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Abstract: The outbreak of coronavirus disease 2019 (COVID-19) in Wuhan has aroused widespread concern and
attention from all over the world. Many articles have predicted the development of the epidemic. Most of them
only use very basic SEIR model without considering the real situation. In this paper, we build a model called
e-ISHR model based on SEIR model. Then we add hospital system and time delay system into the original model
to simulate the spread of COVID-19 better. Besides, in order to take the government’s control and people’s aware-
ness into consideration, we change our e-ISHR model into a 3-staged model which effectively shows the impact of
these factors on the spread of the disease. By using this e-ISHR model, we fit and predict the number of confirmed
cases in Wuhan and China except Hubei. We also change some of parameters in our model. The results indicate
the importance of isolation and increasing the number of beds in hospital.

Key words: coronavirus disease 2019 (COVID-19), epidemic prediction, 3-staged model, hospital system, gov-

ernment’s control

CLC number: O 193 Document code: A

Nomenclature

E— The number of exposed individuals

H— The number of individuals isolated or cured in hospital
I— The number of individuals in incubation period

k— Proportion of healthy people in the population
Necon— The number of confirmed cases

Niom— The number of individuals isolated or cured at home
Nipos— The number of hospital beds

R— The number of recovered individuals

S— The number of individuals in symptomatic period

t— Outbreak duration

tdaie— Average death time of virus carries

tinc— Average time of incubation period

trec— Average recovery time of virus carries
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tson— Average to hospital time of virus carries in symp-
tomatic period
a— Probability of getting infectious after having contact
with a virus carrier
Bhom— The number of people contacted by a virus carrier
in symptomatic period each day
Binc— The number of people contacted by a virus carrier
isolated or cured at home each day
Bsym— The number of people contacted by a virus carrier
in incubation period each day
Yhom— Death rate in hospital
Yhos— Death rate at home
0— Proportion of naturally carrying antibodies in the pop-
ulation

0 Introduction

From the official website of the National Health Com-
mission of People’s Republic of China about coron-
avirus disease 2019 (COVID-19), there were 53 284 con-
firmed cases as of 24:00 on February 21. There have
been 2345 dead cases and 76 288 confirmed cases in to-
tal. The impact of this epidemic in China and the world
is profound in various fields. Therefore, the analysis
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and subsequent prediction of the development of the
epidemic are particularly critical. In this paper, we
start analysis from Wuhan to predict the epidemic sit-
uation and make our assessment for prevention and con-
trol of COVID-19.

There are many academic papers and researches re-
lated to epidemic prediction. Most of the earlier re-
searches focus on estimating the basic reproductive
number and making preliminary predictions'-5. Some
researches make predictions without using classic epi-
demic model such as detailed individual based mobility
modell®, while some of other papers study the impact
of certain facts such as transportation(”, traveling and
incubation period!®!.

In the related work about epidemic prediction, we
find there are some of defects that can be perfected. @
In predicting the development of the epidemic, most
papers make predictions by simply solving the problem
of ordinary differential equations. It is not reasonable
for this problem is not continuous in practical sense.
Therefore, we propose time delay mechanism to sim-
ulate the discrete problem. @ The fact is that this
outbreak happens in China with urgent and aggressive
action. We cannot ignore the government’s control and
people’s awareness. Thus, we propose 3-staged model
to simulate it. & Due to the fact that many patients
cannot be cured or isolated in hospital in the early
stage, it is of great importance to build a model to
estimate the impact of hospital.

In this paper, we start analysis from Wuhan to make
overall predictions of COVID-19 and then we also make
predictions of the epidemic in China except Hubei. Due
to the lack of data on medical facilities in other cities
in Hubei except Wuhan, we do not include these cities
in this paper. We only consider Wuhan and other
provinces outside Hubei. This may lead to some dif-
ferences from other papers, but it has no effect on the
prediction of the development and end time of the epi-
demic. We first focus on Wuhan which is quarantined
from the outside world. We propose a model of e-ISHR
(each letter represents a status: exposed — incubation
— symptomatic — hospitalized — recovered) based on
the classic epidemiological model SEIR. Then, we make
a nationwide model based on e-ISHR model with the
same infectivity. Using this model, we also make the
predictions of COVID-19 in China except Hubei.

To improve the authenticity and reliability of the
model, we integrate 3-staged model and hospital sys-
tem into it. The 3-staged model aims to simulate the
changing of government’s control and people’s aware-
ness. We divide the development of the epidemic into
3 stages: early natural stage (8 January 2020 to 20
January 2020), intermediate control stage (21 January
2020 to 11 February 2020), and late control stage (since
12 February 2020). The hospital system aims to simu-
late the shortage of hospital beds and medical resources

in Wuhan. Once the hospital is full, virus-carrying pa-
tients can only be isolated at home, which will undoubt-
edly increase the chance of virus transmission. We then
make predictions for both Wuhan and China except
Hubei.

1 Related Work

There are many academic papers and researches re-
lated to epidemic prediction. Some papers only make
preliminary predictions based on epidemic data in
Wuhan and use classic epidemic model such as SEIR. Li
et al.l' found that interpersonal infection has occurred
since the middle of December 2019 based on informa-
tion reported by 22 January 2020. The basic repro-
ductive number is estimated to be 2.2 (95% confidence
interval: 1.4—3.9). Imai et al.l?! estimated that a total
of 1723 cases of COVID-19 in Wuhan (95% confidence
interval: 427—4471) had onset of symptoms by 12 Jan-
uary 2020. Wu et al.l” used the number of international
cases exported by Wuhan to estimate the number of in-
fections in Wuhan. The basic reproductive number is
estimated to be 2.68 (95% confidence interval: 2.47—
2.86). Nishiura et al.’l estimated the cumulative inci-
dence in China at 5502 cases (95% confidence interval:
3027—9057) based on thirteen exportation events re-
ported on 24 January 2020. Riou and Althaus!¥ esti-
mated the basic reproduction number to be around 2.2
(90% high density interval: 1.4—3.8). Zhan et al.ll%
integrated the daily intercity migration data with the
classic SEIR model to construct a new model suitable
for describing the epidemic. However, others make pre-
dictions of the epidemic in Wuhan without using classic
epidemic model. Majumder and Mandl®! estimated the
basic reproduction number as a range from 2 to 3.1 us-
ing IDEA model. Guo et al.'*) applied virus host pre-
diction to predict the potential hosts of viruses using
deep learning algorithm.

Some papers study the impact of human factors such
as transportation or traveling. Backer et al.l® re-
searched on the travellers who have stayed in Wuhan.
Wu et al.'Zestimated a risk of fatality among hospi-
talized cases at 14% (95% confidence interval: 3.9%—
32%). Du et al.ll estimated the release-risk of trans-
portation from Wuhan to other cities in China before
the quarantine.

Besides, others study the impact of virus factors such
as incubation period. Backer et al.[®] researched on trav-
ellers who have stayed in Wuhan and draw conclusions
about incubation period of COVID-19.

2 e-ISHR Model

This model is mainly divided into three part for
overview: different groups of people, staged mechanism,
and time delay mechanism.
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2.1 Different Groups of People

In this part, we divide crowds into five groups: ex-
posed group, group in incubation period, group in
symptomatic period, hospital/home isolated group, and
recovered group. If a healthy man has contact with a
virus carrier, he will become a part of exposed group.
If this man is unlucky and really catches the disease, he
will become symptomatic after a few days (incubation
time). If one day this man realizes he needs to go to
hospital to see a doctor, he will be confirmed to have
this disease and become hospital/home isolated. Fi-
nally, after a few days, he may be recovered (this rate
will be different, depending on hospital or home isola-
tion). We assume that the recovered will not contract
this disease again because of the antibody. This is the
circulation of different groups.
2.1.1 System of Exposed Group

This system aims at calculating the number of people
in exposure with virus each day. The number is deter-
mined by how many healthy people a virus carrier will
meet in a day. According to the real situation that the
number of people met by a virus carrier in incubation
period or in symptomatic period may be different, so
these two groups need to be treated separately in our
model. The formula for continuity is

E(ZL’) = k(ﬂlncj(x) + ﬂsyms(z) + ﬁhomNhom)a (1)

where x represents continuous time variable. Then we
discretize this formula into

E(TL) = k(ﬁlncl(n) + Bsyms(n) + BhomNhom)a (2)

where n means the number of days from the beginning
of COVID-19. In this part, the value of parameter [Giyc,
Bsym and Bhom can be obtained by fitting.
2.1.2  System of Group in Incubation Period

This system aims at calculating the number of people
in incubation period each day. The number I satisfies

dI(x)
dt

= OZE(ZE) — (1 — 5)Inew(x - tinc)7 (3)

where "% (z — t;,.) means the number of newly in-
creased patients in incubation period at the time z —
tinc. Then we discrete this formula into

In)=In—1)+aE(n—1)—
(1—=8)1"Y(n — tinc). (4)

In this part, the values of o and J can be obtained
by fitting. According to the data given by the National
Health Commission of the People’s Republic of China,
the average value of ti,. is 7d.

2.1.3 System of Group in Symptomatic Period

This system aims at calculating the number of people

who are symptomatic (before going to hospital) each

day. The number S can be calculated by

dS(z)
dt

= (1 — 5)Incw(x - tinc) - Sncw(l, - ttOH)? (5)

where S™V(z — tyon) means the number of newly in-
creased patients in symptomatic period at the time
T — tiop. The discrete formula is

S(n) =S(n—1) + (1 — 61" (1 — tine)—
SPEV (0 — teom). (6)

Here, the value of t;,g can be obtained by fitting.
2.1.4 System of Hospital

This system aims at simulating the existence and
role of hospital, which is not considered in the general
SEIR model. When symptomatic patients go to hos-
pital, if hospital is full (no beds for isolation or cure),
the patients will be isolated at home, which of course
has higher probability of contacting with and infecting
others.

The main purpose of establishing this system is to
prove the importance of building hospitals in Wuhan.
2.1.5 System of Recovered Group

This system aims at calculating the number of people
who are recovered each day. The number R satisfies

dR(z)
dt

= 01"V (2 — tine) + YS"V (T — trec)- (7)
The discrete formula is

R(n) =R(n —1) + 6I"Y(n — tinc)+

YhosShos (1 = trec) + Yhom Shom (70 — trec)-  (8)
In this part, the value of Yhom can be obtained by
fitting. According to the data given by the National
Health Commission of the People’s Republic of China,
the average value of t,.. is 15d. Besides, the value of
Yhos can be calculated as 0.059 from the data given by
the National Health Commission of the People’s Re-
public of China. Due to the fact that the exact value
of tgie is not mentioned by the National Health Com-
mission of the People’s Republic of China, we set it as
25d.
2.2 Staged Mechanism

Unlike the classical single-staged SEIR model, our
model divides the development of the epidemic into
three stages for simulation.

Stage 1, earlier natural stage, is from the start time
to 20 January 2020. At this stage, according to news
reports, people in Wuhan were free to move, and al-
most no health protection measures were taken. The
National Health Commission of the People’s Republic
of China has not yet notified the state of the epidemic
nationwide, and the prevention and control of the epi-
demic was in a relatively loose state.
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Stage 2, intermediate control stage, is from 21 Jan-
uary 2020 to 11 February 2020. Starting from January
21, a daily report and zero-report system for pneumoni-
tis cases of new coronavirus infections would be imple-
mented nationwide. The National Health Commission
of the People’s Republic of China included pneumonia
of new coronavirus infections in the legal management
of Class-B infectious diseases and took preventive mea-
sures for Class-A infectious diseases and control mea-
sures. And after January 23, as Wuhan came to a clo-
sure and a large number of medical staff went to as-
sist Wuhan, the national epidemic prevention entered a
stage of strict government control.

Stage 3, late control stage, is from 12 February 2020
to date. After February 12, according to the Diagnosis
and Treatment of New Coronavirus Pneumonia (Trial
Implementation of the Fifth Edition), diagnostic crite-
ria of the cases were distinguished. Clinical diagnostic
cases were added and suspected cases with pneumonia
imaging characteristics were identified as clinically di-
agnosed cases, so that patients could receive standard-
ized treatment in accordance with the relevant require-
ments of confirmed cases as early as possible. There-
fore, the distinctive feature of this stage is that due to
changes in diagnostic criteria, the number of confirmed
cases on February 12 increased rapidly by more than
10000, but at the same time this also indicates that
more patients in the subsequent stage would receive
better treatment conditions and the epidemic has been
further strictly controlled.

2.3 Time Delay Mechanism

Unlike the general SEIR epidemic model, our model
not only reflects the change of continuous time or adja-
cent days, but also takes into account the discrete time
delay in the actual situation. For example, we specif-
ically consider the lengths of tine, ttoH, trec and tgie.
It will take some time to manifest the effects of data.
Therefore, in the final result, our estimation curve may
not be as graceful as the general SEIR model, but it is
indeed more in line with reality.

In particular, in order to measure the lengths of the
time periods in the actual situation, we use a Pois-
son distribution near the average to simulate the actual
time of the population for each time.

3 Implementation and Prediction

3.1 Fitting and Prediction

First of all, we fit e-ISHR model with the data of
confirmed cases of Wuhan.

We start fitting in Stage 1. As shown in Fig. 1, by
fitting the model in Stage 1, we get the parameters be-
low: the start time of the outbreak as 20 December
2019, and the initial infection number as 41. Figure
1 shows the infectious number in model/real situation.
Here, the infectious probability is fitted as a = 0.06; the

first stage is earlier natural stage, when viruses spread
naturally. Due to time delay model, the number of con-
firmed cases stays 0 not until one goes to the hospital.
Therefore, we can get the initial infection number and
the starting time of the outbreak.

| — Model estimation
B Real number

250

Fig. 1 Model fitting of Wuhan’s data in Stage 1

In Stage 2, the high false negative rate of nucleic
acid kits has resulted in a significantly smaller number
of confirmed cases reported by the government than the
real number['%. Therefore, we are not going to fit data
with our model in Stage 2. According to the official
data of hospital, we fix the total number of hospital
beds in Stage 2 as 160 151.

Then we fit data in Stage 3, when the report con-
firmed cases are roughly equivalent to the real situation.
By fitting the model in Stage 3, we get the parameters
for both Stage 2 and Stage 3.

Using the fitted model with the same parameters, we
make prediction in next 40 days. As shown in Fig. 2,
blue and green dots represent the real number of con-
firmed cases we use for two fitting calculations. The red
dots are the real data we do not use for fitting. There-
fore it is intuitive to see the accuracy of our predic-
tion. The mean absolute percentage error (MAPE) of
our prediction is calculated as 1.13%, which indicates
that our prediction is relatively accurate. The mean
squared error (MSE) is calculated as 381425 person?.
We draw our conclusions that the epidemic in Wuhan
will end gradually after March 8, the extant confirmed
cases will decrease to 0 after April 1, and the final num-
ber of accumulative confirmed cases may reach 55 000.

Figure 2 shows the fitting and predicting confirmed
cases in Wuhan. The second stage is intermediate con-
trol stage with high awareness of protection but insuf-
ficient medical resources; the third stage is late con-
trol stage with diagnostic criteria. Due to time delay
model, there are many small twists in the picture, which
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indicates the complexity of our model.

After predicting epidemic for Wuhan, we then pre-
dict the epidemic in other provinces outside Hubei with
the same method. Figure 3 shows the fitting and pre-

dicting confirmed cases in China except Wuhan; the
MAPE and MSE of this prediction are 0.218% and 1 380
person?, respectively. As shown in Fig. 3, we draw con-

clusions that the epidemic in other provinces outside
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Fig. 3 Model fitting and prediction of other provinces’ data in three stages
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Hubei will end gradually after February 27, the extant
confirmed cases will decrease to 0 after March 23, and
the final number of accumulative confirmed cases may
reach 13 500.

Parameters used in predicting models for Wuhan and
China except Hubei are shown in Table 1 and Table 2,
respectively.

Table 1 Parameters used in fitting and predicting
of Wuhan
Stage Bine ,Bsym Bhom ax 103 ttoH
1 7.28 5.2 2 150 5
0.03 1.098 0.725 100 1
3 2 0.5 0.05 34.3 1
Table 2 Parameters used in fitting and predicting
of China except Hubei
Stage Binc ,Bsym Bhom « ttoH
1 7 4 1 0.105 2
2 1.3 1 0.5 0.093 1
3 0.6 0.4 0.1 0.098 1

= |

Negnx10—4
w

0 20 40 60 80 100
(1-10) (1-30) (2-19) (3-10) (3-30) (4-19)

t/d

3.2 Changes in Different Situations

Next, we also estimate the changes in the number
of confirmed patients under different circumstances to
determine the degree of influence of a factor on the
epidemic.

Firstly, we change the number of people contacted
by a virus carrier in incubation period each day, which
is the parameter Gi,.. We set it as 0.1, 1, 2, 3, 4 and
5 separately to simulate the number of contacts un-
der different degrees of control measures. As shown
in Fig. 4(a), the number of contacts can make a huge
impact, especially when this parameter reaches more
than 5. We then study the impact of different num-
ber of beds in hospital on the development of the epi-
demic. We set the number of hospital beds to 1000,
5000, 10000, 15000 and 20000 separately. As shown
in Fig. 4(b), we can observe that there is a positive
correlation between the number of hospital beds and
the number of confirmed patients. This also con-
firms the necessity and effectiveness for Wuhan to build
Thunder Mountain Hospital, Vulcan Mountain Hospi-
tal and many square cabin hospitals, from a certain
angle.

7r(b)
6_
5_
T
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i
X
9t
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t/d

Fig. 4 Changes of accumulative confirmed cases in Wuhan under different situations

Through the above two examples, we have confirmed
the importance of the government’s control measures
and construction of medical facilities.

3.3 Comparison of Accuracy with Different
Models

Given that most of the current epidemic prediction
papers use the SEIR epidemic model, we compare e-
ISHR model with the traditional SEIR model. In the
traditional SEIR model, the parameters are set as fol-
lows: the total population, the probability of illness
during the incubation period, and the probability of
recovery are consistent with the model in this article.

Due to the lack of strict case diagnosis criteria before 12
February 2020, we define the basic reproductive number
as 0.4154 in Wuhan and 0.4306 in other provinces ex-
cept Hubei from 12 February 2020 to 21 February 2020.
It is reasonable that the basic reproductive number of
Wauhan is lower because of the stricter control measures.
According to the derived parameters, we predict the
number of accumulative confirmed cases from 22 Febru-
ary 2020 to 2 March 2020, the MAPE of the prediction
compared with the real data is 23.71% in Wuhan and
28.66% outside Hubei; the MSE is 204 900 693 person?
in Wuhan and 21936049 person? outside Hubei.



J. Shanghai Jiao Tong Univ. (Sci.), 2020, 25(2): 157-164

163

Furthermore, we also divide the SEIR model into the
same time period according to the staged idea. The
first stage is from the start time to 20 January 2020,
the second stage is from 20 January 2020 to 11 February
2020, and the third stage is from 12 February 2020 to
the present. In the parameter settings, the total popu-
lation, incubation probability and recovery probability
are also consistent with the model in this paper. Sim-
ilarly, the basic reproductive number in three different
stages is obtained by fitting the data from February
12 to February 21. In Wuhan, the basic reproductive
number is 0.7 in the first stage, 0.3376 in the second
stage, and 0.2135 in the third stage. In other provinces
except Hubei, the basic reproductive number is 0.9 in
the first stage, 0.25 in the second stage, and 0.16 in the
third stage. On the basis of the obtained parameters,

we predict the number of accumulative confirmed cases
from February 22 to March 2, the MAPE of the pre-
diction compared to the real data is 4.18% in Wuhan
and 1.42% outside Hubei; the MSE of the prediction is
4456 621 person? in Wuhan and 40 597 person? outside
Hubei. The detailed results are shown in Table 3.
Figure 5 describes the accumulative confirmed cases
with different models. The scatter means the confirmed
number in real situation in Wuhan and three curves rep-
resent different models: traditional SEIR model, staged
SEIR model and e-ISHR model. We can see obviously
that our model curve fits the data best. The experimen-
tal results show that in Wuhan, for MAPE, our model
is as low as 1.13%, which is much lower than 23.71% of
traditional SEIR model, and also lower than 4.18% of
staged SEIR model; for MSE, our model is as low as

Table 3 The number of accumulative confirmed cases in Wuhan and China except Hubei

Date Real situation Our model Traditional SEIR Staged SEIR
Wuhan Outside Wihan Outside Wuhan Outside Wiuhan Outside
Hubei Hubei Hubei Hubei
2-22 46 201 12852 47063 12768 35345 9764 47110 12880
2-23 46 607 12863 47484 12802 38652 10712 47 866 12939
2-2 47071 12872 47 869 12831 42262 11750 48574 12991
2-25 47441 12877 48213 12 856 46 202 12 888 49 236 13037
2-26 47824 12901 48 508 12876 50 502 14135 49855 13078
2-27 48137 12910 48 755 12895 55193 15502 50434 13115
2-28 48 557 12914 48 984 12910 60312 16 999 50976 13147
2-29 49122 12917 49196 12924 65 896 18 640 51483 13176
3-1 49315 12923 49390 12936 71986 20438 51957 13202
3-2 49 426 12934 49 569 12947 78 627 22408 52400 13225
MAPE/% 1.13 0.22 23.71 28.66 4.18 1.42
MSE/person? 381425 1380 204 900 693 21936 049 4456 621 40597
8- _
2.0r
6F
T T
S s
x 4r ) X
o g
g :
S =
0 i 1 = 1 1 1 1 1 0 1 1 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
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t/d t/d

(a) Situation in Wuhan

— Traditional SEIR model,

(b) Situation outside Hubei

Staged SEIR model, —Our e-ISHR model, - Real confirmed data

Fig. 5 Results of different models
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381425 person?, which is much lower than 204900693
person? of traditional SEIR model, and also lower than
4456621 person? of staged SEIR model. In other
provinces except Hubei, for MAEP, our model error
reaches 0.22%, lower than 28.66% of traditional SEIR
model and 1.42% of staged SEIR model; for MSE, our
model error reaches 1 380 person?, lower than 21 936 049
person? of traditional SEIR model and 40597 person?
of staged SEIR model. These results reflect the accu-
racy and superiority of our model.

4 Conclusion

In this paper, we build a model called e-ISHR model
which includes SEIR model, staged mechanism, time
delay mechanism and hospital system. We first use the
number of confirmed case to fit some of the parameters
in our model in different stages. Then we predict this
number in the future and the end time of the epidemic.
Besides, we also change some of the parameters like
contact rate and the number of beds in hospital to sim-
ulate the spread of this disease in different situations,
which indicates the importance of the government’ con-
trol measures and building more hospitals. At last, we
compare our model with traditional SEIR model and
staged SEIR model using MAPE and MSE as evaluat-
ing indicator, and the result reflects the accuracy and
superiority of our model.

At present, the epidemic situation and control mea-
sures of COVID-19 in some countries out of China are
still unclear, but in this article we have not made the
necessary predictions for the epidemic situation. If the
epidemic measures and data in some countries out of
China become stable, we also plan to apply the model
proposed in this article to the epidemic prediction. At
the same time, we will also correct and improve the
model based on the real-time situation of the epidemic
situation in China, such as the possible resumption of
labor, virus mutations, successful development of spe-
cific drugs, and the impact of imported cases abroad in
the future.
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