the family of coronaviruses that infect humans [4]. Within a few weeks, the
infection of COVID-19 has caused a global awareness of the public health emergency [5].

Recently, there have been some relative studies about the estimation for the infection of COVID-19,
the risk of transmission et al. For example, Li et al. [6] reached a conclusion that human-to-human
transmission has occurred among close contacts since the middle of December 2019, and they esti-
mated the epidemic doubling time and the basic reproductive number. Their findings [7] were consis-
tent with person-to-person transmission of COVID-19 in hospital and family settings, and the reports

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3052–3061.



3054

of infected travelers in other geographical regions. Nishiura et al. [8] used a spatial back-calculation
method and analyzed thirteen exported cases to estimate the cumulative incidence of COVID-19 cases
in China in real time. Wu et al. [9] adopted a metapopulation SEIR model to simulate the epidemic
across the many affected cities in mainland China. Zhao et al. [10] considered the under-reporting was
likely to have resulted in 469 unreported cases during the first half of January 2020 and estimated the
basic reproduction number of COVID-19 at 2.56.

Figure 2. The geographic information map about cumulative number of confirmed cases of
COVID-19 from 20 January to 31 January 2020, in mainland China. The source of data is
from National Health Commission of the People’s Republic of China [11].

2. Objectives and methods

2.1. Mathematical model

In this paper, by taking into account the contact trace and then quarantine measure, we propose a
compartmental model to simulate the data on the number of cumulative confirmed cases from 10 Jan-
uary 2020 to 4 February 2020 (in mainland China) and predict the trend of the infection.

We stratify the total population as the susceptible (not traced) denoted by S , the latent (not traced)
denoted by E, the infectious (not traced) denoted by I, the uninfected but traced (these individuals stay
at home and take self isolation) denoted by S T , the infected and traced denoted by ET , the infectious
and quarantined (traced) denoted by Iq, the recovered (through self-isolation or treatment in hospital
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settings) denoted by R and the dead D.
Because in the whole country, most population is impossible to contact the COVID-19 except (for)

the population from Hubei province, i.e., a certain fraction of the population is protected from the
COVID-19. In this paper, we assumed that only a small proportion of the whole population is sus-
ceptible. The date, 10 January 2020, is the starting date for the dynamical model (i.e., t = 0). We do
not consider the birth and death for the total population because the time of the study is short (that
is, the total population N(t) = S (t) + E(t) + I(t) + S T (t) + ET (t) + Iq(t) + R(t) + D(t) ≡ S 0). Let β is
the contact rate, φ is the probability of infection and the trace rate is ρ. Because the latent individuals
have the strongly infectious ability [6], however, no stronger than the ability of infectious individu-
als. So, we use ε to denote the proportion of infectious ability in latent individuals relative to that in
infectious individuals. Then the variation of the susceptible S consists of three parts: the uninfected
but traced ρ(1 − φ)βS (I + εE), the infected and traced ρφβS (I + εE) and the infected but not traced
(1 − ρ)φβS (I + εE). The infected but not traced move to the latent compartment E, while the infected
and traced move to Eq, and the uninfected but traced move to S T . The latent individuals no matter
whether they were quarantined are becoming the infectious with the rate α. The infectious but not
quarantined individuals are sent to some hospital settings (i.e., they move to Iq) with the rate θγ. The
infectious but not quarantined individuals are dead with the rate (1 − θ)ηγ. The infectious and quar-
antined individuals are dead with the rate ηqγq. The infectious but not quarantined individuals recover
with the rate (1− θ)(1− η)γ. The infectious and quarantined individuals recover with the rate (1− θq)γ.
Given the model structure (Figure 3), we obtain that the following dynamical model described by eight
differential equations.



dS
dt

= −ρ(1 − φ)βS (I + εE)︸                     ︷︷                     ︸
uninfected but traced

− ρφβS (I + εE)︸           ︷︷           ︸
infected and traced

− (1 − ρ)φβS (I + εE)︸                   ︷︷                   ︸
infected but not traced

+ ωS T︸︷︷︸
release of those traced but uninfected

,

dE
dt

= (1 − ρ)φβS (I + εE)︸                   ︷︷                   ︸
infected but not traced

− αE︸︷︷︸
becoming infectious are not quarantined

,

dI
dt

= αE︸︷︷︸
becoming infectious are not quarantined

− (1 − θ)(1 − η)γI︸              ︷︷              ︸
not quarantined and recover

− (1 − θ)ηγI︸      ︷︷      ︸
not quarantined and dead

− θγI︸︷︷︸
becoming infectious are quarantined

,

dR
dt

= (1 − θ)(1 − η)γI︸              ︷︷              ︸
not quarantined and recover

+ (1 − ηq)γIq︸       ︷︷       ︸
quarantined and recover

,

dS T

dt
= ρ(1 − φ)βS (I + εE)︸                   ︷︷                   ︸

uninfected but traced

− ωS T︸︷︷︸
release of those traced but uninfected

,

dET

dt
= ρφβS (I + εE)︸           ︷︷           ︸

infected and traced

− αET︸︷︷︸
traced contacts becoming infectious and quarantined

,

dIq

dt
= αET︸︷︷︸

traced contacts becoming infectious and quarantined

+ θγI︸︷︷︸
becoming infectious are quarantined

− (1 − ηq)γqIq︸        ︷︷        ︸
quarantined and recover

− ηqγqIq︸︷︷︸
quarantined and dead

,

dD
dt

= (1 − θ)ηγI︸      ︷︷      ︸
not quarantined and dead

+ ηqγqIq︸︷︷︸
quarantined and dead

,

(2.1)
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the interpretations of all parameters are listed in Table 1.
The basic reproduction number for model (2.1) is defined by R0 = (1 − ρ)φβ( ε

α
+ 1

γ
)S 0 according to

the concepts of next generation matrix and reproduction number presented in [12, 13].
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Figure 3. Flow diagram of model (2.1).

2.2. Data sources and parameter estimation

We collected the data on the cumulative number for the confirmed infected cases and death cases
from 10 January 2020 (as the starting date for the dynamical model, i.e., t = 0 ) to 4 February 2020
from the National Health Commission of the People’s Republic of China [1].

The mean incubation period for COVID-19 was 5.2 days [6]. The mean latent period for COVID-
19 was not clear, so we take 1/α = 5.2. The mean hospital stay was 12.5 days (1/γq = 12.5) [14].
Suspected cases can be released after 14 days of follow-up [15], so we take ω = 1/14. The remaining
parameters in the model need to be estimated. We model cumulative cases as a Poisson-distributed
random variable because the Poisson distribution describes the number of observed events in an interval
of time. We calibrate the model by sampling from the posterior distribution of parameter vector θ|y =

{β, φ, ρ, ε, θ, η, ηq, γ}|y, where vector y is derived from d
dtY(t) = αET +θγI and Y(t) denotes the reported

cumulative cases. We conduct sampling via Markov Chain Monte Carlo using a Metropolis-Hastings
acceptance rule. The posterior density is

fΘ|y(θ|y) =
∏

T

L(Y(t)|θ) fΘ(θ).

The likelihood L(Y(t)|θ) describes the probability of the data with a Poisson distribution. The prior
density fΘ(θ) is the joint probability of eight univariate priors. We consider that β, φ, ρ, ε, θ, η, ηq

and γ are distributed according toU(0, 1). The program was implemented in R version 3.6.0 deBInfer
package [16]. We sampled from 100,000 MCMC iterations and discarded the first 90,000 samples as a
burn-in period. On the basis of these 10,000 samples, the point estimates and 95% confidence intervals
for those parameters were calculated. The initial conditions can be obtained from the actual data as
R(0) = 2, Iq(0) = 41, D(0) = 1. We left S (0), E(0), I(0), S T (0) and ET (0) as estimated parameters. The
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data from 10 January to 31 January were used for modeling and the one from 1 February to 4 February
were used for validation. The results are shown in Table 1.

Table 1. Parameter values and interpretations.

Parameters Value (95% CI) Dimension Interpretation Source

β 2.6 × 10−6(2.4 × 10−6, 2.9 × 10−6) dimensionless Contact rate MCMC

φ 0.0923 (0.0917,0.0963) dimensionless Probability of transmission per contact MCMC

ρ 0.0171 (0.0151,0.0198) dimensionless Traced rate MCMC

ε 0.914 (0.860,0.939) dimensionless Infectious ability of the latent MCMC
1
α

5.2 day Mean incubation period [6]

θ 0.0952 (0.0890,0.0977) day−1 Quarantined rate of the infectious MCMC

ηq 0.00161 (0.0145,0.0177) day−1 Disease induced death rate for the infectious and quarantined MCMC

η 0.00392 (0.00352,0.00427) day−1 Disease induced death rate for the infectious not quarantined MCMC

γ 0.071 (0.063,0.078) day−1 Remove rate for the infected not quarantined MCMC

γq 1/12.5 day−1 Remove rate for the infected and quarantined [14]

ω 1/14 day−1 Release rate for the uninfected but traced [15]

S (0) 1326000(1324000,1328000 ) Humans Initial susceptible population MCMC

E(0) 3349 (2764,4327) Humans Initial latent population MCMC

I(0) 28 (0,102) Humans Initial infectious population MCMC

S T (0) 509 (344,674) Humans Initial uninfected but traced population MCMC

ET (0) 80 (25,97) Humans Initial infected and traced population MCMC

3. Results and discussion

Based on the fitted model, we estimate the based reproductive number as R0 ≈ 5.78 (95%CI: 5.71–
5.89), which means each infected person might infect an average of 5.78 people during the period of
infection. The daily confirmed data from 1 February to 4 February were used to verify the model,
which showed good prediction effect. Using the estimated parameter values, we can predict the trend
of COVID-19 infection (see Figure 4). Under the current intervention (before 31 January)– intensive
intensive contact tracing followed by quarantine and isolation, the number of daily confirmed infected
individuals is expected to peak on around 11 February with a peak size of 4066 (95%CI: 3898–4472)
daily confirmed infected individuals. Starting from 18 May, there will be no new confirmed cases, the
cumulative number of cases will not increase, and the outbreak will be over.

We plot the cumulative infected cases and daily infected cases with varying contact rate β and traced
rate ρ to examine the possible impact of enhanced interventions on COVID-19 infection (see Figure 5).
As shown in Figure 5(a), reducing contact rate persistently decreases the peak value and may delay the
peak. To be specific, it shows that reducing contact β by 0.5 times or 0.25 times will delay the peak by
28 days or 113 days, and lead to reduction of peak value in the number of daily infected cases by 54%
or by 92%. Meanwhile, increasing the trace proportion of susceptible people decreases the peak value
but may not delay the peak, as shown in Figure 5(b). This result indicates that interventions to reduce
contact rate come first in control of the outbreak.
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Figure 4. Estimation of the cumulative infected cases is shown in (a) and that of daily
infected cases data is shown in (b).
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Figure 5. Sensitivity analyses with respect to the contact rate β (a) and the traced rate ρ (b)
on the new daily infected cases.

We estimated that the basic reproductive number for COVID-19 was 5.78 (95%CI: 5.71–5.89),
which is higher than the basic reproductive number in previous studies, (for instance, 2.68 (95%CI:
2.47–2.86) in [9], 2.56 (95% CI: 2.49–2.63) in [10].) This may be due to the fact that there are some
under-reported new cases in the early outbreak. We did not considered this factor and directly fitted the
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data without adjustment, then the basic reproductive number may be overestimated, which is in line
with previous estimated [17] (6.47 (95%CI: 5.71–7.23)).

Based on our predictions, around 11 February, the number of daily confirmed infected individuals
may reach a peak, and the outbreak will appear an inflection point. Although the inflection point may
occur in the near future, it is important to keep it under control to avoid a new wave or outbreak, as
secondary outbreaks tend to be more severe.

Reducing contact rate persistently decreases the peak value and may delay the peak, which is in line
with the government’s call for a reduction in unnecessary gathering. The delay in peak could buy time
for new drug and vaccine development. Though increasing the trace proportion of susceptible people
may not delay the peak, it is still a necessity to reduce the peak value. The resumption of work after
the Spring Festival may bring potential risks to the control of the epidemic. It is suggested to pay close
attention to the changes of the epidemic and choose the time of resumption carefully.

Because the daily data could contain more noise during the early stage, we use the cumulative
incidence data rather than the daily incidence to make the simulations. Cumulative cases eliminate data
fluctuations and will lead to a narrow 95% confidence interval. This is a limitation of the estimation
in our paper. In our future work, we would use more detailed and accurate daily data to improve the
estimation. A model is always an abstraction of reality and never a mirror of reality. This paper is only
a mathematical results for reference. As more data on outbreaks follow, more accurate mathematical
models will emerge.

4. Conclusions

In this paper, it is demonstrated that the current trends and future prediction of COVID-19 can
be investigated by an appropriate mathematical model. Our model predicts that the daily confirmed
COVID-19 cases will continuously increase in the next several days and reach the peak around 11
February. The outbreak is expected to end around 18 May. The basic reproductive number is estimated
to be 5.78 (95%CI: 5.71–5.89) which means this outbreak is severe. At present, the most effective
control is to reduce the contact rate which can not only reduce the peak value but also delay the peak.
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