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Abstract

When everyone focuses on 2019 coronavirus disease (COVID-19) in Hubei province,
the epidemic in other province cannot be ignored, which also has an impact on
the epidemic in the whole country. The most distinctive epidemic characteristic in
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all regions except Wuhan is that the most of confirmed cases are imported cases
fromWuhan, and the propagation chain is relatively clear. Based on detailed contact
tracing information of confirmed cases, combined with first-order outbreak response
measures, we establish a disease transmission dynamical model to describe the in-
fection propagation chain among the human population. Using Shanxi province as
a case, modeling results indicate that the epidemic peak in Shanxi province oc-
curred in February 2. In addition, our model suggests that according to the current
development trend, COVID-19 will disappear in February with the final epidemic
number of approximately 175 cases. It is verified that the most effective outbreak
control measures in Shanxi include home isolation of people, surveillance and isola-
tion of second-generation cases, contact tracing and management of contacts. With
the end of the holiday, if the average number of contacts per person per day is less
than 6 , it has little impact on the incidence of COVID-19, and even if third- and
fourth-generation cases occur, the epidemic will be under control, no later than late
March with a finial outbreak size of 220 cases. However, if the average number of
contacts per person per day is greater than 6, the number of COVID-19 cases will
continue to be reported resulting in another epidemic peak. Through the forecast
and evaluation of COVID-19 in Shanxi, it is verified that the model with infection
generations is more accurate to describe the spread mode and can be extended to
regions with imported cases.

Key words: COVID-19, Integral model, Propagation chain, Duration time, Final
scale, Isolation assessment

INTRODUCTION

On December 8th, 2019, the first case of unexplained pneumonia was reported
in Wuhan city, Hubei province of the Republic of China. Due to long incuba-
tion period(95% confidence interval[CI], 4.1 to 7.0, even longer) before clinical
symptoms [1], with the travel and homecoming of individuals who travel to
affected areas by airplane and high-speed rail, the new coronavirus is coming
fast and widespread. From January 13, confirmed cases started to appear in
other countries and other Chinese provinces, respectively. The high infectivity
and household clustering of COVID-19 infections raised a lot of health con-
cern and panic among people. From January 25, all provincial government
initiated a first-level emergency response. These included mandatory registra-
tion of all people arriving from Wuhan city, their family members and related
contacts, and the registered individuals with home quarantine for at least 14
days, suspension of bus and taxi services, closure of all entrances and exits of
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expressways leading to the city surveillance for new COVID-19 cases and con-
tact tracing and management of contacts. In addition, all grass-roots organi-
zations, government organs, enterprises and institutions needed to strengthen
personnel management and health monitoring services. All of these measures
are designed to improve early detection, reporting, quarantine and treatment
of COVID-19 cases. Issued on January 26, State Council issued a directive for
the Spring Festival holiday to be extended until February 10.

With the series of prevention and control measures implemented locally, the
outbreak in all province except Hubei province seems to be under control in
February 10. However, with the end of the Spring Festival, people started to
work which means that contact between people in the workplace and public
transport may result in the increase in risk of transmission of SARS-CoV-2. As
a result a number of questions arise including how many COVID-19 cases are
being missed and not isolated? How much impact did the end of the holiday
have on the incidence of SARS-CoV-2 transmission? Will a second outbreak
peak occur as a result for the people resuming their work duties after the
Spring Festival? To adequately answer these questions, mathematical models
can be constricted to describe the transmission dynamics of COVID-19. As we
know, the elementary segments of epidemic of infectious disease includes three
aspects: the source of infection, transmission routes and characteristics of the
susceptible population. For Shanxi province, the source of infection are mainly
imported cases from Wuhan city (which is called as the first-generation cases),
and the main transmission route is close contact of imported cases with local
people (which belongs to the second-generation cases). So, different from the
traditional modeling idea, we establish a dynamics model with infection gener-
ations to describe the propagation chain of COVID-19. In addition, outbreak
control interventions such as surveillance for new cases and contact tracing
and management of contacts can also be well reflected in the model.

Disease dynamics models originate from the general Kermack-McKendrick
model (SIR, SIS) and has been extended to various model types and specifi-
cations. Dynamical model is based on transmission mechanism of infectious
diseases and addressed the limitation of small sample data allowing the pa-
rameterization of infectious disease transmission to predict the trend of the
infection and assess the impact of prevention and control measures. A num-
ber of models have been put forward which have modelled the transmission
dynamics of COVID-19 [2–4]. These models established differential equations
that assumed that the random variable of the residence time of an individ-
ual in a compartment is exponentially distributed. In fact, by observing actual
COVID-19 case data, we note that the normal, or log-normal or gamma distri-
butions are more appropriate. Therefore, there is a need to develop modeling
frameworks that consider the residence time as a normally distributed param-
eter and present an integration modeling method that accounts for the spread
of SARS-CoV-2 between infection generations.
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In this study, using reported COVID-19 cases data from Shanxi province,
we establish an integration model to forecast the epidemic trend, peak time,
peak number of COVID-19 cases, and estimate the duration of the epidemic.
In addition, we aim to assess the effect of outbreak response interventions
including surveillance, tracing and isolation of confirmed cases and their con-
tacts on these estimates. By above research in Shanxi province, we verify the
rationality and efficiency of the model.

MATERIALS AND METHOD

Materials

Data source: The official reported confirmed cases and their detailed track
information [5]. Family population obtained from National Bureau of Statis-
tics [6].

Prerequisites

a) Since the number of confirmed cases is very small compared to the total
human population in Shanxi province, the susceptible group is not considered
in model.
b) Once human are infected by the SARS-CoV-2 virus, they may undergo sev-
eral days before clinical symptoms, but they has infection during this period.
So, it is assumed that once human are infected, they are infectious.
c) It has been known that infected individuals can spread the virus without
showing any symptoms. Asymptomatic infection after the incubation period
is not considered in model.

Dynamical Model

In this paper, we take infectious cases as research objects. Once human are
infected by the SARS-CoV-2 virus, they first undergo an incubation period
with several days. After incubation period, when showing clinical symptoms,
people will spend some days on home medication before going to the hospital.
When going to hospital, they need spent one to three days to take Nucleic
acid test to be confirmed. According to whether or not they are identified
and confirmed, we divide the infectious cases into two classes: non-confirmed
cases and confirmed cases. The non-confirmed cases refer to the population
who has been infected and infectious, but has not been confirmed by medical
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institutions. After taking Nucleic acid test and being confirmed, the non-
confirmed cases become confirmed cases. Once confirmed, the cases will be
being treated in isolation in hospital and separate from the infection of the
epidemic. The number of non-confirmed cases at time t is denoted by I(t).
According to the propagation chain, they are divided into three subclasses:
the first-generation, the second-generation and the third-generation, whose
numbers at time t are denoted by I1(t), I2(t) I3(t). The first-generation non-
confirmed cases refer to the imported non-confirmed cases from Wuhan city.
The second-generation non-confirmed cases refer to local non-confirmed in-
fected by the first-generation cases, and they can be divided into two parts:
family non-confirmed cases and non-family non-confirmed cases. Family non-
confirmed cases are the infected but no confirmed family members of the first-
generation cases. Non-confirmed non-family cases refer to population that are
generally infected in public places or public transport by the first-generation
non-confirmed cases. The third-generation non-confirmed cases refer to lo-
cal cases infected but not confirmed by the second-generation non-confirmed
cases, which has not been reported in Shanxi province. For the first-generation
non-confirmed cases, the import number at time τ is A(τ), who are confirmed
at time t with probability G(t − τ). The daily number of close contacts per
first-generation non-confirmed case is B = C1 + C2, where C1 is the con-
tact number with family members, C2 is the contact number with non-family
members. λ is the probability of post-exposure infection. At time τ , the im-
port number of the second-generation non-confirmed cases is λBI1(τ). For
family member and non-family member who are infected at time τ , their con-
firmed probability at time t are F1(t− τ) and F2(t− τ), respectively. Since all
people from Wuhan city and their family members were complied with home
quarantine for at least 14 days, the effective contact number of the family
members with other people is 0. The daily contact number of each non-family
member with other people, whose proportion is σ = C2

C1+C2

, is C3. If exists,
the import number of the third-generation non-confirmed cases at time τ is
λσC3I2(τ), who are confirmed at time t with probability F3(t− τ). The cumu-
lative numbers of the first-generation confirmed cases, the second-generation
confirmed cases and the third-generation confirmed cases at time t are de-
noted by Q1(t), Q2(t) and Q3(t), respectively. The transmission of the virus
between these subpopulations can be seen in Fig.1, and the corresponding dy-
namical model is system (1). Where, G(t1), F1(t2), F2(t3), F3(t4) are accumula-
tion normal distribution functions of the individual residence time t1, t2, t3, t4.
t1 ∼ N(µ1, σ1), t2 ∼ N(µ2, σ2), t3 ∼ N(µ3, σ3), t4 ∼ N(µ4, σ4). A(t) is a piece-
wise function.
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Fig. 1. Transfer diagram on the dynamical transmission of coronavirus among sub-
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I1(t) = I1(0) +
∫

t

0 A(τ)[1−G(t− τ)]dτ,

I2(t) = I2(0) +
∫

t

0 λC1I1(τ)[1− F1(t− τ)]dτ +
∫

t

0 λC2I1(τ)[1− F2(t− τ)]dτ,

I3(t) = I3(0) +
∫

t

0 λC3σI2(τ)[1− F3(t− τ)]dτ,

Q1(t) = Q1(0) +
∫

t

0 A(τ)G(t− τ)dτ,

Q2(t) = Q2(0) +
∫

t

0 λC1I1(τ)F1(t− τ)dτ +
∫

t

0 λC2I1(τ)F2(t− τ)dτ,

Q3(t) = Q3(0) +
∫

t

0 λC3σI2(τ)F3(t− τ)dτ.

(1)

Parameter values

In this subsection, we give parameter values in model (1) (see Table 1) and
describe the implementation process of parameter estimation, which is imple-
mented by the function fminsearch in the optimization toolbox in MATLAB.

a) We apply actual time of arrival of the first-generation non-confirmed cases
from February 14 to 25, to give A(t) (see Fig.2).

b) The time from the arrival time in Shanxi province to confirmed time is
tested to obey normal distribution, by analyzing which we can obtain the 95%
confidence interval of µ1 and σ1. By applying Q1(t) to fit the first-generation
cumulative confirmed cases, we estimate the values of µ1 and σ1. The fitting
result can be seen in Fig.3.
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Fig. 3. The fitting result of the first-generation cumulative confirmed cases. Where
the red dots are actual reported cases from January 14 to February 10. Black solid
line is the theoretical cases of Q1(t).

c) C1 is obtained by analyzing family members in Shanxi province. µ2(µ2 =
µ3), σ2 are obtained by analyzing time from the contact time of the second-
generation cases with the first-generation cases to confirmed time, which obeys
normal distribution. By applying

∫

t

0 λC1I1(τ)F1(t − τ)dτ to fit the second-
generation cumulative confirmed family cases, we obtain the value of λ and
adjust the value of σ2. The fitting result can be seen in Fig.4.

d) By applying
∫

t

0 λC2I1(τ)F2(t−τ)dτ to fit the second-generation cumulative
confirmed non-family cases, we obtain the mean value of σ3 and C3. The fitting
result can be seen in Fig.5.

e) By applyingQ(t) = Q1(t)+Q2(t) to fit the total cumulative confirmed cases,
we slightly adjust the mean value of λ from 0.0129 to 0.0149. The fitting result
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Fig. 4. The fitting result of the second-generation cumulative confirmed family cases.
Where the red dots are actual reported cases from January 14 to February 10. Black
solid line is the theoretical cases of

∫

t

0
λC1I1(τ)F1(t− τ)dτ .
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Fig. 5. The fitting result of the second-generation cumulative confirmed non-family
cases. Where the red dots are actual reported cases from January 14 to February
10. Black solid line is the theoretical cases of

∫

t

0
λC2I1(τ)F2(t− τ)dτ .

can be seen in Fig.6.

RESULTS

Based on above parameter values, the prospect of the epidemic in Shanxi
province can be seen in Fig.7 and Table 2. The inflection point (peak time)
of the epidemic has occurred in February 2. The disease will disappear in
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Fig. 6. The fitting result of the total cumulative confirmed cases. Where the red
dots are actual reported cases from January 14 to February 10. Black solid line is
the theoretical cases of Q(t).

Table 1
Values of parameters and variables in model (1).

Parameters Value 95% confidence interval resource

A(t) / / Real data

µ1 11.1410 [9.4257, 11.5382] Estimated

σ1 4.3896 [4.1968, 5.7102] Estimated

µ2 15.75 [13.5139, 17.9861] Dada analysis

σ2 3.7703 [2.4931, 5.9756] Estimated

µ3 15.75 [13.5139, 17.9861] Dada analysis

σ3 8.2934 / Estimated

λ 0.0149 / Estimated

C1 2.9431 [2.9169, 2.9693] Dada analysis

C2 3.5919 / Estimated

C3 0 / Assumed

I1(t) 1 / Real data

I2(t) 0 / Real data

I3(t) 0 / Real data

Q1(t) 0 / Real data

Q2(t) 0 / Real data

Q3(t) 0 / Real data
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late February or the beginning of March and the mean final scale of cases
will reach 175. It is inferred that there are about 20 non-confirmed family
cases and about non-confirmed non-family cases that have not yet been found
and confirmed, respectively. According to the current surveillance and con-
trol measures, the first-generation non-confirmed cases and second-generation
non-confirmed family cases can be easily tracked and isolated. However, the
situation of the second-generation non-confirmed non-family cases is compli-
cated, and it’s hard to track them all. Therefore, 20 non-confirmed non-family
cases will be current risk source.
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Fig. 7. The prediction result of the total confirmed cases in current situation. (a)
New cases. (b) Cumulative cases.

Table 2
Prediction result of model (1).

Index Value

Peak time 20(February 2)

Peak value of new cases 9

Final scale of cumulative cases 175

Duration time 44(February 26)

On January 10, Chinese new year break was over. Some groups had to start to
work. In this case, due to the existence of non-confirmed non-family cases, the
contact between individuals in workspace and public transport may increase
the risk of transmission of the epidemic. How much impact does it have on
the incidence of disease? If it causes third-generation infections, will there
be a secondary outbreak? We estimate the prospect of the epidemic with
the end of holiday and having third-generation infection, considering that
the second-generation non-confirmed non-family cases have different contact

numbers with other people (see Fig.8 and Table 3). Let σ =
C2

C1 + C2

= 0.5498,

µ3 = µ2, σ3 = σ2. It is concluded that it has no effect on the peak time and peak
value. When the contact number increases by 2, the final scale will increase 6.
When the contact number increases to 10, the mean final scale will reach 208,
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and the duration of the epidemic will extend to the middle of March. So, as
long as the second-generation non-confirmed cases are managed well, the end
of holiday has little effect of the progress of the disease.
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Fig. 8. The prediction result of the total cumulative confirmed cases with the end
of holiday.

Table 3
Prediction result of model (1) with the end of holiday.

Cases Peak time Peak value(new case) Final scale Duration time

C3 = 2 20(February 2) 9 183 51(March 3)

C3 = 4 20(February 2) 9 189 56(March 8)

C3 = 6 20(February 2) 9 196 60(March 12)

C3 = 8 20(February 2) 9 202 62(March 14)

C3 = 10 20(February 2) 9 208 64(March 16)

C3 = C4 = 2 20(February 2) 9 199 53(March 5)

C3 = C4 = 4 20(February 2) 9 220 66(March 18)

C3 = C4 = 6 20(February 2) 9 / /

C3 = C4 = 8 20(February 2) 9 / /

C3 = C4 = 10 20(February 2) 9 / /

If there appears the third- and fourth-generation infection, let σ =
C2

C1 + C2

=

0.5498, µ4 = µ3 = µ2, σ4 = σ3 = σ2. As long as the quarantine measures were
strictly enforced such that the mean contact number C3, C4 are both less than
6, even if there appears the third-generation cases and the fourth-generation
cases, the epidemic will be under control, and its end time can be no later
than late March, and the mean finial scale is no more than 220 (see Fig. 9).
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If the mean contact number per person per day is more than 6, the disease
cannot disappear in the short term and can cause another peak. With this,
more generations of cases need to be considered in model.
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Fig. 9. The theoretical result of the total cumulative confirmed cases with having
the third-generation and fourth-generation infection.

DISCUSSION AND CONCLUSION

In this section, we discuss the epidemic trend of Shanxi province under differ-
ent conditions.

Case I: More than half of the first cases from Wuhan arrived in Shanxi after
January 21. If the first-level emergency response was moved up from January
25 to January 22, and the individuals fromWuhan city were absolutely isolated
from family members and other people, the epidemic will weaken by half (see
Fig.10 and Table 4). Our results demonstrate that the epidemic will disappear
in January 31 with the final size of 85 cases.

Case II: If people from Wuhan city are allowed to live with their family mem-
bers, but are absolutely isolated from other people (C2 = 0), the epidemic will
disappear in February 20 with the mean final size of 124 cases(see Fig.11). If
isolation measures are not enforced, first-generation non-confirmed cases have
no stronger isolation awareness and freely enter public places. Assuming that
the SARS-CoV-2 infection can only be spread to second-generation, with dif-
ferent contact numbers of the first-generation cases with non-family members,
the trend of disease can be seen in Fig.9. When contact number increases by
2, the peak time has little change, and the peak value will increase 1, and the
mean final size of the outbreak will increase 20-30 cases. If the contact number
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Fig. 10. The theoretical result of the total cumulative confirmed cases with Case I.

Table 4
Prediction result of model (1).

Cases Peak time Peak value(new case) Final scale Duration time

Case I 18(January 31) 4 85 37(February 19)

Case II

C2 = 0 20(February 2) 7 124 38(February 20)

C2 = 2 20(February 2) 8 153 41(February 23)

C2 = 4 20(February 2) 9 182 44(February 26)

C2 = 6 21(February 3) 10 211 46(February 28)

C2 = 8 21(February 3) 11 239 47(February 29)

C2 = 10 21(February 3) 11 268 49(March 1)

increases to 10, that is the degree of activity of first-generation non-confirmed
cases increases to 2.5 times as the actual situation, the mean final size will be
approximately 270 cases and the duration of the epidemic will extend to the
beginning of March.

Our results demonstrate that the early detection, early reporting and early
quarantine of second- generation cases is key for effective outbreak control.
With second-generation non-confirmed cases be well managed, if third-generation
cases only appear, the effect of end of holiday is small. If fourth-generation
cases also appear, contact tracing and isolation measures should be strictly
performed to decrease the number of contacts per person per day be less than
6, otherwise the number of COVID-19 cases will continue to be reported re-
sulting in another epidemic peak. Overall our results can provide theoretical
guidance to understand the development and control of the disease. More im-
portantly, our model provides important insights into the impact of imported
cases while accounting for the relatively small data volume and can be ex-
tended to all provinces except Hubei province. Since asymptomatic infection
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Fig. 11. The theoretical result of the total cumulative confirmed cases with Case II.

after the incubation period is hard to estimate and its exact mechanism is not
clear, so it is not considered in model.
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Figures

Figure 1

Transfer diagram on the dynamical transmission of coronavirus among subpopulations.



Figure 2

A(t) with time.



Figure 3

The �tting result of the �rst-generation cumulative con�rmed cases. Where the red dots are actual
reported cases from January 14 to February 10. Black solid line is the theoretical cases of Q_1 (t).



Figure 4

The �tting result of the second-generation cumulative con�rmed family cases. Where the red dots are
actual reported cases from January 14 to February 10. Black solid line is the theoretical cases of ∫_0^tλ
C_1 I_1 (τ)F_1 (t-τ)dτ.



Figure 5

The �tting result of the second-generation cumulative con�rmed non-family cases. Where the red dots are
actual reported cases from January 14 to February 10. Black solid line is the theoretical cases of ∫_0^tλ
C_2 I_1 (τ)F_2 (t-τ)dτ.



Figure 6

The �tting result of the total cumulative con�rmed cases. Where the red dots are actual reported cases
from January 14 to February 10. Black solid line is the theoretical cases of Q(t).



Figure 7



Figure 8

The prediction result of the total cumulative con�rmed cases with the end of holiday. [0.9]



Figure 9

The theoretical result of the total cumulative con�rmed cases with having the third-generation and fourth-
generation infection.



Figure 10

The theoretical result of the total cumulative con�rmed cases with Case I.



Figure 11

The theoretical result of the total cumulative con�rmed cases with Case II.


