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Abstract

We develop a health informatics toolbox that enables timely analysis and evaluation of the time-
course dynamics of a range of infectious disease epidemics. As a case study, we examine the novel
coronavirus (COVID-19) epidemic using the publicly available data from the China CDC. This
toolbox is built upon a hierarchical epidemiological model in which two observed time series of
daily proportions of infected and removed cases are generated from the underlying infection dy-
namics governed by a Markov Susceptible-Infectious-Removed (SIR) infectious disease process.
We extend the SIR model to incorporate various types of time-varying quarantine protocols, in-
cluding government-level ‘macro’ isolation policies and community-level ‘micro’ social distancing
(e.g. self-isolation and self-quarantine) measures. We develop a calibration procedure for under-
reported infected cases. This toolbox provides forecasts, in both online and offline forms, as well
as simulating the overall dynamics of the epidemic. An R software package is made available for
the public, and examples on the use of this software are illustrated. Some possible extensions of
our novel epidemiological models are discussed.

Keywords coronavirus; Infectious disease; MCMC; prediction; Runga–Kutta approximation;
SIR model; turning point; under-reporting.

1 Introduction

The outbreak of the coronavirus disease 2019 or COVID-19, originated in Wuhan, the capital
city of Hubei province. From there, it spread quickly through Hubei and then to China and
globally to more than 150 countries according to the WHO data available on March 2020. As of
February 25, 2020, in China this large-scale epidemic, since been classified by the World Health
Organization as a pandemic, has caused a total of 78,195 confirmed infections, 2,718 deaths
and 30,078 recovered cases, and additionally 2,491 suspected cases still remained to be tested.
Since the outbreak of the epidemic, many clinical papers (Jung et al., 2020; Chen et al., 2020;
Xiang et al., 2020; Xu et al., 2020; Imai et al., 2020; Gralinski and Menachery, 2020; Luk et al.,
2019; Fan et al., 2019; Hui et al., 2020; Holshue et al., 2020; Guan et al., 2020; Rothe et al.,
2020; Huang et al., 2020; Zhu et al., 2020; Wang et al., 2020a) have been published to uncover
limited but important knowledge of COVID-19, including that (i) COVID-19 is an infectious
disease caused by SARS-CoV-2, a virus closely related to the SARS coronavirus (SARS-CoV)
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(Luk et al., 2019; Fan et al., 2019; Subissi et al., 2014); (ii) it can spread from person to person,
primarily via droplet transmission (Hui et al., 2020; Holshue et al., 2020); (iii) it has a relatively
high person-to-person transmission rate, especially via close contact; (iv) the median incubation
time is approximately 5 days (Lauer et al., 2020), which can be as long as 24 days (Guan et al.,
2020); and (v) asymptomatic person carrying SARS-CoV-2 is contagious (Rothe et al., 2020).
This epidemic has been concerning not only in China but also in the rest of the world given the
currently fast growing number of infected cases in South Korea, Japan, Iran, and Italy.

Quarantine or medical isolation is a key non-pharmaceutical intervention approach to stop
the spreading of infectious diseases such as SARS (World Health Organization, 2020; Smith, 2006;
World Health Organization, 2003) and plague (Dennis et al., 1999). The basic idea of quarantine
and isolation is to separate infected cases from the susceptible population and vice versa. Since
mid-January 2020, the Chinese government has implemented various kinds of very strict in-home
isolation protocols nationwide, which have been elevated day by day through various government
enforced quarantine and societally organized inspections to control the spread of COVID-19
in Hubei and other regions in China. In the meantime, the Chinese government has quickly
increased the capacity of hospitals or as such that took symptomatic patients to be quarantined
and treated by medical doctors and nurses.

The question of the most importance, which draws most attention, concerns when the spread
of COVID-19 will end. This question has to be answered by a prediction model using the daily
surveillance data from the China CDC. Unfortunately, it is extremely difficult to make accurate
and precise predictions due to the limited amount of available data, which are thought to be
inaccurate due to the issue of under-reporting. Additionally, predicting the peak or end of an
epidemic during the exponential growth phase is well known to be highly challenging, and in
many cases even potentially impossible due to parameter unidentifiability issues (Nishiura et al.,
2017; Weitz and Dushoff, 2015; Kao and Eisenberg, 2018). Many prediction models (Sun et al.,
2020; Li et al., 2020b; Hu et al., 2020; Rabajante, 2020; Peng et al., 2020; Zhang et al., 2020;
Liu et al., 2020) have already been proposed to provide good fitting results for the publicly
available data that may be potentially under-reported. Each of these models may result in
different predictions of turning points, such as the dates when the daily increased or the total
number of infections begin to decrease. Since such forecasting needs to extrapolate a fitted model
to a relatively distant future time after the last date with observed data, whichever the chosen
model is used, the model itself will dictate prediction results. In addition, data accuracy, in
particular the issue of under-reporting, may cause bias in prediction, and ignoring this issue can
lead to incorrect prediction of turning points. The issue of under-reporting may be attributed to
the unsatisfactory sensitivity of the PCR test for SARS-CoV-2 or to the lack of enough kits for
testing at the beginning of the outbreak, among other logistic and political reasons. The Chinese
government tried to correct some of these issues by using a new diagnostic protocol based on
clinical symptoms starting at the first week of February. However, it undermines the quality of
data collected in the early phase of the epidemic.

All the above points illustrate the complexity of the impact of human interventions on the
spread of COVID-19, including but not limited to in-home quarantine, hospitalization, com-
munity enforcement of wearing masks, minimizing outdoor activities, and changed diagnostic
criteria by the government. The prediction model must take such features into account in order
to provide meaningful analyses and hopefully reasonable predictions. However, most existing pre-
diction models do not have the capacity to incorporate changing interventions in reality, and with
no such critical component of time-varying intervention in the model, predicted turning points
would be untrustworthy. Our new model and analytic toolbox aims to fill in this significant gap.



An eSIR Epidemiology Model 411

We develop an R package eSIR (Wang et al., 2020b) for R (R Core Team, 2020), that helps
accomplish the following specific aims:
1 Utilize and calibrate publicly available data to understand the epidemiological trend of

COVID-19 spread in Hubei province and the other regions of China.
2 Incorporate time-varying quarantine protocols in the model of COVID-19 infection dynamics

via an extension of the classical epidemiological SIR model. This dynamic infection system
necessitates the forecast of the future trend of COVID-19 spread.

3 Provide an R software package to health workers who can conveniently perform their own
analyses using their substantive knowledge and perhaps better quality data from provinces
in China or from other countries.

We hope to provide a data analytic toolbox to people who may have better domain-specific
knowledge and experience as well as high quality data to carry out independent predictions.

Our informatics toolbox is built upon a state-space model (Zhu et al., 2012; Jørgensen et al.,
1999; Song, 2000; Jøsrgensen and Song, 2007) shown in Figure 1 with an extended Markov SIR
model (Kermack and McKendrick, 1927), which has the following key features: (i) Our model is
specified with the temporally varying probabilities of susceptible, infected and removed (recov-
ered and death) compartments, not directly on time series of respective counts; (ii) estimation
and inference are carried out and implemented using Markov Chain Monte Carlo (MCMC); (iii)
it outputs various sample draws from the posteriors of the model parameters (e.g. transmission
and removal rates) and the underlying probabilities of susceptible, infected and removed com-
partments, as well as their credible intervals. The latter is of extreme importance to quantify
prediction uncertainty. In addition, this toolbox provides predicted turning points, including (i)
the date when daily increased number of infections begins to decrease or the time at which the
second order derivative of the prevalence of infected compartment is zero (i.e. the turning point
of infection acceleration to deceleration); and (ii) the date when daily number of removed cases
is larger than that of infected cases, or the time at which the first derivative of the prevalence
of infected compartment is zero (i.e. the turning point of zero infection speed). As a byproduct,
the method also provides a predicted time when the COVID-19 epidemic ends.

This paper is organized as follows. Section 2 presents our new epidemiological forecast model
incorporating time-varying quarantine protocols. Section 3 concerns the algorithmic implemen-
tation via Markov Chain Monte Carlo and a deliverable R software. Section 4 is devoted to the
analysis of COVID-19 data within and outside Hubei, where a calibration of under-reporting is
proposed. Section 5 gives some concluding remarks, and some technical details are included in
the appendices.

2 State-space SIR Epidemiological Model

2.1 Basic model of coronavirus infection

We begin with a basic epidemiological model in the framework of state-space SIR models with no
consideration of quarantine protocols. This framework was proposed by Osthus et al. (2017) with
only one-dimensional time series of infected proportions. Refer to Chapter 9-12 of Song (2007) for
an introduction to state-space models. Here we consider two time series of proportions of infected
and removed cases, denoted by Y I

t and Y R
t at time t, respectively, where the compartment of

removed R is a sum of the proportions of recovered cases and deaths at time t. We assume that
the 2-dimensional time series of (Y I

t , Y
R
t )> follows a state-space model with the beta distributions
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Figure 1: A conceptual framework of the proposed epidemiological state-space SIR model.

at time t:

Y I
t |θt, λI ∼ Beta(λIθIt , λ

I(1− θIt )), (1)

Y R
t |θt, λR ∼ Beta(λRθIt , λ

R(1− θIt )), (2)

where θIt and θRt are the respective probabilities of infection and removal at time t, and λI and
λR are the parameters controlling the respective variances of the observed proportions (noting
that the superscripts here indicate labels rather than exponents).

As shown in Figure 1, these observed time series are emitted from the underlying latent
dynamics of COVID-19 infection characterized by the latent Markov process θt. It is easy to
see that the expected proportions in both Equations (1) and (2) are equal to the prevalence of
infection and the probability of removal at time t, namely E(Y I

t |θt) = θIt and E(Y R
t |θt) = θRt . See

Appendix B. Moreover, the latent population prevalence θt = (θSt , θ
I
t , θ

R
t )
> is a three-dimensional

Markov process, in which θSt is the probability of a person being susceptible or at risk at time
t, θIt is the probability of a person being infected at time t, and θRt is the probability of a
person being removed from the infectious system (either recovered or dead) at time t. Obviously,
θSt + θIt + θRt = 1. We assume that this 3-dimensional probability process θt is governed by the
following Markov model:

θt|θt−1, τ ∼ Dirichlet(κf(θt−1, β, γ)), (3)

where parameter κ scales the variance of the Dirichlet distribution and function f(·) is a 3-
dimensional vector that determines the mean of the Dirichlet distribution. We let all the relevant
parameters be τ = (β, γ, κ,θ0, λ

I , λR)>, where β and γ denote the transmission and removal
rates of the SIR model given in (4), and θ0 = (θS0 , θ

I
0, θ

R
0 ) are initial probabilities of the three

compartments. The function f is the engine of the infection dynamics which operates according
to SIR model of the form:

dθSt
dt

= −βθSt θIt ,
dθIt
dt

= βθSt θ
I
t − γθIt , and

dθRt
dt

= γθIt . (4)
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The ratio between the transmission and removal rates is the basic reproduction number R0 = β/γ
which measures contagiousness or transmissibility of infectious agents. It provides the average
secondary cases generated from one infected case when the whole population is susceptible (Fraser
et al., 2009; Delamater et al., 2019). Note that the explicit solution to the above system (4) of
ordinary differential equations is unavailable. Following Osthus et al. (2017), we invoke the
fourth-order Runge–Kutta (RK4) approximation, resulting in an approximate of f(θt−1, β, γ) as
follows:

f(θt−1, β, γ) =

 θSt−1 + 1/6[kS1
t−1 + 2kS2

t−1 + 2kS3
t−1 + kS4

t−1]

θIt−1 + 1/6[kI1t−1 + 2kI2t−1 + 2kI3t−1 + kI4t−1]

θRt−1 + 1/6[kR1
t−1 + 2kR2

t−1 + 2kR3
t−1 + kR4

t−1]

 ,

where all these kt terms are given in the appendix A. The set of model parameters τ will be
estimated using the MCMC method (Carlin et al., 1992).

2.2 Epidemiological model with time-varying transmission rate

The basic epidemiological model with both constant transmission and removal rates in the SIR
model (4) does not reflect the reality in China, where various levels of quarantines have been
enforced. Many forms of human interventions that are altering the transmission rate over time
include (i) individual-level protective measures such as wearing masks and safety glasses, using
hygiene, and taking in-home isolation, and (ii) community-level quarantines such as hospital-
ization for infected cases, city blockade, traffic control and restricted social activities, and so
on. In addition, the virus itself may mutate to evolve, which may increase the potential rate
of false negative in the disease diagnosis. As a result, some individual virus carriers are not
captured. Thus, the transmission rate β indeed varies over time, which should be accounted in
the modeling.

One extension to the above basic epidemiological model is to allow a time-varying probability
that a susceptible person meets an infected person or vice versa. Suppose at a time t, qS(t) ∈ [0, 1]
is the chance of an at-risk person being in-home isolation, and qI(t) ∈ [0, 1] is the chance of an
infected person being in-hospital quarantine. Thus, the chance of disease transmission when an
at-risk person meets an infected person is modified as:

β{1− qS(t)}θSt {1− qI(t)}θIt := βπ(t)θSt θ
I
t ,

with π(t) := {1−qS(t)}{1−qI(t)} ∈ [0, 1]. In effect, this π(t) modifies the chance of a susceptible
person meeting with an infected person or vice versa, which is termed as a transmission modifier
due to quarantine in this paper. Obviously, with no quarantine in place, π(t) ≡ 1 for all time.
See Figure 2 Panel A. This results in a new SIR model with a time-varying transmission rate
modifier:

dθSt
dt

= −βπ(t)θSt θIt ,
dθIt
dt

= βπ(t)θSt θ
I
t − γθIt , and

dθRt
dt

= γθIt , (5)

where the product term βπ(t) defines an effective transmission rate reflective to the currently
enforced quarantine measures of all levels in China. Note that the above extended SIR model
assumes primarily that both population-level chance of being susceptible and population-level
chance of being infected remain the same, but the chance of a susceptible person meeting with
an infected person is reduced by π(t).
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A

Susceptible Infection Removed
𝜋(𝑡)

Susceptible Infection Removed

Quarantine

𝜙(𝑡)

B

Figure 2: Extended SIR models with a time-varying transmission rate modifier π(t) (Panel A)
or a time-varying quarantine rate φ(t) (Panel B).

The transmission rate modifier π(t) needs to be specified according to actual quarantine
protocols in a given region. A possible choice of π(t) may be a step function that reflects
government-initiated macro isolation measures in Wuhan, Hubei province:

π(t) =


π01, if t ≤ Jan 23, no concrete quarantine protocols;
π02, if t ∈ (Jan 23,Feb 4], city blockade;
π03, if t ∈ (Feb 4,Feb 8], enhanced quarantine;
π04, if t > Feb 8, opening of new hospitals.

When π0 = (π01, π02, π03, π04) are chosen with different values, as shown in Figure 3 Panels A-
C, we obtain different types of transmission rate modifiers aligned with different quarantine
protocols.

Alternatively, the modifier π(t) may be specified as a continuous function that reflects
steadily increased community-level awareness and responsibility of voluntary quarantine and
preventive measures, which may be regarded as a kind of micro isolation measure initiated by
individuals or local self-organized inspections. For example, as shown in Figure 3 Panels D-F,
we may choose the following exponential functions:

π(t) = exp(−λ0t) or π(t) = exp{−(λ0t)ν}, λ0 > 0, ν > 0.

Technically, the RK’s approximate of f function in Appendix A may be easily obtained by
replacing β by βπ(t) in the specification of the latent prevalence model (3), and moreover in all
quantities and steps in the MCMC implementation. See the detailed in Section 3.

2.3 Epidemiological model with quarantine compartment

An alternative way to incorporate quarantine measures into the basic epidemiological model (4)
is to add a new quarantine compartment that collects quarantined individuals who would have
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Figure 3: The functional forms of the transmission rate modifiers π(t) and the quarantine rate
φ(t): 1) Panels A-C depict step functions with π0 = (π01, π02, π03, π04) equal to (1, 1, 1, 1),
(1, 0.9, 0.8, 0.5) and (1, 0.9, 0.5, 0.1) at change points (Jan 23, Feb 4, Feb 8), Panels D-F depict
exponential functions under difference micro quarantine measures over time with λ0 = 0.01,
λ0 = 0.05 and λ0 = 0.1, and 3) Panels G-I depict multi-point instantaneous quarantine rates
with φ0 = (0, 0, 0, 0), φ0 = (0.1, 0.4, 0.3) and φ0 = (0, 0.9, 0) at change points of (Jan 23, Feb 4,
Feb 8).
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no chance of meeting any infected individuals in the infection system, as shown in Figure 2
Panel B. This model allows to characterize time-varying proportions of susceptible cases due
largely to the government-enforced stringent in-home isolation outside of Hubei province. The
basic SIR model in equation (4) is then extended by adding a quarantine compartment with a
time-varying rate of quarantine φ(t), which is the chance of a susceptible person being willing
to take in-home isolation at time t. The extended SIR takes the following 4-dimensional latent
process (θSt , θ

Q
t , θ

I
t , θ

R
t )
>:

dθQt
dt

= φ(t)θSt ,
dθSt
dt

= −βθSt θIt − φ(t)θSt ,

dθIt
dt

= βθSt θ
I
t − γθIt ,

dθRt
dt

= γθIt , (6)

where θSt + θQt + θIt + θRt = 1.
We suppose that the quarantine rate φ(t) is a Dirac delta function with jumps at times when

major macro quarantine measures are enforced. For example, we may specify the φ(t) function
as follows:

φ(t) =


φ01, if t = Jan 23, city blockade;
φ02, if t = Feb 4, enhanced quarantine;
φ03, if t = Feb 8, opening of new hospitals;
0, otherwise.

Here we show several examples of multi-point instantaneous quarantine rates in Figure 3 Pan-
els G-H with jump sizes equal to φ0 = (φ01, φ02, φ03) that occur respectively at dates of (Jan
23, Feb 4, Feb 8). In particular, we plot three scenarios, e.g., no intervention (φ0 = (0, 0, 0)),
multiple moderate jumps (φ0 = (0.1, 0.4, 0.3)), and only one large jump (φ0 = (0, 0.9, 0)). Note
that at each jump, the respective proportion of the susceptible population would move to the
quarantine compartment. For example, with φ0 = (0.1, 0.4, 0.3), the quarantine compartment
will be enlarged accumulatively over three time points as 0.1 θSt1 + 0.4θSt2 + 0.3θSt3 .

The f(θt−1, β, γ) function determined by the above extended SIR model (6) can be solved
by applying the fourth-order Runge-Kutta approximation, and the resulting solution is given in
Appendix A. To deal with the Dirac delta function φ(t), we develop a two-step approximation for
model (6). In brief, we first solve a continuous function without change points via the differential
equations in (5), and then we directly move the mass of φ(t)θSt out of the susceptible compart-
ment to the quarantine compartment. From our experience, this approach largely improves the
approximation accuracy in the presence of discontinuities.

3 Implementation: Markov Chain Monte Carlo Algorithm

3.1 MCMC Algorithm

We implemented the MCMC algorithm to collect draws from the posterior distributions, and
further obtain posterior estimates and credible intervals of the unknown parameters in the above
models specified in Section 2. Because of the hierarchical structure in the state-space model
considered in this paper, the posterior distributions can be obtained straightforwardly. The R
package rjags (Plummer, 2019) can be directly applied to draw samples from the posterior
distributions, so we omit the technical details. The latent Markov processes θt are sampled and
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Figure 4: The first turning point in Panel A is marked by a green line, denoting the time when the
estimated first-order derivative of the prevalence of infection reaches the maximum. The second
turning point in Panel B is marked by a purple line, which is the time when the estimated first-
order derivative of the prevalence of infection equals to zero. The vertical blue line labels the
last observation day.

forecasted by the MCMC sampler, particularly for the probabilities of infection and removal,
θIt and θRt , which enables us to determine the turning points of interest and the reproduction
number R0.

The first turning point of interest is the time when the daily number of new infected cases
stops increasing. Mathematically, this corresponds to the time t at which θ̈It = 0 or the gradient
of θ̇It is zero. As illustrated by Panel A in Figure 4, the peak of θ̇It , denoted by the vertical
green line, is the first turning point of interest. The second turning point is the time when the
cumulative infected cases reaches its maximum, meaning θ̇It = 0. In principle, the second turning
point occurs only after the first one, as shown in Panel B in Figure 4.

The basic reproduction number R0 of an infectious disease is estimated by the ratio R0 =
β/γ, where β and γ are both estimated from their posterior distributions. Because our models
consider the quarantine compartment, R0 might change according to the forms of quarantine
protocols. We adopt a standard MCMC algorithm to draw samples of the latent process. Let
t0 be the current time up to which we have observed data (Y I

0:t0
, Y R

0:t0
). To perform M draws of

Y I
t , Y

R
t for t ∈ [t0 + 1, T ], we proceed as follows: for each m = 1, . . . ,M ,

(1) draw θ
(m)
t from the posterior [θt|θ(m)

t−1 , τ
(m)] of the prevalence process, at t = t0 + 1, . . . , T ;

(2) draw (Y
I(m)
t , Y

R(m)
t ) from [Y I

t |θ
(m)
t , τ (m)] and [Y R

t |θ
(m)
t , τ (m)] according to the observed pro-

cess, at t = t0 + 1, . . . , T , respectively;
The prior distributions are specified with some of the hyper-parameters being set according to
the SARS data from Hong Kong (Mkhatshwa and Mummert, 2010). They are,

θ0 ∼ Dirichlet(1− Y I
1 − Y R

1 , Y
I
1 , Y

R
1 )

R0 ∼ LogN(1.099, 0.096) with E(R0) = 3.15,SD(R0) = 1;

γ ∼ LogN(−2.955, 0.910) with E(γ) = 0.0821,SD(γ) = 0.1, β = R0γ;

κ ∼ Gamma(2, 0.0001), λI ∼ Gamma(2, 0.0001), λR ∼ Gamma(2, 0.0001).

Note that LogN and Gamma stand for log-normal and gamma distributions respectively, and
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E and SD represent mean and standard deviation here. In the default setting the variances of
the above prior distributions are set at relatively large values to reflect the fact that limited
prior knowledge of these epidemiological model parameters is available. When more information
becomes accessible during the course of the epidemic, smaller prior variance values may be used,
leading to tighter credible intervals for the model parameters and turning points.

3.2 R software package

We deliver an R software package that is able to output the MCMC estimation, inference and
prediction under the epidemiological model with two proposed extended SIR models that incor-
porate time-varying quarantine protocols. These new models have been discussed in detail in
Sections 2.2 and 2.3. Our R package, named eSIR, uses daily-updated time series of infected and
removed proportions as input data. The R package is available at GitHub lilywang1988/eSIR,
and its user manual is appended as the supplementary material of this paper. The quarantine
functions are predefined and will be treated as known functions of protocols/policies in the esti-
mation and prediction steps. We let the transmission rate modifier π(t) be either a step function
or an exponential function, and let the quarantine rate φ(t) follow a Dirac delta function with
pre-specified points of jump and sizes of jumps. The package provides various plots for users to
visualize the MCMC results, including the estimated prevalence of infection and the estimated
probability of removal, and predicted turning points of interest. Various summary statistics are
listed in the output, including posterior mean estimates of the transmission and removal rates,
estimate of the reproduction number, and forecasts of turning points and their 95% credible
intervals. Moreover, the package gives multiple options to users who can save the entire MCMC
results, including the output tables and summary plots, Gelman-Rubin convergence statistic,
traceplots for MCMC quality control, and full MCMC draws for user’s own summary analyses.
Some illustrations on the use of this software package are given in Section 4 with sample codes
in Appendix C. In addition, we developed an online R Shiny App that can automatically update
the results whenever the China CDC updates the daily COVID-19 data (Kleinsasser et al., 2020).

4 Analysis of the COVID-19 Data Within and Outside Hubei

4.1 Calibration of under-reported infection data

Under-reporting of infections is a common issue in the surveillance data collection of infectious
disease, especially at the beginning of an outbreak. When medical diagnostic tools become
more accurate and reliable, as well the compliance of preventive measures gets improved for an
exchange of voluntary in-home quarantine, certain adjustments in data typically occur. It is
shown in Figure 5 that on Feb 12 the cumulative and daily added number of infected cases in
Hubei had clear jumps with significantly large sizes. Such sizable jumps cannot happen within
one day, rather they represent an accumulation of cases that have not been reported in previous
dates prior to Feb 12. To fix this under-reporting issue, we develop a calibration procedure with
details given in Appendix D. Below we briefly describe our approach for the calibration of the
infected cases.

We assume an exponential growth curve for the cumulative number of infected cases in Hubei
before Feb 12 of the form y(t) = aeλt + b, where parameters λ, a, b are to be estimated. Under
the boundary conditions y(t = Jan 12) = 0 and y(t = Feb 12) = a exp(31λ) + b, we would like
to minimize the one-step ahead extrapolation error on Feb 13. The constrained optimal solution
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Figure 5: Under-reporting calibration of the infected cases in Hubei. (A) The cumulative number
of infected cases. (B) The daily added number of infected cases. Data calibration is performed
from Jan 13 to Feb 12 as is shown by the red curves.

can be obtained by the means of Lagrange Multipliers; the estimates are λ̂ = 0.06605, â =
7142.80, b̂ = −7142.80. The resulting calibration curves for the cumulative and daily added
number of infected cases are shown as the solid red curves in Figure 5. For example, on Jan 31,
the reported cumulative number of infected cases is 7,153, but the calibrated number of infected
cases is 17,911, with an increment of 10,758 cases. As shown later, this data quality control (QC)
step helps improve the performance of MCMC. The exponential function in Figure 5 is a simple
but good approximation to the supposedly continuous cumulative number of infections in the
early phase of an infectious disease, which is used here to smooth backwards the abrupt jump
on Feb 12 by assuming that such a sudden leap was due to the previous under-reporting.

4.2 Evaluation and prediction under time-varying quarantine

We applied our proposed models, algorithms and R package eSIR to analyze the COVID-19
data collected from the public website DXY.cn. The earliest public records for the provin-
cial data are available since Jan 20, 2020. According to an existing R package on GitHub
GuangchuangYu/nCov2019 (Yu, 2020), the total counts of confirmed infections and deaths are
dated back on Jan 13, 2020. We assumed that before Jan 17 all the reported cases and deaths
were from Hubei. We imputed by the linear interpolation the missing cases on Jan 18-19. There-
fore, the data used in our analyses starts from Jan 13. The data used in analyses for the other
provinces starts on Jan 23, which is the earliest time with non-zero values in the removed com-
partment. Note that there exist some minor discrepancies between different data sources, and
the under-reporting issue is addressed in Appendix D by a calibration procedure. This section
aims to provide a demonstration of our software to analyze the current public COVID-19 data,
through which users may understand the proposed methods. We will also elaborate ways to
export and interpret the MCMC results. The R package may be applied to analyze infectious
data from other countries.

First, we show the analysis of the calibrated Hubei COVID-19 data after introducing in a
time-varying transmission rate modifier π(t) using our R function txt.eSIR in the package eSIR.
As described in Subsection 4.1, we partially corrected the under-reported proportion of infections
in Hubei province prior to Feb 12, when a big jump occurred on one day. The corresponding
results are shown in Figure 6, in comparison with the ones without data calibration in Web

https://ncov.dxy.cn/ncovh5/view/pneumonia
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Figure 6: Prediction plots of θIt and Y I
t (Row 1), θ̇It (Row 2), θRt and Y R

t (Row 3) for Hubei
after data calibration. Subfigures in Column A display the results of basic SIR model with
π(t) ≡ 1 or φ(t) ≡ 0, Subfigures in Column B display results of a continuous transmission modifier
π(t) = exp(−0.05t), subfigures in Column C display results of a step-function transmission rate
modifier with π0 = (1, 0.9, 0.5, 0.1) at change points [Jan 23, Feb 4, Feb 8], and subfigures in
Column D display results of a Dirac delta function quarantine process with φ0 = [0.1, 0.9, 0.5]
at change points [Jan 23, Feb 4, Feb 8].

Figure 1. For both figures, Columns B-C denote a transmission rate following a step function
with π0 = c(1, 0.9, 0.5, 0.1) at change points [Jan 23, Feb 4, Feb 8] (Panel C of Figure 3) and an
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exponential rate modifier with rate λ0 = 0.05 (Panel E of Figure 3), as opposed to a basic model of
π(t) ≡ 1 in Column A. Running R codes were given as Examples 1-3 in Appendix C. The forecast
plots for infection and removal compartments are presented in Row 1 and Row 3 respectively,
with all the black dots left to the blue vertical line denoting observed proportions by the last
observational date. That is, the blue vertical marks time t0 as defined in Section 3. The green
and purple vertical lines denote the first and second turning points, respectively. The salmon
color area denotes the 95% credible interval of the predicted proportions [Y I

(t0+1):T |Y
I
1:t0

, Y R
1:t0

]

and [Y R
(t0+1):T |Y

I
1:t0

, Y R
1:t0

] after t0, respectively, while the cyan color area represents either the
95% credible intervals of the prevalence [θI1:t0 |Y

I
1:t0

, Y R
1:t0

] or that of the probability of removal
[θR1:t0 |Y

I
1:t0

, Y R
1:t0

] prior to time t0. The gray and red curves are the posterior mean and median
curves. The black curve in the removal compartment plots from Row 3 denotes the estimated
proportion of deaths computed based on a pre-specified ratio (death_in_R). Row 2 provide a
series of important dynamic features of the infection via a spaghetti plot, in which 20 randomly
selected MCMC draws of the first-order derivative of the posterior prevalence of infection, namely
θ̇It . The black curve is the posterior mean of the derivative, and the vertical lines mark times of
turning points corresponding respectively to those shown in Row 1 and Row 3. Moreover, the
95% credible intervals of these turning points are also highlighted by semi-transparent rectangles
in Panel B and summarized in Web Table 1. In Subfigures A-C we displayed the results for
time-dependent transmission rate modifiers. One can see that π(t) plays an important roles in
shortening the key turning points of the epidemic, and its effect on both estimation and prediction
of the COVID-19 infection dynamics has been clearly demonstrated. It is also interesting to see
that after data calibration, the abrupt rise in the infection proportion on Feb 12 in Web Figure 1
disappeared in Figure 6, and the observed data (i.e. the black dots) align better with the credible
intervals of both latent processes.

Next, we analyzed the data from the rest of the Chinese population (i.e. the provinces
outside Hubei) starting on Jan 23. We included two change points for the step function π(t) at
[Feb 4, Feb 8] with π0 = (0.8, 0.1). The exponential function remained the same. It is noted that
the spread of COVID-19 outside Hubei has been so far much less severe. Possible reasons for such
low proportions of infection and deaths include (i) discontinuing the traffic connections between
Hubei and the other provinces, (ii) more timely caution and preventative measures taken, and
(iii) a comparatively less dense distribution of infection with respect to the huge population size.
When Panel A1 in Web Figure 1 is zoomed in, some of the observed proportions (black dots)
are deviated from the posterior mean or median of the fitted prevalence albeit they all fall in
the 95% credible intervals, as shown by Panels B1 and C1 in Web Figure 2. Since the latent
process follows the SIR differential equations, there may be a lack of fit for the SIR model to
accommodate a very large and complex population of 1.3 billion people, in which most of the
subjects are not at risk. The proposed models should work much better for individual provinces,
but we did not perform such analyses.

The other epidemiological model with an added quarantine compartment as an absorbing
state was fitted via our R function qh.eSIR in the package eSIR. We applied the proposed model
in analyses of the data within and outside Hubei following Dirac delta functions with jumps
of φ0 = [0.1, 0.9, 0.5] at change points [Jan 23, Feb 4, Feb 8] and φ0 = [0.9, 0, 5] at change
points [Feb 4, Feb 8] respectively. Their results were summarized in Column D of Figure 6
and Web Figures 1-2. Their running codes were given as Examples 4-5 in Appendix C. Our
analyses once again clearly indicated that stringent quarantine protocols can largely reduce the
spread of COVID-19 both within Hubei and outside Hubei. Yet, it is known that too strict
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Table 1: The posterior mean and credible intervals of the reproduction number R0 obtained from
different quarantine models and datasets.

Within Hubei Outside Hubei

Data Calibration No Data Calibration

Model Mean 95%CI Mean 95%CI Mean 95%CI

No quarantine 3.02 [1.86, 4.56] 2.98 [1.90, 4.44] 2.56 [1.50, 4.22]
Exponential 4.82 [2.31, 8.38] 6.34 [2.82, 10.80] 3.16 [1.80, 5.06]
Step-function 4.32 [2.32, 6.94] 4.61 [2.12, 8.16] 2.90 [1.65, 4.76]
Quar. Compart. 4.95 [2.26, 9.25] 4.14 [1.96, 8.08] 3.37 [1.77, 5.73]

quarantine can backfire; people may lose their trust and patience in their committed system,
and consequently may try to reduce compliance or even avoid quarantine. We also present the
posterior mean probability of staying quarantine compartment in Web Figure 4 within Hubei
and outside Hubei. Note that Jan 23 was not set as a change point for the cases outside Hubei,
leading only to two jumps. It is evident that by Feb 8, more than 90% of the Chinese population
have taken in-home isolation or as such, reflective to a very strict quarantine protocol enforced
in the entire country.

The reproduction numbers estimated from different models for within and outside Hubei,
with and without the data calibration, together with their 95% credible intervals are summarized
in Table 1. It is worth pointing out that the estimates of the basic reproduction numbers obtained
from the epidemiological models with time-varying transmission or quarantine rates appear larger
than those obtained from the basic model with no quarantine. This is not surprising as our new
models explicitly incorporate interventions, so that the estimated R0 is an adjusted number
with the influence of interventions be removed. In contrast, the basic model with no use of the
quarantine modifier implicitly integrates the effect of interventions into the transmission rate β,
and consequently the estimated R0 is reduced due to the contribution from interventions. Our
analyses suggest that reproduction numbers R0 of COVID-19 without public health interventions
would be around 4-5 within Hubei and around 3-3.5 outside Hubei with relatively big credible
intervals. These findings are in agreement with findings from (Li et al., 2020a). We also notice
that after the data calibration, the estimated reproduction numbers R0 became less sensitive
towards the intervention assumptions. As pointed out above, the size of credible interval may be
reduced with more accessible data of COVID-19, which permits users to specify smaller variances
in the prior distributions given in Section 3.1.

Since the turning points in China have been observed by Feb 23, there is an increasing
concern about whether and when there would be a second outbreak. We conducted another set
of analyses on Hubei calibrated data to forecast the epidemic trends when strict intervention may
not last long. We focused on different degrees of relaxation on the intervention. In particular, we
added Feb 24 to the step function π(t) so that it has change points [Jan 23, Feb 4, Feb 8, Feb 24]
with π0 = (1, 0.9, 0.5, 0.1, π05). Note that in our fitted data, Feb 23 is the last observational date.
We considered π05 equal to 0.1, 0.3 and 0.5 to describe “strictly continuing”, “slightly loosening”
or “moderately loosening” the control actions that has made the transmission rate 0.1β since Feb
8. Our results in Figure 7 and Web Table 2 indicate that, on average, increasing the transmission
rate from 0.1β to 0.5β would end up with a second outbreak with a maximum prevalence 7.5%
and totally 16.7% of the population affected by July 20, increasing from 0.1β to 0.3β would end
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Hubei, China: posterior mean prevalence

Figure 7: Predicted mean prevalence of infection with or without loosening the strict intervention
in Hubei. The red semitransparent area denotes the scenario of moderate relaxation of the strict
human intervention (π05 = 0.5), the blue area denotes the slight relaxation of intervention (π05 =
0.3), and the purple area denotes the scenario that stringent control is continued (π05 = 0.1).
All their corresponding arrows mark the dates of their maximum mean prevalence.

up with a gradual increase in prevalence to 0.6% and about 1.4% of the population being affected.
If we continue keeping the transmission rate to be 0.1β, however, the epidemic will eventually
vanish in the population with no second outbreak and in total about 0.1% of the population
being affected. All these three scenarios are much better than the one without any intervention
(Panel A1 in Figure 6).

5 Concluding Remarks

We develop an epidemiological forecast model with an R software package to assess effects of
interventions on the COVID-19 epidemic within Hubei and outside Hubei in China. Since our
proposed model utilizes the strength of the SIR’s dynamic system to capture the primary mech-
anism of the COVID-19 infectious disease, we are able to generate potential predictions of future
episodes of the disease spread patterns over a prespecified window from the last date of data
availability. Some turning points of interest are obtained from these forecasting curves as part
of the deliverable information, including the predicted time when daily proportion of infected
cases becomes smaller than the previous ones and the predicted time when daily proportion of
removed cases (i.e. both recovered and dead) becomes larger than that of infected cases, as well
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as the time when the epidemic ends. Our informatics toolbox provides quantification of uncer-
tainty on the prediction, rather than only point prediction values, which are valuable to see the
best versus the worst. The key novel contribution is the incorporation of time-varying quaran-
tine protocols to expand the basic epidemiological model to accommodate changing transmission
rates over time in the population. The toolbox can be used by practitioners who have better
knowledge of quarantine and better quality data to perform their own analyses. Practitioners
can use the toolbox to evaluate different types of quarantine strategies in practice. All summary
statistics obtained from the toolbox are of great importance for public health workers and gov-
ernment policy makers to take proper actions on stop spreading of emerging epidemics, such as
the COVID-19 epidemic examined here.

We choose the MCMC algorithm to implement the statistical estimation and prediction
because of the consideration on the prediction uncertainty. Given the considerable complexity
in the COVID-19 virus spread dynamics and potentially inaccurate information of quarantine
measures as well as likely under-reported proportions of infected and recovered cases and deaths,
it is of critical importance to quantify and report uncertainty in the forecast. Note that the
publicly reported data of recovery and death of COVID-19 are mostly collected from hospitals
where accessibility to such information is warranted. In contrast, it is very difficult, if not
impossible, to collect the data of infected individuals with light symptoms who had in-home
isolation and recovered, in spite of serious efforts made by the government for a door-to-door
inspection to identify suspected cases.

This toolbox is indeed so general that it may be applicable to analyze and evaluate the
COVID-19 epidemic in other countries, as well as the future outbreak of other types of infectious
diseases. As noted in the paper, our proposed method does need some existing data of similar
infectious disease to set up hyper-parameters in the prior distributions of the model parameters
to begin the MCMC. For this, we used the epidemic parameters of the SARS outbreak in Hong
Kong given some similarity of COVID-19 to SARS. From this perspective, what we learned from
this COVID-19 epidemic in this paper is extremely valuable to form initial conditions in the
analysis of any future outbreak of similar infectious disease. In addition, understanding forms
and strengths of quarantines for the controlling of disease spread is an inevitable path to making
effective preventive policies, which is the key analytic capacity that our toolbox offers.

The proposed approach is extremely useful for policy decision makers to conduct interven-
tions forecast. Our analyses have shown that implementing strict intervention can well control
the spread of COVID-19 in China. Moreover, continuing relatively strict intervention can help
avoid a second outbreak. Though a slight to moderate relaxation on the intervention will lead
to increased infection among the population, an interval of stringent control will still largely
delay the progression of pandemic and reduce the maximum prevalence, or “flatten” the infection
curves. A flattened infection curve means more preparation time and fewer infectious cases at
each critical moment, hence more lives can be saved.

The proposed method has several limitations. First, it ignores the compartment of exposure;
it is known that incubation period is relevant to disease transmission, which is particularly true
for the COVID-19 as asymptomatic individuals are infectious. Second, the number of removed
cases may be inaccurate due to the fact that many of deaths occurring outside of hospitals may
not be diagnosed for the COVID-19 infection. Third, it assumes that the recovered cases are
automatically immune to the coronavirus, which has not been clinically validated yet.

This analysis also has several limitations. Firstly, this analysis used an underlying SIR
model structure, which is fairly simple—there are a number of additional processes that are
known to be involved in the natural history of COVID-19 and could potentially be incorporated



An eSIR Epidemiology Model 425

into the model. For example, the incubation period is known to be approximately a median of 5
days (Lauer et al., 2020), which could be incorporated into the model. Similarly, age structure,
potential super-spreading events, asymptomatic infections and variation in transmissibility across
individuals, and more complex contact patterns (e.g. accounting for spatial structure when
examining larger-scale dynamics such as across the whole country) could all play a potentially
important role in the epidemic dynamics, altering the predictions of the model. Further, the
model does not explicitly account for the underreporting fraction or how it may change over
time, which can affect predictions and forecasts (Gamado et al., 2017, 2014; Eisenberg et al.,
2015). Future work to account for more complex dynamics and incorporate these features into the
package will be useful, both for model comparison and for extending the model to new contexts
and diseases.

A second important future direction for this work is the validation of the predictions made
by the model using subsequent data, such as cross-validating the model using data across dif-
ferent countries given that the COVID-19 has become a global pandemic. To fully evaluate the
usefulness of this approach, it will be important to compare the model predictions to the actual
trajectory of the epidemic—either for COVID-19 or for other epidemics, e.g. as a hindcasting
exercise. This is an important next step for this approach to be used as a forecasting tool in
public health practice.

Additionally, the proposed epidemiological models can be further extended to accommodate
more data reported by the China CDC, which are worth future exploration. Two types of data
that may be used in the future extension are the daily number of suspected cases and the daily
number of hospitalized cases. We did not use such data due to the concern of data accuracy. For
example, the number of suspected cases is largely dependent on the diagnostic protocols, which
have been revised a few times since the outbreak of the disease, and the sensitivity of the RNA
test. Given such concerns, our strategy in the proposed model was to only use necessary data
for analysis, and over the course of improved data quality in the near future, our toolbox may
be extended to enjoy greater statistical power and more accurate predictions.

Supplementary Materials

Software website: https://github.com/lilywang1988/eSIR. The online supplementary results can
be found on the Journal of Data Science website.

A Runga–Kutta Approximation

A.1 Approximation in the Basic SIR model

The forth order Runga–Kutta(RK4) method gives an approximate of f(θt−1, β, γ) in equation
(4) as follows:

f(θt−1, β, γ) =

 θSt−1 + 1/6[kS1
t−1 + 2kS2

t−1 + 2kS3
t−1 + kS4

t−1]

θIt−1 + 1/6[kI1t−1 + 2kI2t−1 + 2kI3t−1 + kI4t−1]

θRt−1 + 1/6[kR1
t−1 + 2kR2

t−1 + 2kR3
t−1 + kR4

t−1]

 :=

 α1(t−1)
α2(t−1)
α3(t−1)

 ,

https://github.com/lilywang1988/eSIR
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where

kS1
t = −βθSt θIt ,
kS2
t = −β[θSt + 0.5kS1

t ][θIt + 0.5kI1t ],

kS3
t = −β[θSt + 0.5kS2

t ][θIt + 0.5kI2t ],

kS4
t = −β[θSt + kS3

t ][θIt + kI3t ];

kI1t = βθSt θ
I
t − γθIt ,

kI2t = β[θSt + 0.5kS1
t ][θIt + 0.5kI1t ]− γ[θIt + 0.5kI1t ],

kI3t = β[θSt + 0.5kS2
t ][θIt + 0.5kI2t ]− γ[θIt + 0.5kI2t ],

kI4t = β[θSt + kS3
t ][θIt + kI3t ]− γ[θIt + kI3t ];

and

kR1
t = γθIt ,

kR2
t = γ[θIt + 0.5kI1t ],

kR3
t = γ[θIt + 0.5kI2t ],

kR4
t = γ[θIt + kI3t ].

A.2 Approximation in the eSIR model with quarantine compartment

Using the RK4 approximation, f(θt−1, β, γ) in the extended SIR model (6) with a quarantine
compartment can be approximated following the two iterative steps:
1. Solve the f(θt−1, β, γ) in Appendix A without considering the quarantine with f(·)

f(θt−1, β, γ) = [α1(t−1), α2(t−1), α3(t−1)]
T.

2. Due to the quarantine, we deduct a mass of the susceptible by α∗1(t−1) = α1(t−1) − φ(t)θSt−1,
and let θQt = θQt−1 + φ(t)θSt−1 with θQ0 = 0.

Let α∗t−1 = [α∗1(t−1), α2(t−1), α3(t−1)]
T, and it is easy to show that the sum

∑3
k=1 α

∗
k(t−1) = 1−θQt .

Thus we can regenerate the next day’s θt following a Dirichlet distribution adjusted by the
prevalence of the quarantine compartment α∗t ∼ Dirichlet(κα∗t−1/(1 − θQt )). The estimated
prevalence values become θt = (1 − θQt )α∗t . We follow above two steps and finish the complete
prevalence processes. Note that the deduction of susceptible compartments might cause θSt ≤ 0,
so we will bound such prevalence value to be consistently 0 or above.

B Moment properties of Beta and Dirichlet distributions

For the sake of being self-contained, we list the moments of both Beta and Dirichlet distributions.
The mean and variance of Beta distribution Beta(α, β) are respectively:

Mean =
α

α+ β
,Var =

αβ

(α+ β)2(α+ β + 1)
.
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While to Dirchlet distribution Dir(κα), we have

Mean = α,Var =
1

κ+ 1


α1(1− α1) −α1α2 −α1α3 −α1α4

−α1α2 α2(1− α2) −α2α3 −α2α4

−α1α3 −α2α3 α3(1− α3) −α3α4

−α1α4 −α2α4 −α3α4 α4(1− α4)

 ,

where α = (α1, α2, α3, α4)
T with α1 + α2 + α3 + α4 = 1.

C R Codes

First we conducted analysis of the Hubei COVID-19 data using the transmission rate modifier
with function txt.eSIR from package eSIR. Note that option dic=TRUE enables to calculate
the deviance information criterion (DIC) for model selection, while options, save_files=TRUE
and save_mcmc, allow the storage of MCMC output tables, plots, summary statistics and even
full MCMC draws, which may be saved via the path of file_add, or otherwise via the current
working directory. The major results returned from the package include predicted cumulative
proportions, predicted turning points of interest, two ggplot2 (Wickham, 2016) objects of the
summary plots related to both infection and removed compartments, a summary output table
containing all the posterior means, median and credible intervals of the model parameters, and
DIC if opted. The trace-plots and other useful diagnostic plots are also provided and automat-
ically saved if save_files=TRUE is opted. In the package, function tvt.eSIR() works on the
epidemiological model with time-varying transmission rate in Section 2.2, and qh.eSIR() for
the other epidemiological model with a quarantine compartment in Section 2.3. Note that in
function tvt.eSIR(), with a choice of exponential=FALSE, a step function is run in the MCMC
when both change_time and pi0 are specified. To fit the model with a continuous transmission
rate modifier function, user may set exponential=TRUE and specify a value of lambda0. The
default is to run the basic epidemiological model with no quarantine or π(t) ≡ 1 in Section 2.1.
death_in_R is usually set to be the average ratio of death and removed proportions at each
observation time point, which is used to estimate the death curve in the forecast plot of the
removed compartment. Below are the R scripts used in the analysis.

### Example 1: Step function pi(t)
### Y and R are observed proportions of infected and removed compartments
change_time <- c("01/23/2020", "02/04/2020", "02/08/2020")
pi0 <- c(1.0, 0.9, 0.5, 0.1)
res.step <- tvt.eSIR (Y, R, begin_str = "01/13/2020", death_in_R = 0.4,
T_fin = 200, pi0 = pi0, change_time = change_time, dic = TRUE,
casename = "Hubei_step", save_files = TRUE,
save_mcmc = FALSE, M = 5e2, nburnin = 2e2)
res.step$plot_infection
res.step$plot_removed
res.step$dic_val

### Example 2: continuous exponential function pi(t)
res.exp <- tvt.eSIR (Y, R, begin_str = "01/13/2020", death_in_R = 0.4,
T_fin = 200, exponential = TRUE, dic = FALSE, lambda0 = 0.05,
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casename = "Hubei_exp", save_files = FALSE, save_mcmc = FALSE,
M = 5e2, nburnin = 2e2)
res.exp$plot_infection
# res.exp$plot_removed

### Example 3: the basic state-space SIR model, pi(t)=1
res.nopi <- tvt.eSIR (Y, R, begin_str = "01/13/2020", death_in_R = 0.4,
T_fin = 200, casename = "Hubei_nopi", save_files = FALSE,
M=5e2, nburnin = 2e2)
res.nopi$plot_infection
# res.nopi$plot_removed

The other epidemiological model with an added quarantine compartment as an absorb-
ing state was fitted via our R function qh.eSIR in the package eSIR. The arguments used in
qh.eSIR() are almost identical to those in tvt.eSIR(). Note that if the quarantine rate func-
tion is set at constant 0, this model will be reduced to a basic epidemiological SIR model.

### Example 4: Dirac delta function of the quarantine process
change_time <- c("01/23/2020", "02/04/2020", "02/08/2020")
phi <- c(0.1, 0.4, 0.4)
res.q <- qh.eSIR (Y, R, begin_str = "01/13/2020",death_in_R = 0.4,
phi0 = phi0, change_time = change_time, casename = "Hubei_q",
save_files = TRUE, save_mcmc = FALSE, M = 5e2, nburnin = 2e2)
res.q$plot_infection
# res.q$plot_removed

### Example 5: basic state-space SIR model
res.noq <- qh.eSIR (Y, R, begin_str = "01/13/2020", death_in_R = 0.4,
T_fin = 200, casename = "Hubei_noq", M = 5e2, nburnin = 2e2)
res.noq$plot_infection

In the above R coding scripts, only very short MCMC chains are specified for the consider-
ation of running time. In practice, we set M=5e5 and nburnin=2e5 to achieve desirable burn-ins
and yield stable MCMC draws.

D Under-reporting Calibration

As is mentioned in the Introduction, the issue of under-reporting may cause bias in prediction.
In order to adjust the under-reported number of infected cases, we apply the following algorithm
to calibrate the number of infections before Feb 12, during which time the Chinese government
only relies on the RNA test for diagnosis, which was realized later with low sensitivity leading
to many false negatives.

We assume that the cumulative number of infected cases between Jan 13 and Feb 12 when
a sudden big jump occurs follows an exponential function,

y(t) = aeλt + b,
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where t ∈ {1, 2, . . . } and a, b, λ are parameters to be estimated. Here, t = 1 stands for Jan 13
and t = 31 stands for Feb 12. Under the condition of y(0) = 0, we can easily get that

y(t) = aeλt − a.

To estimate parameter λ and a, we want to minimize the least square error of the estimated
number ŷ(t) of infected cases at t = 32 (Feb 13), which is one day after the Chinese government
changed the diagnosis protocol. It is assumed that the difference between the predicted and
observed number of infections on Feb 13 would not be big if the model were established well,
although the long term difference might be large due to other interventions. Therefore, the
optimization problem we want to solve is,

min
a,λ

{y(32)− ae32λ + a}2

s.t. ae31λ − a = y(31).

The constraint ae31λ − a = y(31) is used to ensure that the cumulative number of infected cases
till Feb 12 equals to the observed value y(31). The optimization problem can be solved using the
method of Lagrange Multipliers. Obtained λ̂ = 0.06605, â = 7142.80. The calibrated number
of infected cased between Jan 13 and Feb 12 is shown in Figure 5. The proposed calibration
method corrected the under-reporting issue, at least partially.
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Predictions during the early stage of an epidemic are essential to inform quarantine proto-
cols, plan medical resources, and implement economic strategies. One of the major obstacles for
making accurate predictions is imperfect available data on the current state of the disease dy-
namics typically summarized via the number of infected and recovered cases, and disease-related
deaths. In the case of rapidly evolving COVID-19 pandemic, major challenges include under-
reporting of infected and recovered cases due to the shortage of available tests, non-uniform
performance and not sufficiently high sensitivity/specificity of currently available tests, a long
incubation period, and a significant number of asymptomatic/unconfirmed cases, inconsistent
accounting practices in death classification. All these make it quite challenging to accurately
predict the future trajectory of this pandemic.

Putting aside the imperfections in the currently available data, choosing an appropriate
model is another essential component of the modelling endeavor. Modifications of the classi-
cal SIR (Susceptible-Infectious-Removed) and SEIR (Susceptible-Exposed-Infectious-Removed)
models are among the most popular modelling frameworks used during the early stage of this
pandemic. Ironically, even the notorious Institute for Health Metrics and Evaluation at the
University of Washington that originally proposed an misleadingly inflexible curve-fitting model
(The Institute for Health Metrics and Evaluation, 2020) that received vigorous criticism within
statistical and epidemiological communities (see (Brookmeyer, 2020; Jewell et al., 2020; Jin
et al., 2020; Etzioni, 2020) and many others), has eventually switched to SEIR-based modelling
(http://www.healthdata.org/covid/updates) right around the time of writing this discussion
(May 5th, 2020).

In their paper, Wang et al. have extended SIR (eSIR) model to incorporate changes based
on the observed sequence of lockdown protocols implemented by local authorities. Although,
the proposed eSIR model is relatively simple, we believe the model structure can accommodate
simple, but realistic scenarios and provide a reasonable starting point in prediction modelling.
We have applied eSIR model to Maryland data right after the model has been posted online
and would like to discuss a few practical considerations. First, this model is sensitive to the
pre-defined transmission rate modifiers, which are fixed hyper-parameters. In practice, these
hyper-parameters have to be estimated from observed data using validation techniques such as
minimizing deviance criterion or prediction mean squared error. It would be great to see this step
implemented directly within the R package that accompanies the paper. Second, although, the
turning-point prediction (peaks of the daily and cumulative incidence curve) is a nice component
of the proposed eSIR model, their estimates varied significantly and were quite sensitive to the
choice of quarantine or transmission modifiers. The authors extensively discussed the challenges
of accurate peak prediction in the current first wave of the pandemic. Varied and often quite
different predictions of the peaks in recent COVID-19 analyses are a testament to that fact. This
likely implies that the actual peak will depend on the compliance with the lockdown protocols
and, thus, can only be reasonably predicted with a continuous time period accounting for this
uncertainty.
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It is worth mentioning many other extensions of SIR among which SEIR model that addi-
tionally includes an “Exposed” compartment and is considered to be more flexible and potentially
more accurate due to taking into account a time lag between the time of being exposed and the
time becoming infectious. Time-varying implementations of SEIR models have also been pro-
posed (for example, (Teles, 2020)) which consider additional “asymptomatic” and “hospitalized”
compartments. One practical suggestion for these dynamic models would be to calibrate their
parameters using available testing data. This calibration step can help alleviate the problem
of under-reporting cases to some extent, which the eSIR model does not address. In addition,
the contact probability between a susceptible person and an infectious person can vary across
ages and other demographics and properly accounting for that could help with more accurate
prediction (Global Epidemic and Mobility Project, 2020). Finally, publicly available mobility re-
ports across states and counties can provide local proxies for the lockdown compliance that can
help with more accurate estimation of transmission rate modifiers under various social distancing
measures (Google LLC, 2020; Apple Inc, 2020; Unacast, 2020).

From our perspective, a major contribution of the authors is the R package that implements
the proposed eSIR model. We found it to be very helpful in exploring various hypothetical
scenarios as done by us or in modifying the proposed model as done by others Jin et al. (2020).
With a rapid "on-demand" model development happening almost real-time, transparency of
proposed models, open access to used data and developed software are critical for external and
independent reproducibility of the results and speedy validation of the proposed models. As an
illustration of the practicability of the proposed eSIR model (time-varying transmission rate), we
considered different scenarios for the State of Maryland and present projections based on different
transmission rate modifiers. Governor Larry Hogan issued stay-at-home order for Maryland on
the March 30th, 2020. Using a minimum deviance criterion, we estimated the transmission rate
modifier as 0.38 between March, 30th and May, 1st of 2020. We assume that transmission rate
varied as (1, 0.9, 0.6) before that date with change-points being March 12th (closure of bars,
restaurants, gyms, movie-theaters, and sporting venues), March 23rd (closure of non-essential
businesses). We considered a hypothetical reopening scenario starting at June 1st and ran the
eSIR model across three different scenarios assuming post-reopening transmission rate modifiers
to be 0.3 (“Strictly continuing”), 0.4 (“Slightly loosening”) and 0.5 (“Severely loosening”). Across
the three scenarios, the estimated models, shown at Figures 1 and 2, project on average anywhere
between 200K+ to 400K+ to 500K+ of the cumulative number of infected cases by the middle
of September of 2020 compared to about 27K confirmed infected cases on May 5th, 2020.

Given on-going limitations with the currently available data on the number of exposed,
infected, and recovered cases, epidemiologists started looking at more robust population level
summaries such as excessive mortality. Arguably, even though there is inconsistent accounting
of COVID-19 related deaths across regions and countries, the number of reported COVID-19
related deaths still may be a reliable measure to estimate the current state of the dynamic
disease process. This is why we provide daily updates of the time-varying doubling times for
number of deaths across different US states as well as different countries around the world
(https://bit.ly/dtlivecovid). Our goal is to track state and country-level death trajectories
to better understand local dynamics of the disease spread.

Now, when most of the countries, states, and cities are actively considering various sce-
narios of reopening, accurate statistical predictions updated in real-time are essential to inform
critical decisions about public health and economics. When a large number of new modelling
proposals are posted daily on open access pre-print repositories such as https://arxiv.org/,
https://www.biorxiv.org/, https://www.medrxiv.org/ and published in peer-reviewed jour-
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Figure 1: The cumulative number of predicted infected cases in Maryland across the three
scenarios. The solid line indicates mean and the dotted line indicates median. The shaded area
shows the credible intervals. Vertical red and blue lines indicate two turning points: the peaks
for daily and cumulative incidence curves, respectively.

nals, the statistical and epidemiological modelling community needs to create widely supported
open platforms to efficiently aggregate, validate, and disseminate broadly accepted by the com-
munity model predictions. One exemplary effort of such an interactive hub is the ensemble of
COVID-19 forecast models developed by Reich Lab (2020) and co-hosted by CDC at Center for
Disease Control and Prevention (2020). While social distancing is essential in mitigating the
pandemic in communities across the country, we need modelling community coming together
to provide a coordinated and harmonized modeling response to the challenges of COVID-19
pandemic.
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Wang et al. provide a useful and important step in making epidemic models accessible to
both experts and non-experts alike. Via their R package ‘eSIR’, the authors create a tool that
allows for flexible modeling of SIR epidemics via a Bayesian hierarchical model.

During the ongoing COVID-19 pandemic, statistical models are in abundance (see https:
//github.com/midas-network/COVID-19) and eSIR differentiates their contribution from other
works through an abundance of accessibility, reproducibility, and transparency in their modeling
framework.

With regards to accessibility, the authors complement their ideas with purposeful figures,
equations, and verbal explanations, which serve to explain their contributions than any one
feature alone. Moreover, the authors release their work along with their data via an R package
and a basic Shiny app.

With regards to reproducibility, all code is open-source and is available publicly online.
Moreover, the authors the authors provide the code for their calculations along with a vignette,
and the package “just works.”

Finally, the authors are generally transparent in stating their assumptions and processing of
the data. Data are messy, and this is demonstrated in the sudden change in case counts in China
on January 12, 2020. Wang et al. clearly explain their procedure to smooth over or ‘calibrate’
the discrepancy and present their modeling results with and without this calibration.

One line of questioning I would pursue, with regards to transparency, is the origin of the
observed number of recovered/removed individuals Y R

t . New case counts are commonly reported
but new recovered/removed are reported far less. Since the number of recovered is associated with
estimating γ, the recovery rate and hence R0, it is important to analyze how robust estimates
are to any pre-processing steps of Y R

t .
The implementation of quarantine procedures in the eSIR model is both useful and novel,

especially with the comparison of the inclusion of the global modifier in the SIR model and the
SIR model with an additional quarantine compartment. This shows an interesting view in how
two models which attempt to describe the same phenomenon (i.e. quarantining a population)
can produce different results, especially with regards to R0, the initial reproduction number.

The models described in this paper describe a population that is homogeneous with regards
to infection dynamics or at least, on average acts in the same manner. Future work could be
dedicated to extending the general SIR model to sub-groups within the population such as to
close-quarters, children and adults, or other socio-economic factors. A consequence of adding
more and more strata is additional parameters to estimate which may hinder computational
tractability of the model. Moreover, simply developing the ODEs which such a model would
follow (f(·) in the authors notation) may be unclear. Since individual-level models and agent-
based models are used to model groups with multiple strata and local, heterogeneous interaction,
it would be interesting to analyze if and when compartment models become supplanted by these
individual-level and agent-based models.
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I would like to commend the authors for their fast development and clear presentation of an
important model for studying the effect of a temporally varying transmission rate modifier on
the trajectory of COVID-19. The paper extends work by Osthus et al. (2017), modeling noisy
observed proportions of infected and removed cases as coming from an underlying state-space
SIR model.

As noted in the paper, parameter identifiability issues pose a severe challenge to predicting
the peak or end of an epidemic during the exponential growth phase. This concept was well
illustrated in Osthus et al. (2017) for influenza prediction; combinations of parameters in the
model that agree with influenza data early in the season will not necessarily result in reasonable
late season forecasts (see Figure 3 for an example). Of course, Osthus et al. [2017] could only
designate one set of predictions as reasonable and another as unreasonable because the seasonal
flu has a set of historical data from which one can learn about “typical” patterns. Wang et al.
do well to note that with COVID-19, “whichever the chosen model is used used, the model itself
will dictate prediction results.”

I mention the Osthus et al. (2017) illustration because it came to mind when I saw the
severity of the predicted infectious proportion with the basic SIR model (i.e., that having π(t) ≡
1) in Wang et al.’s Figure 6. My instinct was to think “Well, I’m sure this result is quite sensitive
to initial conditions” and pick apart the authors’ priors and assumptions. I then decided that,
while sensitivity analyses showing this predicted proportion under various prior/hyperparameter
specifications would have been appreciated, the star of this figure and the paper in general
is the contrast between the basic SIR model and the models incorporating some time-varying
intervention. In a sense, it is comforting that the models run with a transmission modifier or
quarantine process show relatively optimistic predictions even when the basic SIR model looks
so catastrophic.

The authors’ do well to show results under a handful of different π(t) functions, but uncer-
tainty about π(t) is not reflected in individual model predictions. To propagate this uncertainty
about π(t), an option would be to have this function be another model parameter, informed by
data, rather than a fixed quantity. To do so, one would need to link π(t) to some real measure-
ment of the reduction in the chance of a susceptible person meeting with an infected person.
Of course, measuring this quantity is nontrivial, particularly in places where macro isolation
measures are either not in place or not universally enforced. Proxies could include mobility data,
self-reported surveys, school/workplace closures, etc. But, given the general issue of parameter
unidentifiability, I worry that even if π(t) is measured (or approximated) well, we may still not
be able to tell if we’re hitting the threshold at which the true transmission rate modifier is too
high (i.e., if in Figure 6 we’re going to end up nearer to column 1 than the latter three columns).

Similarly, I think the message regarding the effect of loosening restrictions is more impactful
in spirit than in exact measure. That is, I find the authors’ Figure 7 a good reminder that too
much loosening of transmission modification measures can lead to poor outcomes; I also don’t
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think the model as-is can be used to guide policy on what exact value of π(t) we need to shoot for
to avoid the red scenario in Figure 7. This issue is particularly salient right now as government
officials and citizens debate when/how/what reopening should take place (I am U.S.-based, so
have spent many hours in various levels of disbelief as I catch up on the latest news). I think a
lot of people would appreciate a tool allowing them to play with step timing/values for π(t) and
run the model with their local data to get a handle on the possible outcomes of various choices.
This thought leads nicely to my next set of comments...

I appreciate how the authors emphasized the potential for their model to be used by health
professionals, who may have better or more relevant/current data to use as inputs. I think their
creation of an R Shiny App was a step in the right direction but that it still has some work
to be done in terms of realizing this potential. Specifically, I wish the app had the capability
for users to change more model settings and see the resulting output change, and to input new
data. I trust the authors will expand on the App in the coming weeks/months for use in other
COVID-19 modeling efforts. In playing with the App, I appreciated the ability to see how the
forecasts changed with each new day of data, and the chance to see the paper results come to
life. I personally will now consider creating R Shiny Apps to accompany my own papers, since I
love the idea so much!
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We congratulate Wang et al. for their nice work on the COVID-19 epidemic in China. As
of April 16, 2020, COVID-19 has become a pandemic and is affecting over 200 countries and
regions in all continents except Antarctica. Modeling of COVID-19 data is of great importance,
because it can provide insight into the dynamics of the spread of SARS-COV-2, the virus that
causes the COVID disease, and the effects of mitigation policies. Such insight is helpful for
health workers and policy makers to evaluate potential interventions and make forecast about
the future trend of the virus spread. This is exactly the aim of Wang et al. In addition, we
appreciate the authors’ effort in providing an R package eSIR, which facilitates the data analysis
using the proposed model. In what follows, we comment on the modeling approach taken by
Wang et al. and suggest future directions for this area of research.

1 The Proposed State-space SIR Model

Generally speaking, epidemic models can be categorized as deterministic models and stochastic
models. Most epidemic models consider a partition of the population into different compartments.
These compartments correspond to individuals at different stages of a disease epidemic, such as
susceptible individuals (who do not have the disease but can be infected), infectious individuals
(who have the disease and can infect others), and removed individuals (who had the disease and
cannot be infected again or infect others). Each individual precisely belongs to one of these
compartments, i.e., the compartments are mutually exclusive and exhaustive. The spread of the
disease is described by the flow of people across different compartments.

Deterministic models characterize disease transmission through a set of differential equa-
tions. For example, the classical susceptible-infectious-removed (SIR) model (Kermack and
McKendrick, 1927) is given by the following equations:

dθSt
dt

= −βθSt θIt ,
dθIt
dt

= βθSt θ
I
t − γθIt , and

dθRt
dt

= γθIt . (1)

Here, following the notations in Wang et al., θt = (θSt , θ
I
t , θ

R
t )
> denotes the prevalences of

susceptible, infectious and removed individuals in the entire population at time t, and β and γ
are the transmission and removal rates, respectively. Given the initial prevalences of the three
compartments and the parameter values, the trajectory of θt over time is fully determined by
Equations (1).

In practice, the spread of disease is rarely a deterministic process. Furthermore, it is likely
that the prevalences of some compartments are observed with error or may not be observed at all.
As a result, stochastic/statistical modeling is needed to take these considerations into account.
The state-space SIR model developed by Osthus et al. (2017) incorporates measurement errors
by modeling the observed prevalences as random variables centered at values indicated by a
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deterministic SIR model. Specifically,

Y c
t | θt ∼ Beta(λcθct , λ

c(1− θct )), and θt | θt−1 ∼ Dirichlet(κf(θt−1, β, γ)). (2)

Here, Y c
t is the observed proportion of compartment c ∈ {S, I,R} at time t, and f(·) is the

deterministic SIR curve indicated by Equations (1). The deviation of Y c
t from the deterministic

SIR trajectory is captured by additional variance parameters λc and κ. Model (2) was originally
developed in Osthus et al. (2017) for modeling seasonal influenza. The idea of model (2) is quite
general and has also been used in other applications such as Osthus et al. (2019). Wang et al.
extended this modeling framework, specifically for the analysis of COVID-19 data, by considering
(i) a time-varying transmission rate, β = β(t), or (ii) a quarantine compartment θQt in the model.
In addition, the Runge-Kutta approximation of f(·), first proposed in Osthus et al. (2017) and
then adopted by Wang et al., facilitates posterior computation.

In model (2), it can be seen that θt is a (latent) discrete-time Markov process. An alternative
way of specifying the process {θt, t ≥ 0} is through a stochastic SIR model directly. See, for
example, Andersson and Britton (2000). Specifically, one may assume that the times each
infectious individual has contacts with a given susceptible individual follows a Poisson process
of rate β. Suppose any of these contacts can result in the susceptible individual being infectious
immediately. Furthermore, suppose the time between the infection and removal of an infectious
individual follows an exponential distribution of rate γ. Assume all those Poisson processes and
exponential distributions are independent of each other. Then, θt is a continuous-time Markov
process. This direction may be considered in the future.

2 Posterior Inference for the State-space SIR Model

Wang et al. used a Markov chain Monte Carlo algorithm to obtain draws from the posterior
distribution of the parameters. Specifically, the R package rjags (Plummer et al., 2019) was
used for posterior simulation. We note that since model (2) is essentially a dynamic model,
online and sequential algorithms such as sequential Monte Carlo (Doucet et al., 2001) may be
considered in the future to improve the efficiency of posterior sampling. In that way, when data
at more time points become available, one can update the posterior in an efficient way rather
than re-fitting the model to the complete data.

It is also worth noting that parameter estimations of model (2) may be sensitive to the
choice of hyperparameters. Wang et al. specified the hyperparameters in a sensible way using
SARS data.

3 Concluding Remarks

The work by Wang et al. illustrates the potential and power of statistical modeling for infectious
diseases like COVID-19. The work was focused on the COVID-19 outbreak in China, but the
proposed model is also applicable to the data analysis for other countries like Italy or the United
States. The COVID-19 pandemic is still affecting many countries and may not end in the near
future. We hope to see more data-driven and model-based inference for the dynamics of the
spread of COVID-19 and hope such inference could be helpful for policy makers and health
workers.
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We found the work by Wang et al. on analyzing the COVID-19 outbreak in China very
timely, and interesting. The R package eSIR they developed provides a useful tool to understand
the ongoing pandemic event. The paper is one of the many contributions from the statisti-
cal research communities to fight this invisible but deadly virus. In their model, the classic
Susceptible-Infected-Removed (SIR) structure widely used for modelling infectious disease out-
breaks served as hyper-parameter generating mechanism and has been adapted for the stochastic
time-series type observed data for COVID-19 published by the Chinese Center for Disease Con-
trol and Prevention (China CDC). The results from their model provided estimates for R0 of
COVID-19 under various scenarios quantifying the quarantine interventions implemented at var-
ious stages by the Chinese government. Additionally, the authors proposed a practical approach
to adjusting for the potentially under-reported cases due to progressing understanding of the
emerging outbreak. We would like to provide a few comments on the model proposed by Wang
et al. and discuss several directions for future research.

1 Incorporating Recent Scientific Knowledge of SARS-CoV-2

The state-space SIR epidemiological model proposed in the paper incorporate several components
on top of the basic SIR model to adapt for the early phase COVID-19 outbreak, for the daily
confirmed cases both inside and outside Hubei Province. Firstly the stochastic element has
been injected through assuming beta-distributed observations generated from the underlying
state-space Markov process, further governed by the SIR generating mechanism of the hyper-
parameters of prevalence’s of each state. Secondly the infection process linking the susceptible
(S) and infected (I) states has been modified by either a reduction-of-contact process π(t) or an
external quarantined (Q) state with rate function φ(t). Markov-Chain Monte-Carlo (MCMC)
algorithms has been developed to fit the proposed model to the daily report of confirmed cases
in China.

With the ongoing COVID-19 pandemic across the globe, the scientific community has been
working day and night to better understand various aspect of the virus. One crucial feature of
SARS-CoV-2 transmission, that differs from other known viruses in the coronavirus family such
as SARS and MERS, is that accumulating evidence of infection from pre-symptomatic or fully
asymptomatic individuals could be significant (Bi et al., 2020; Gandhi et al., 2020). As mentioned
in the discussion section of the current paper, the Susceptible-Exposed-Infected-Removed (SEIR)
structure take into consideration the incubation period of COVID-19, which not only affects the
transmission dynamic significantly due to its relatively long duration (Guan et al., 2020; Li
et al., 2020), but also serves as extremely important factor for implementing proper quarantine
strategies. With the SEIR structure, the accompanying processes π(t) or φ(t) will also need to
be redefined. It would be interesting to see how the model estimates may change from current
findings with the updated model. The exposed state could further develop into sub-states of
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infected such as IS and IA, to represent symptomatic and asymptomatic cases. Naturally the
link between IS , IA and S or R may be very different, and it would be very interesting to quantify
the relative infectiousness from cases with or without symptoms, as well as their post-infection
prognosis and establishment of future immunity.

Another important aspect of epidemic models, although often limited by the accessible data,
is the population infectious contact structure. Homogeneous mixing assumption has been widely
used if no clustering structure is available. Generally the R0 tends be overestimated with such
assumption considering clustered transmission events within household/school/workspace and/or
super-spreading events are common for respiratory infectious diseases. Demographic, social and
environmental factors could be important for the transmission dynamic in similar way to the
contact structure and modify the capacity of infection routes. With the available data, these
factors could be incorporated into the SIR or SEIR models and provide more detailed description
of transmission paths, thus provide guided directions for more efficient intervention efforts.

The authors provided R0 estimates under various intervention scenarios through sensitivity
analyses. The intervention approaches had been modeled with step-wise or exponential functions
as the contact-reduction rate, or the transition probability vector with the extra quarantine
state. To our interest, although the proposed scenarios reflect probable effect sizes of intervention
efforts, could these effect sizes be estimated directly as model parameters? Otherwise the current
estimated R0’s under various scenarios showed relative large variations, indicating the model is
quite sensitive to intervention effect parameters. We would appreciate certain validation of the
presented intervention effect functions.

Nevertheless, mathematical/statistical transmission models always rely on assumptions of
disease natural history, social and environment composition, and time-varying intervention/-
control efforts to describe and simulate the underlying mechanisms of the emerging outbreaks.
During the early-phase of an outbreak caused by a novel virus, simple models with the least
required assumption sets such as SIR model provide quick and urgently needed initial answers
for understanding and evaluating the level of caution, which serve as the base defence line against
larger scale outbreaks. Unfortunately COVID-19 has already become a pandemic, but statisti-
cians must continue to contribute to the global effort to win the war against the virus.

2 Calibrating the Under-Reported Cases

We nevertheless congratulate the authors for providing a simple approach to account for the
bias resulted from potential under reported cases. The proposed approach assumes consistent
growth rate between January 12 to February 12, 2020 and fitted an exponential curve that
minimized one-step ahead extrapolation error. We thus suggest several potential improvements
of this approach. First, the consistent exponential growth rate assumption could be affected by
the intervention efforts, for instance the city blockade, enhanced quarantines and new hospital
openings as modeled in the paper. All these time points with jumping π(t) occurred within the
calibration duration, thus may affect the growth rate of infected cases. The calibration model
should therefore adjust the proposed growth rate to π(t) accordingly. Secondly, the sudden spike
on February 12, 2020 was mainly due to the change of clinical/diagnostic definition of COVID-19
cases by the Chinese Ministry of Health. These cases were not necessarily purely resulted from
the reporting delay. External information might be used to model the delay functions more
precisely. Thus, we felt the calibration model could be further improved.

As a side note, the case confirmation time-series data, however, suffer from delayed report
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bias compared to the epidemiological curve comprised of individual time of disease onset. The
epidemiological curve is more directly related to frequently used features of infectious diseases,
such as serial interval (time between symptom onset of an infected case and secondary cases from
it), incubation period (time between infection and symptom onset), latent period (time between
infection and start of infectiousness) and infectiousness duration (time between infectiousness
start and end). These features of the natural disease history provide elevated insights into the
transmission dynamics and guidances for intervention practices (Bi et al., 2020; Li et al., 2020;
Zhu and Chen, 2020). Of course the epidemiological curve is much more expensive to obtain as it
require more detailed clinical information of infected subjects. Ultimately, we would like to point
out the importance of testing, contact tracing and epidemiological review. These are the crucial
efforts needed not only for public health agencies, policy makers to control the disease spread,
but also provide rich and valuable data for modellers to obtain better inference and prediction.
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1 Introduction

We are very appreciative of all the thoughtful comments from the panel of the outstanding
discussants, including Drs. T. Zhou and Y. Ji (Zhou-Ji) from the University of Chicago, Dr. Kelly
R. Moran (Moran) from Duke University, Dr. Shannon Gallagher (Gallagher) from Carnegie
Mellon University, Mr. D. Dey and Dr. V. Zipunnikov (Dey-Zipunnikov) from Johns Hopkins
University, and Drs. Y. Zhu and Y.Q. Chen (Zhu-Chen) from Fred Hutchinson Cancer Research
Center. In particular, we would like to express our deep gratitude to the Journal of Data Science,
especially Editor Dr. Jun Yan, for selecting our paper for discussion. This rejoinder is planned
to respond to some major points raised in the discussions. We will begin with a summary of
this paper, and then address a set of points of interest that we identified from the discussants’
comments, including modeling, data quality, subgroup analysis and future work.

In late January, we were anxious about the outbreak of the COVID-19 pandemic in the city
of Wuhan, China, and its quick spread in the other regions of the country. The news of the
lockdown of Wuhan as an unprecedented public health intervention in our life time was indeed
shocking, which motivated us as statisticians to contribute something helpful. Although some
cash and PPE donations to the Hubei province were wonderful, it seemed to be more useful to
“donate” a statistical software that may help public health workers in China to crunch their data,
to assess various time-varying interventions, and to predict the evolution of the pandemic. Given
that the road to the containment of the pandemic was so dark at that moment – nobody knew
if the old tricks used in the past for handling infectious disease would work again, perhaps, a
prediction model may shed some light of the future direction. This was the original motivation
of our project that drove us, a group of volunteers with rigorous training in epidemiology and
statistical modeling, to develop a very basic data analytic toolbox to analyze the COVID-19
data in China. We simply wanted to make a lighter not a torch, because at the beginning of
the project we could only access very limited data in the public surveillance database. Thus, we
decided to take the following key elements into the design and the development of our health
informatics toolbox.

First, we wanted to build the toolbox that is able to make prediction and more importantly,
to calculate prediction uncertainties. Forecast is a very difficult task, which depends greatly on
data at hands and a model chosen to generate information beyond the observational time period.
The chosen model is of critical importance to deliver prediction. We chose the most basic
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Susceptible-Infected-Removed (SIR) model as the mechanistic model to build up our forecast
framework. The reason that we did not choose Susceptible-Exposure-Infected-Removed (SEIR)
model was that the incubation period has not been estimated properly due to the issue of
length-bias sampling. Given many types of factors potentially influencing the evolution of the
pandemic, a single value prediction is not going to work well. It is imperative to come up with a
way to assess prediction uncertainties. At the early phase of the pandemic the quantification of
the uncertainties may be equally important to the value of projected prevalence. This was the
reason for us to choose the Markov Chain Monte Carlo (MCMC) method in the implementation.

Second, we aimed to build the toolbox upon a statistical model to incorporate potential
sampling uncertainties. This is a fundamental difference from the existing SIR model or some
similar compartment-based models, where the underlying data generation mechanisms have been
explicitly specified. In other words, unlike a mechanistic model such as the SIR model based on
three ordinary differential equations, we chose to build a model that allows sampling uncertainties
in the process of data generation. So, the resulting framework is a statistical model rather than
a mathematical model, from which the quantification of uncertainty for both estimation and
prediction becomes feasible. This thought motivated our use of the state space model as the
statistical model to fit the data. A clear advantage of a statistical model is that the model
parameters can be estimated, rather than being specified by certain priors. Meanwhile, the
prediction uncertainty can be assessed. In addition, between SIR and SEIR models, we decided
not to include the exposure compartment (E) due to the fact that the estimated incubation period
was potentially biased due to the issue of length-bias sampling in the collection of confirmed
infected cases (Qin et al., 2020).

Third, given the sparsity of the available data, the model used for prediction should be
very basic in order to mitigate the issue of parameter identifiability. We believed that a simpler
model would typically be less sensitive to the potential problems of data quality, while allowing
to incorporate the influence of control measures as part of the policy assessment. We were
very impressed with a series of public health policies issued by the Chinese government with
great efforts towards the containment of the pandemic. Thus, allowing such time-varying control
measures to enter the SIR model was the top priority in our model. The latter was our main
focus of this new development. This thought is directly responsible for our choice of the SIR
model. Although the SIR model is the simplest one for analyzing infectious diseases, it allows
the incorporation of a disease transmission rate to link with the time-varying interventions.

Finally, as a must deliverable, we wanted to develop, test and distribute an R software for
the forecast toolbox to the public with full transparency. From the beginning, we shared fully
and openly our implementation code, the software package, and the numerical illustrations for
the effect of various control measures. We also provided consultation of free charge to various
software users from all over the world. From this point of effort, a statistical model and its
software are appealing to practitioners in the public health practice.

We are pleased to learn that this overall design of the toolbox has been reviewed positively by
the discussants, and the value of the software has also been praised. As the pandemic continues
worsening in the US, Brazil and other countries, the basic model proposed for the analysis of
the COVID-19 data in China becomes inadequate to address some important features, such as
self-immunization, including many aspects pointed out by the discussants. It is pleasing for
us to present our formal responses to some of the important issues. Our opinions may help
researchers further expand and improve the model, the estimation and prediction methods, and
the software, which may result in new methodologies that can be used for a broader range of
problems occurring in other regions of the world.
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2 Modeling

The proposed eSIR model is a state space model in that the latent process follows the SIR model
based on three ordinary differential equations. In other words, the eSIR is a statistical model,
part of which constitutes the mathematical mechanistic model (SIR). One key contribution of
the eSIR model is to include a transmission rate modifier π(t) that enables to characterize
time-varying interventions. The stronger a public health intervention the lower chance for a
susceptible individual to contract the virus from a contagious individual. In the current imple-
mentation, π(t) is pre-specified as a fixed hyper-parameter, which, we agree with Dey-Zipunnikov
and Zhu-Chen, is a limitation of our method. As pointed by Moran and Zhu-Chen, adding the
capacity of estimating this π(t) function is useful but technically challenging due to the potential
issue of parameter identifiability. Some researchers have considered estimating effective trans-
mission rate similar to the π function based on available data. For example, Sun et al. (2020)
proposed a local linear fitting regression to estimate a time-varying transmission rate nonpara-
metrically. However, this type of estimated rate cannot be used for prediction because a fast
evolution of the pandemic dynamics can prohibit the use of the estimated effective transmission
rate beyond the observational time period to be viable for the prediction at a future time. A
possible way to overcome this technical challenge of estimating both β and π(t) is to specify a
certain universal parametric function of π(t), where the related parameters may be estimated
by their respective posteriors via the MCMC method. Unfortunately, there are no well vali-
dated functional forms in the literature that may be applicable to the COVID-19 mitigation
patterns. This is certainly an important research topic worth of additional efforts. One of the
difficulties in the specification of the parametric forms of π(t) pertains to the fact that social
distancing policies and their effectiveness are indeed very heterogeneous across different regions,
with possible jump points associated with sudden dramatic policy changes. Recently, some re-
searchers (https://www.google.com/covid19/mobility/, https://www.apple.com/covid19/
mobility/, https://www.unacast.com/covid19/social-distancing-scoreboard) used mo-
bile device data in the US to track the individual compliance of social distancing, from which a
relatively accurate estimation of the policy compliance over a short period of time has been made
available for the states in the US. As suggested by Dey-Zipunnikov, these individual-level mobile
data sheds light on estimating the function π(t). See more discussion of subgroup analyses below
in Section 4.

We would like to share Dey-Zipunnikov’s point of view that deaths may be a more reliable
data source (https://bit.ly/dtlivecovid). In effect, this insight motivated us to utilize both
empirical proportions of confirmed cases and the sum of deaths and recovered cases as the
observed processes in the proposed state space model. In our analyses, the number of deaths in
Hubei was low and might be inaccurate due to various logistic reasons. Therefore, using such
data alone would not be able to obtain reliable estimates of the model parameters. In contrast,
the number of confirmed infections was more informative to learn the evolution of the pandemic
in Hubei province, where public workers had aggressive door-to-door inspections to identify and
report the symptomatic infectious cases. To our knowledge, the data of confirmed cases in China
have been rather reliable and should be used in the modeling, except for the common issue of
asymptomatic self-immunized cases, which will be discussed below in Section 3. In summary, in
our view, the data of confirmed cases is equally (or perhaps more) reliable to the data of deaths
in China, both of which have been used in our proposed statistical models.

Dey-Zipunnikov applied our eSIR model to fit the Maryland data. They specified an ap-
proximate transmission rate modifier via a minimum deviation criteria; that is, the function π(t)

https://www.google.com/covid19/mobility/
https://www.apple.com/covid19/mobility/
https://www.apple.com/covid19/mobility/
https://www.unacast.com/covid19/social-distancing-scoreboard
https://bit.ly/dtlivecovid
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Figure 1: Predicted prevalence under different intervention strategies: strictly continuing, slightly
loosening and severely loosening with π(t) = 0.3, 0.4 and 0.5 when t = June 1. The blue vertical
line indicates the last observation date.

was set with a change from 1 to 0.9 on March 12. and at 0.6 on March 23. Furthermore, on June
1 several levels of future interventions were considered, including strictly controlled, or slightly
and severely loosening, corresponding to π(t) = 0.3, 0.4 and 0.5. We utilized their settings to
repeat the analysis of the Maryland data available up to May 21 that were yielded by combining
data from 1point3acres 1Point3Acres (2020) and JHU CSSE Center for Systems Science and
Engineering (2020). Such data are weekly updated in our eSIR package. Figure 1 displays the
results of this analysis. Since we have used more recent data than that used in their analysis,
our credible interval bands shown by the salmon-color shadowed areas are narrower, though the
posterior means look similar to theirs. It is easy to visualize that the eSIR model fit the observed
data quite well, judging by the closeness of the observed and fitted numbers of infections before
May 21 (or left to the blue vertical line). Based on the magnitudes of the projected infection
rates in panels A-C, these forecasts indicate that continuing the strict intervention can flatten
the infection curve.
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3 Data Quality

All discussants have pointed out an obvious but rather important issue that definitely affected the
risk projection. For example, Dey-Zipunnikov listed several major challenges in data collection,
including the under-reporting of the infected and recovered cases due to the shortage of PC-PCR
tests and antibody tests, different coronavirus testing policies and strategies, and inconsistent
accounting practices in death classification, among others. Gallagher raised the under-reporting
issue of the removed cases Y R

t . Moran discussed the need of additional data to adequately assess
the compliance of social distancing.

In the development of the eSIR toolbox, we also noticed that one of the major obstacles for
making accurate prediction was the imperfect data available on the current state of the disease
when they were typically summarized via the numbers of infected and recovered cases, as well
as disease-related deaths. The concern of data quality is indeed more at the early phase of the
pandemic when both the WHO specialists and the Chinese medical practitioners had very little
knowledge and resources for disease diagnostics and data collection as well as data reporting
systems. Because of such significant limitations on data availability and data quality, we have
intended to develop a data analytic toolbox that would be passed into the hands of public health
workers who may have better data than those accessible from the public surveillance databases.
In addition, we intentionally made the prediction uncertainty as a critical part of the toolbox to
account for potential data quality issues, in the hope that the credible intervals may address some
of the variations in the data collection. These small fixes are indeed insufficient to address the
significant challenges in the process of data collection. And data quality is of critical importance
for proper statistical analyses.

Let us focus on the under-reporting issue related to the missing data of asymptomatic
self-immunized cases. A solution to deal with this under-reporting problem is to embrace the
subpopulation of asymptomatic people into the mechanistic model. As noted by several discus-
sants, such individuals were infected but recovered with no hospitalization, and further developed
antibodies to the coronavirus. Thus, most of them have not been captured and reported in the
public databases. One effective way to learn the proportion of this latent self-immunization sub-
population is by surveys of antibody tests, which had been done recently in states NY, CA and
MA. In one of our recent papers for the analysis of the US data (Zhou et al., 2020), we developed
a new eSAIR model with the inclusion of an antibody compartment (A) that accounted for those
self-immunized individuals (see Figure 2). The extended system of differential equations takes
the form:

dθAt
dt

= α(t)θSt ,
dθSt
dt

= −α(t)θSt − βπ(t)θSt θIt ,
dθIt
dt

= βπ(t)θSt θ
I
t − γθIt , and

dθRt
dt

= γθIt , (1)

where α(t) is the self-immunization rate used to characterize the proportion of people moved
into the antibody compartment from the susceptible compartment, and θAt is the prevalence of
self-immunization at time t. In order to analyze data using this eSAIR model, the number of
individuals with antibodies to COVID-19 is required to be available, which can be obtained from
the antibody testing studies. For example, NY released results of state-wide antibody testing
surveys on April 29th. According to NY Governor, about 20% of the tested individuals in the
state already have the antibodies to COVID-19. Refer to the official website www.governor.n
y.gov/news/ for the detail of the antibody testing survey. With more antibody testing data
available, the under-reporting issue related to the subpopulation of asymptomatic infections will
be solved to a great extent. The novelty of this extension is to integrate survey data of antibody

www.governor.ny.gov/news/
www.governor.ny.gov/news/
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Figure 2: The compartment composition of the eSAIR model. Three compartments on the top
thread form the classical SIR model, including Susceptible, Infected and Removed. The eSAIR
model adds an Antibody compartment (the bottom thread) to account for the proportion of
people who are infected and self-immunized without being RT-PCR tested and recorded

into the basis SIR model.
In addition, we appreciate Zhu-Chen’s concern on the calibration method used in the paper

to smooth the bump of the confirmed cases occurring on February 12, 2020, under the assumption
of delayed data reporting. To our knowledge from the beginning of February, the local government
has implemented an aggressive door-to-door inspection program to detect and move symptomatic
cases to the field hospitals for a centralized care. This substantial public health effort was partially
responsible for a sudden spike for the daily new cases on February 12, 2020, in addition to the
change of clinical/diagnostic definition of COVID-19 cases by the Chinese Ministry of Health
according to Zhu-Chen. A more accurate assumption in our calibration method may be made
as a combination of delayed medical diagnosis and data reporting. We would follow Zhu-Chen’s
suggestion to improve the calibration method by incorporating time-varying infection rates, had
we known their comment early enough.

4 Subgroup Analysis

Several discussants raised a common point of subgroup analyses to address potential popula-
tion heterogeneity with regard to the infection dynamics, such as subgroups by age and other
demographics (Gallagher, Dey-Zipunikov, Zhu-Chen) and geographic locations (Gallagher, Dey-
Zipunnikov). Such a finer resolution analysis does require more data, some of which are beyond
the availability of the COVID-19 data. Our recent project (Zhou et al., 2020) proposed a spa-
tiotemporal epidemiological forecast model that combines a spatial cellular automata (CA) with
the eSAIR model (1) to predict the infection risk of COVID-19 for 3109 counties in the con-
tinental US. Utilizing inter-county mobility from its neighboring counties, this space-stratified
subgroup analysis model accounts for spatial variations of the infection dynamics over communi-
ties. In such county-level analysis, we introduced some county specific parameters, including the
self-immunization rate αc(t), the transmission modifier πc(t) and the inter-county connectivity
coefficient ωcc′(t) between counties c and c′. To illustrate this subgroup analysis approach, we
present a risk prediction for the counties from Maryland.

The daily time series of county-level confirmed infections, deaths and recovered cases from
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Figure 3: A 7-day ahead risk prediction of COVID-19 for each county in state Maryland
from May 2, 2020. Risk is classified into 5 categories. The bins are defined by the 20th,
40th, 60th and 80th percentiles of nationwide county specific risks. The five categories
correspond to [84/10, 000, 216/10, 000), [216/10, 000, 272/10, 000), [272/10, 000, 344/10, 000),
[344/10, 000, 419/10, 000), [419/10, 000, 5567/10, 000].

Maryland are obtained from two data sources: Harvard Dataverse (China Data Lab, 2020)
and 1point3acres (1Point3Acres, 2020). We set the state-level self-immunization rate αMD(t)
as a jump function with a single mass point on April 29, when the New York governor Mr.
Andrew Cuomo released the results of a statewide antibody test survey (www.governor.ny.
gov/news/). The jump size for state Maryland is calibrated proportionally with that of New
York with respect to the state-specific basic reproduction number. That is, αMD =

R0,MD

R0,NY
αNY

under the assumption that the higher R0 the larger number of infections, and thus more people
having antibody in state Maryland. The county-level social distancing index is obtained from the
published values by the Transportation Institute at the University of Maryland (Zhang et al.,
2020) derived from the cell phone mobile data. The connectivity coefficient ωcc′(t) is set as
µcc′ exp{−ηr(c, c′)}, where µc,c′ is the inter-county mobility factor characterizing the decrease
of human encounters in terms of their potential movements between counties (Unacast, 2020),
and r(c, c′) is a certain travel distance between two counties in terms of both geodesic distance
(Karney, 2013) and “air distance” based on the accessibility to nearby airports. The county-level
7-day-ahead projected risks in the state of Maryland from May 2, 2020 are shown in Figure 3,
with the heterogeneity of infection risks between counties illustrated.

www.governor.ny.gov/news/
www.governor.ny.gov/news/
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5 Future Work

The eSIR model was proposed to address very basic needs for the assessment of time-varying
interventions and risk projection with limited data. As the COVID-19 pandemic continues
worsening in the world, especially in Brazil and the US, more data will become available in the
public databases, and thus various extensions of the eSIR are going to be of great interest and
in need. First and foremost, the underlying mechanistic model may be expanded to include
more compartments. Besides the Antibody (or Asymptomatic) compartment in Figure 2, as
recommended by Dey-Zipunnikov, adding both exposure and hospitalization compartments is
useful (e.g. https://arxiv.org/pdf/2004.04735.pdf). As pointed out in Section 1, the utility of
exposure compartment is dependent on the accurate estimation of incubation period, which is
not settled in the current literature due to the biased length sampling issue (Qin et al., 2020).
The hospitalization compartment may be challenged by multiple complicating factors, including
patient’s health insurance, medical sources, and availability of specialized hospitals for infectious
diseases and so on. Most extensions in the literature are undertaken over mechanistic models
in that prior choices of system parameters must be made in order to overcome the issue of
identifiability. We do not want to pursue this type of analysis since working on statistical models
that allow available data to learn a proposed dynamic system is our primary research interest.

Another extension of the eSIR model suggested by Zhou-Ji is to generalize the latent process
with more general Markov processes in that some more flexible functions of transmission rate
modifiers may be formulated and estimated via sequential MCMC sampling schemes from data.
This direction of research will facilitate the integration of statistical methods with mechanistic
models proposed by applied mathematicians and epidemiologists. We see a bright future of such
collaboration to conquer this lethal infectious disease.

A valuable work that has not been considered in the literature is to set up constraints on the
dynamic system. For example, one may constrain the transmission rate modifier π(t) to cap the
number of hospitalized individuals below the available ICU beds. This is so-called “flattening the
curve” strategy. In addition, to design when, where and how many surveys for antibody tests are
absolutely needed as a piece of information to enhance our understanding on the evolution of self-
immunized cases. It is the time that statisticians can stand up to contribute their quantitative
expertise and wisdom to produce new models and software to help fight against this pandemic.
Together we believe that we can and will go through it.

In closing, we feel greatly privileged to receive such insightful reviews from the discussants
and to have an opportunity to respond. We also thank their understanding for any possible
omissions in this rejoinder given the number of brilliant comments and suggestions. We learned
a lot from all the discussants.
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