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Abstract
The current outbreak of coronavirus disease 2019 (COVID-19) has recently been declared as a pandemic
and spread over 200 countries and territories. Forecasting the long-term trend of the COVID-19 epidemic
can help health authorities determine the transmission characteristics of the virus and take appropriate
prevention and control strategies beforehand. This protocol introduced a new model named Dynamic-
Susceptible-Exposed-Infective-Quarantined (D-SEIQ), by making appropriate modi�cations of the
Susceptible-Exposed-Infective-Recovered (SEIR) model and integrating machine learning based
parameter optimization under epidemiological rational constraints. The model could be applied to
forecast the long-term trend of the current COVID-19 epidemic. The parameters obtained by the model
could help assess the effectiveness of prevention and intervention strategies on epidemic control in
different countries.

Introduction
Coronavirus disease 2019 (COVID-19) is an infectious pneumonia caused by severe acute respiratory
syndrome coronavirus 2. The disease was �rst reported in December 2019 in Wuhan city, the capital of
Hubei province in China, and has since then spread across China and globally. As of 6 April 2020, a total
of 1.27 million COVID-19 cases and 69,400 deaths have been reported in more than 200 countries and
territories. The World Health Organization (WHO) has declared the COVID-19 outbreak as a Public Health
Emergency of International Concern and a pandemic recently.

Forecasting long-term trend of the epidemic can help health authorities determine the transmission
characteristics of the virus and take appropriate prevention and control strategies beforehand. Recently,
some researchers applied the traditional epidemic models like Susceptible-Exposed-Infective-Recovery
(SEIR) or machine learning models like logistic regression to �t the trend of COVID-19. To the best of our
knowledge, most of those researches were performed retrospectively, or subject to over�tting or under-
�tting problems. The validity of SEIR model depends on accurate estimation of virus transmission
characteristics such as the basic reproduction number R0, incubation period and infectious period. In a
real scenario, those parameters are not easy to estimate. On the other hand, due to scarcity of training
data and valid features, machine learning models were subject to over�tting, restricted to retrospective
analysis, or only forecasting short-term trends.

To address the aforementioned issues, we propose a novel model named Dynamic-Susceptible-Exposed-
Infective-Quarantined (D-SEIQ), by making appropriate transformations of the SEIR model and integrating
machine learning based parameter optimization under reasonable constraints, which improved the
performance of long-term trend forecast for COVID-19 in China. In addition, the model parameters could
provide insights into the analysis of COVID-19 transmission characteristics and the effectiveness of
interventions.
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Reagents
Not applicable because this is a computational modeling study

Equipment
Not applicable because this is a computational modeling study

Procedure
D-SEIQ model

The primary differences from our D-SEIQ model and SEIR model are 1) replacing recovered individuals R
with quarantined individuals Q, and 2) introducing dynamics to the calculation of the effective
reproduction number Rt that is dependent on time.

Some previous work employed the traditional SEIR model, which assumes that the exposed individuals
(who have been infected but no symptoms yet) are not infectious. However, it is reported that COVID-19
might be transmissible for exposed individuals . Besides, due to lack of specialized treatment, the
infectious period should not be interpreted as time between infective (I) and recovered (R) but time
between infection (I) and quarantined (Q). Therefore, we proposed to replace the recovered individuals R
with the quarantined individuals Q and the model became the SEIQ model. The quarantined individuals Q
indicated the con�rmed cases who were centrally quarantined. The epidemic spreading model for the
SEIQ model is shown in Figure 1.

The transmission dynamics are governed by the following system of equations:

Eq(1) (Equation can not be displayed here, please refer to supplementary �le)

where N = S(t) + E(t) + I(t) + Q(t) is the total population, which is assumed consistent.

Like the SEIR model, parameter β indicates the infectious rate with β = Rt/TE where Rt is the dynamic
effective reproduction number and TE is the average duration of incubation; parameter σ indicates the
incubation rate with σ = 1/TE. However, in our model, parameter γ indicates the quarantine rate with γ =
1/TI (where TI is average duration of an infectious individual to be detected and quarantined). The
parameter TI may vary across different regions and the difference re�ects the timeliness of patient
detection and admission.
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The basic reproduction number R0 is the most important parameter to determine the intrinsic
transmissibility of COVID-19, and it is de�ned as the average number of infections one infectious agent
can generate over the course of the infectious period without any interventions. R0 was assumed to be a
constant or arbitrarily modi�ed at speci�c points for forecasting in previous work [12, 13]. However, in
real-world scenarios, with the development of epidemic, more and more interventions are often taken to
control the spread, which gradually reduce R0. In this work, the basic reproduction number R0 is
generalized to a dynamic value Rt, which is de�ned as the average number of secondary infectious cases
generated by an infectious at time t. After the worldwide outbreak of COVID-19, many governments took
considerable measures to contain the spread of the virus. In our preliminary analysis and similar to
previous work [14], the infectious rate β was shown to decrease exponentially with time. As parameter TE
is constant, the effective reproduction number Rt should follow similar pattern as decreasing
exponentially with time. Thus, we introduced time-dependent dynamics to the calculation of Rt for better
simulation of the real-world transmission,

Eq (2) (Equation can not be displayed here, please refer to supplementary �le)

where R∞ is the �nal reproduction number at the end of the pandemic and θ is the decrease ratio of the
reproduction number, which is associated with the corresponding interventions. When t = 0, Rt=R0, and it
gradually reduces to R∞. The epidemic is considered to be under control with Rt < 1, and the reasonable
range of R∞ was referred to some previous analysis of coronavirus.

Parameter constraints and optimization

The simulation and prediction of the D-SEIQ model requires determination of the parameters R0, R∞ TE,
TI, θ. Although we incorporated machine learning to help us to �t the reported data, the parameter range
needs to be set carefully and to conform to epidemiological rationality. For instance, Wu et al. applied an
adjusted SEIR model to estimate R0 (R0= 2·68) in major cities of China by analyzing the number of cases
exported from Wuhan internationally. Some work concluded that the daily reproduction number varied
between 2 and 7. Therefore, we set the reasonable range for parameter R0 to be [2, 7]. Likewise, after
reviewing the previous work on the analysis of COVID-19, we summarized the ranges for parameters in
our model as Table 1 (supplementary �le). And, we set TE > TI as additional constraints. Therefore, the
parameter optimization process is as follows:

a.   Initialize the number of con�rmed cases Q at time t = 0 according to the o�cial report.

b.   Initialize the parameters R0, R∞, TE, TI, θ

c.   Calculate the time-dependent effective reproduction number Rt
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d.   Solve ordinary differential equations in Equation (1) to determine E(t), I(t), Q(t)

e.   Set loss function as the sum of mean squared errors of daily and cumulative con�rmed numbers, and
then estimate the parameters R0, TE, TI, R∞, θ based on grid search with dynamically adapted search
steps to obtain the best D-SEIQ model at time t.

Data processing

We obtained the updated data of the cumulative con�rmed cases from the National Health Commission
(NHC) of the People’s Republic of China. The newly con�rmed cases were also collected on a daily basis.
Considering that medical resources and interventions might vary in different regions, we �tted our model
on the data from three different regions: 1) China excluding Hubei, 2) Hubei excluding Wuhan, and 3)
Wuhan.

Moreover, we adjusted the number of newly con�rmed cases in Wuhan between 12 February and 14
February, due to the inclusion of clinically con�rmed cases without coronavirus test. The clinically
con�rmed cases between 12 February and 14 February were assumed to be suspicious cases in last 7
days. Speci�cally, we redistributed the clinically con�rmed cases according to the distribution of
suspected cases over the past 7 days.

Troubleshooting
We identi�ed two issues that may arise during the implementation of the protocol: data processing issue
and parameter learning issue.

1) Data processing:

In China, the criteria for ascertainment of COVID-19 was changed during Feb 12 to Feb 14,

due to the inclusion of clinically con�rmed cases without coronavirus test.

We arbitrarily redistributed the clinically con�rmed cases according to the distribution of suspected cases
over the past 7 days. However, one can redistributed the numbers using different approaches, only if the
process is sound and reasonable. Moreover, when applying the model to other countries, one should pre-
process the data accordingly to make the reported number less biased.

2) Parameter learning:

We set the reasonable range for parameters using the current available evidence by April.
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If any evidence changed through time, one should adjust the reasonable range accordingly if it is
scienti�c valid.

Time Taken
Not applicable

Anticipated Results
With the proposed D-SEIQ model and accumulating COVID-19 cases in different country, one can forecast
the long-term trend of COVID-19 and expected turning point, which might serve as a re�ection of
containment measures currently taken in different areas. Moreover, the learned parameters provides
estimates of virus transmission characteristics, including basic reproduction number, incubation period
and infection period. Those parameters help authorities determine the transmission potential of the new
virus and make appropriate intervention strategies.
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Figure 1

Figure 1 Epidemic spreading diagram for SEIQ model S: susceptible; E: exposed; I: infective; Q:
quarantined; β indicates the infectious rate. Parameter σ indicates the incubation rate with σ = 1/TE
(incubation period). Parameter γ indicates the quarantine rate with γ = 1/TI (infectious period).
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