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Modeling the outbreak of a novel epidemic, such as coronavirus disease
2019 (COVID-19), is crucial for estimating its dynamics, predicting future
spread and evaluating the effects of different interventions. However,
there are three issues that make this modeling a challenging task: uncer-
tainty in data, roughness in models, and complexity in programming. We
addressed these issues by presenting an interactive individual-based
simulator, which is capable of modeling an epidemic through multi-
source information fusion.

The first challenge when modeling a novel epidemic is that all the re-
ported and inferred data about its dynamics are inevitably affected by
some level of uncertainty, resulting in wide ranges and systematic bias.
The number of infected cases on any given date is a hidden state in the
stochastic process and cannot be observed directly because it is never
clear how much time elapses between when infection occurs and when
that infection is identified and reported. This gap includes the incubation
period and any delay in medical visit, diagnosis, or reporting. To make mat-
ters worse, modeling may be influenced by authors' prejudice, interest re-
lationships, or preconceived ideas. Therefore, we argue that scientific
research should combine multiple sources of data worldwide rather than
be based on a single source, and should treat estimates from global re-
searchers as elastic constraints imposed on models.

The second challenge is roughness in popular models, which is caused
by oversimplification. It introduces significant errors and makes it impos-
sible to reduce uncertainty by combining different types of information.
The most common epidemic dynamics models are compartment models,
such as SEIR (susceptible, exposed, infectious, and removed) and SIR
(susceptible, infectious, and removed), which have been adopted widely
in the simulation of COVID-19. The state vector of each person in a
compartment is simplified as homogeneous and Markovian (memory-
less), and transitions among compartments are modeled by differential
equations with fixed parameters, such as incubation rate, transmission
rate, and recovery rate. However, oversimplified models are not capable
of incorporating multi-type uncertain information, such as clinical courses,
viral shedding, subclinical transmission, infections, confirmations, deaths,
or interventions, so they cannot reduce uncertainty by multi-source infor-
mation fusion.

The last but far from the smallest challenge is the complexity of program-
ming. This is a problem for researchers and reviewers who do not have a
background in computer science. When it comes to individual-based models,
implementation is impossible without rich experience in object-oriented pro-
gramming, which compartmentalizes data into objects and describes object
contents and behavior through the declaration of classes. Therefore, scien-
tists have begun to call for sharing model codes so that the results of papers
can be replicated and evaluated. However, sharing model codes is not
enough given that there are many programming languages and it is no small
task to install and configure corresponding development environments and
run publicly shared codes.

To tackle the three challenges of modeling epidemic dynamics, we have
developed an interactive simulator for individual-based models in this paper.
This is described in detail in the Supplemental Information. In contrast to
compartment models, individual-based models represent each individual
via an independent set of specific characteristics that may change over
time. This feature allows a more realistic and informative analysis of an
epidemic. It is capable of interactively modeling parameter ranges as proba-
bility distributions, heterogeneity as independent objects, and randomness of
transmission as stochastic processes through a terminal or webpage
without coding. The output of this model consists of daily values of infected
cases, confirmed cases, recovered cases, deaths, and effective reproduction
numbers. We can fit input parameters and output results with reported and
inferred data from muiltiple sources.

Based on this simulator, we modeled the COVID-19 outbreak in China by
fusion of multi-source multi-type uncertain data, incorporating daily
confirmed and suspected cases as well as deaths from Centers for Disease
Control in China, infection probability per contact from the World Health Or-
ganization, date of first diagnosed infection,' estimated range of symptom
onset case count by January 18, 2020,? basic reproduction number before
Wuhan lockdown,® estimated range of infected cases in Wuhan by January
25,2020," and February 1, 2020,° date of obligatory quarantine in dedicated
facilities, incubation period®, clinical courses,’ time from illness onset to
discharge or death,° range of fatality ratio,” daily contact patterns,® proportion
of asymptomatic infections,® delay from onset to first medical visit and
confirmation,” temporal dynamics in viral shedding and transmissibility,'’
and other information from dozens of studies, which are described in detail
in the Supplemental Information.

The results of modeling through multi-source information fusion are
refined estimates of the COVID-19 dynamics in China as depicted in Figure 1
and the Supplemental Information. According to the results of our simulation,
the probability of infection per contact is about 3.65% when the transmissi-
bility peaks around onset of symptoms. When an infected person makes
10 to 20 contacts per day during this period, he or she will infect 0.365 to
0.73 individuals on average. Imposing all constrains described in the Supple-
mental Information, the basic reproduction number in China before interven-
tions was 2.3 and total infections were approximately 35,000 on January 23,
2020, when the travel ban was issued for Wuhan.

Results for the time before February 2020 show significant deviations
between reported and simulated numbers of cases. According to the sum-
mary published by the Wuhan New Pneumonia Prevention and Control
Headquarters, there were three causes of errors in the number of reported
cases. The first cause was delayed, missed, and false reports in the early
stage of the outbreak resulting from the overwhelmed medical system.
The second cause was a lack of testing and hospitalization capacity
before February 20, 2020. The third cause was the imperfection of statis-
tics systems during the beginning of outbreak. By June 23, 2020, there
had been several corrections on reported cases by Centers for Disease
Control in China. On February 12, 2020, 13,332 PCR-negative cases with
symptoms of COVID-19 were added to the confirmed cases. On February
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number of daily new infections ended shortly after the lockdown of Wuhan.

13, 2020, repeated case entries were removed. On April 17, 2020,
confirmed cases and deaths were corrected thoroughly, adding 325
confirmed cases and 1,290 deaths. By multi-source information fusion,
we are able to make a refined estimate of the overall process of
COVID-19's spread in China.
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Figure 1. Simulation and Reported Cases of COVID-19 in China from November 1, 2019, to April 28, 2020, under Logarithmic Coordinates. The exponential growth of the
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