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Abstract: We investigate a model of the early stage of
the COVID-19 epidemic comprising undetected infected
individuals as well as behavioural change towards the use
of self-protection measures. The model is fitted to China
data reported between 22 January and 29 June 2020.
Using fitting results, we then consider model responses
to varying screening intensities.
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I. INTRODUCTION

At the time of writing, the first known COVID-19
human case is one with onset on 8 December 2019,
in Wuhan, China [1,2], although there is evidence that
the disease have been spreading earlier; see [3] for a
timeline of early spread. On 20 January 2020, studies
confirmed human-to-human transmission through res-
piratory droplets [4]. There is now an unprecedentedly
large body of work on the worldwide COVID-19 out-
break; however, many epidemiological features such

as per capita transmissibility, screening and disease-
related death rates are still ambiguous and, to a large ex-
tent, seem quite dependent on the location under consid-
eration, with outbreak intensities varying greatly from
country to country. Parameters may vary from region
to region depending, for instance, on control measures
taken by policymakers, availability of personal protec-
tive equipment, hospitalisation, demographic pyramid,
life activities and cultural aspects.

Many works consider the early spread of COVID-19
in China, which at the start of the pandemic had the
most data since it had the most cases; the list is far too
extensive to detail here and we list just a few. In [5],
the authors estimated the basic reproduction number to
be up to R0 = 3.58 at the beginning of the outbreak
in China. Using the official counts of confirmed cases,
R0 was suggested in [6] to be on average 4.6, and,
by assuming presymptomatic and mildly symptomatic
infectious individuals to be twenty or forty times the
reported number of infected cases, the mean of R0 was
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estimated to be 3.2 or 2.6, respectively; daily infection
mortality and recovery rates were also estimated. In
addition, in the early stage of the COVID-19 epidemic
in China, [1] suggested R0 to be approximately 2.2 and
the incubation period to have a mean of 5.2 days.

Because infection severity differs greatly in in-
fected individuals, some individuals are infectious while
presymptomatic. Together with asymptomatic infec-
tions, this means that some individuals may have
“evaded” screening, despite contributing to the spread
of the disease [6–9]. Besides isolating detected active
cases and their known immediate contacts, healthcare
authorities worldwide did their best to educate the pop-
ulation about COVID-19 severity, its mode of transmis-
sion and convince people to use all available preventive
measures.

Accordingly, in this work we take into consideration
the population response to education campaigns. We
use a system of differential equations to model the
COVID-19 epidemic with, including burden-dependent
behavioural change. We calibrate some of the parame-
ters so that the model fits the COVID-19 data in China
from 22 January until 29 June 2020.

This article is organised as follows. In Section II,
the mathematical model of COVID-19 transmission is
derived. Section III presents numerical results, which
are then discussed further in Section IV.

II. MATHEMATICAL MODELLING

The mathematical model considered in this paper
comprises seven epidemiological compartments, S, E,
IS , IE , JD, JT and R, as well as an auxiliary variable,
A, used to account for awareness of the disease. The
flow diagram is shown in Figure 1; let us elaborate on
this structure.
S are susceptible individuals in the classical sense,

while E denotes educated susceptible individuals using
self-protective measures against the infection. Infected
individuals are divided into four compartments. IS
and IE are, respectively, non-educated and educated
undetected infectious individuals; individuals in both
of these compartments who get screened move, upon
detection, into the isolation compartment JD, where
they wait for recovery or a potential hospitalisation [10].
If their infection goes undetected, upon recovery or
death, they progress directly to the removed compart-
ment. The fourth infected compartment, JT , contains
infected cases who are under treatment in hospital. Both
JD and JT are isolated and as a consequence, they
are not infectious to others. The compartment R is for

Table I: State variables.

Variable Definition
S Susceptible individuals
E Educated susceptible individuals
IS Undetected infectious non-educated individuals
IE Undetected infectious educated individuals
JD Isolated infected individuals
JT Hospitalised infected individuals
R Removed individuals
A Disease awareness (auxiliary variable)

removals due to recovery or death. Table I summarises
the definition of all state variables.

We use the auxiliary variable A to represent aware-
ness of the disease. Awareness is based on available
information: known (detected) cases, hospitalisations
and deaths from the disease. In the case of COVID-19,
many people used personal protection equipment and
practiced social distancing when they became aware of
the presence of the disease. This was further reinforced
by stringent social distancing and confinement measures
imposed or recommended by authorities. However, even
if they are aware of the presence of the disease and
with strong or even coercive governmental policies, not
all individuals follow public health recommendations or
orders. We therefore assume that susceptible individuals
become educated (and therefore follow public health
recommendations) at the rate

e(A) =
e0A

2

A∗2 +A2
,

giving a Hill functional form [11] and described in [12,
13]. Here A∗, is the awareness level producing half
of the maximum education response e0 to campaign
efforts; see [11, 14] for more details.

We model individuals flow between different com-
partments using the following system of differential
equations

S′ = −λS − e(A)S (1a)
E′ = e(A)S − (1− ε)λE (1b)
I ′S = λS − (α+ e(A) + δ)IS (1c)
I ′E = (1− ε)λE + e(A)IS − (α+ δ)IE (1d)
J ′D = (1− θ)α(IS + IE)− (γ1 + w)JD (1e)
J ′T = θα(IS + IE)− γ2JT + wJD (1f)
R′ = δ(IE + IS) + γ1JD + γ2JT (1g)
A = JD + (1 + pγ2)JT , (1h)

with initial conditions

(S0, E0, IS0, IE0, JD0, JT0, R0) ∈ R7
+.
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Fig. 1: Flow diagram of the model. Dark red compartments are infectious, blue represents awareness. Plain arcs are flows of
individuals between compartments, dashed lines indicate the influence of compartments on A, dotted lines show the flows on
which A acts.

The force of infection takes the form

λ = β
IS + (1− ε)IE

N
,

where β is the per capita transmission rate per unit
time, ε ∈ [0, 1] is the efficacy of self-protective mea-
sures, α is the detection rate and θ is the treatment rate.
Table II summarises the parameters used.

Table II: Definition of parameters.

Param. Definition
β Transmission rate
α Detection rate
δ Natural recovery rate
θ Proportion of individuals needing hospitalisation

after detection
γ1 Recovery rate for individuals in self-isolation
γ2 Removal rate for individuals under treatment
w Hospitalisation rate for self-isolating individuals
p Proportion of deaths among removed individuals
A∗ Burden level producing half maximum of educa-

tion response
e0 Maximum of education response
ε Efficacy of self-protective means

Let us briefly comment on some characteristics of
the model. In a standard way as in [11], one can show
that system (1) is well-posed and has a unique positive
solution whenever the initial condition is positive. By

construction, the total population N = S + E + IS +
IE + JD + JT +R is constant.

The disease-free equilibrium (DFE) is

x∗ = (N, 0, 0, 0, 0, 0, 0)

and at x∗ awareness is A = 0 and thus e = 0. To
apply the next generation matrix method [15], we focus
on the infected compartments. Although still infected,
individuals in JD and JT no longer contribute to
the infection and can be considered as having been
removed. As a consequence, the infected compartments
considered for the computation are IS and IE . We get

F =

(
λS

(1− ε)λE

)
and V =

(
(α+ e+ δ)IS
−eIS + (α+ δ)IE

)
.

Therefore, the next generation matrix near x∗ is FV −1,
where

F =

(
β (1− ε)β
0 0

)
and V =

(
α+ δ 0
0 α+ δ

)
.

Hence, the basic reproduction number for (1) is given
by

R0 = ρ
(
FV −1

)
=

β

α+ δ
,

where ρ(·) is the spectral radius. Using the method in
[16], it is also possible to derive a final size relation.
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III. PARAMETER ESTIMATION AND NUMERICAL
SIMULATIONS

A. Parameter estimation

We now estimate the parameters that are used in
numerical simulations. First, let us establish the initial
conditions used. We take the initial time to be 8
December 2019, when the first known patient developed
symptoms of COVID-19 [2]. The initial susceptible
population is 1.438 billion, the estimated total popula-
tion of China at the time [17]. At this very early stage
of the pandemic, people did not yet know about the
disease and had thus not changed their behaviour to use
adequate self-protection measures. Thus, initially, the
educated compartments E0 and IE0 are empty. Also,
there were no reported recoveries or deaths of the new
disease [2]. Table III summarises the initial conditions
considered for (1) in simulations.

Table III: Initial conditions on 8 December 2019 (B stands
for billion).

Compart- S0 E0 IS0 IE0 JD0 JT0 R0

ment
Value 1.438B 0 1 0 1 0 0

Sequencing of the SARS-CoV-2 genome was accom-
plished early on, in January 2020, and as a consequence,
PCR tests followed in the same month. However, be-
cause of limitations in test processing capacities, many
jurisdictions, including China, have, at least at times,
imposed criteria that individuals had to satisfy in order
to be tested.

During the period considered, in China and Wuhan
in particular, two different sets of criteria were used
[18–21]. Most of the time, a restrictive set of criteria
was in effect, requiring individuals to show many
symptoms in order to be considered as suspected cases
and therefore be eligible for testing, leading to what
we also refer to as normal screening. During this
period, we use the detection rate αr. Then, between 12
and 19 February 2020, the criteria for screening were
temporarily changed from the restrictive set to a milder
set requiring less symptoms, implying that far more
tests were carried out. During that short time period of
intense screening, we use the detection rate αm ≥ αr.

Almost all parameters in the model are fitted. How-
ever, for the proportion of deaths among removed
individuals, we use the estimation in [22], namely, 0.04.
To estimate parameters, we use data on cases in China
between 22 January 2020 and 29 June 2020 as reported
in [22]. We use the Python Optimize Module to fit our

model to cumulative and active cases (see Figure 2)
and calibrate the parameters. Note that for active cases,
this means we fit JD(t)+ JT (t). Table IV presents the
parameter values found by that process.

Table IV: Parameter values found by fitting.

Parameter Value Remark/Source
β 0.347 Fitted

(αr, αm) (0.1, 0.274) Fitted as a step function
δ 0.058 Fitted
θ 0.023 Fitted
γ2 0.092 Fitted
γ1 9.16× 10−6 Fitted
p 0.04 [22]
ε 0.662 Fitted
w 0.099 Fitted
e0 0.389 Fitted
A∗ 36432.82 Fitted

The transmission rate obtained is 0.347 day−1, which
is close to the mean value estimated in [23]. The time
between infection and detection is calibrated to be
α−1r = 10 days, while the value α−1m = 3.649 days
is found during the intense screening period between
12 and 19 February 2020. The present study suggests a
hospitalisation rate of w = 0.099 for 98% of detected
individuals, while the remaining detected individuals go
directly to hospitals, which is consistent with the results
in [1], where the authors conclude that most patients
were hospitalised after at least 5 days and that this delay
can go up to 14 days. On the other hand, [10] reports
an average recovery time after symptoms onset of 24.7
days and the mean time to death to be 17.8 days, while
our fitting suggests a mean period between detection
and hospital discharge by recovery or death of

γ1
(γ1 + w)2

+
w

γ1 + w

(
1

γ1 + w
+

1

γ2

)
= 20.832 days

for 98% of detected individuals and 1/γ2 = 10.86 days
for 2% of detected individuals, finally obtaining a mean
time from detection to removal of 20.632 days. Using
parameter values in Table IV, the basic reproduction
number is estimated to be R0 = 2.118, close to the
value 2.2 obtained in [1].

B. Numerical simulations

Figure 2 shows the evolution of the cumulative
number and number of active cases reported by the
Chinese government from 22 January to June 29 2020,
as well as the result of fitting model (1) to this data,
displaying good agreement with the real data. Overall,
our simulation results are in accordance with both
real data and published findings. We obtained that
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Fig. 2: Actual data and fitted solution from 22 January to 29
June 2020. Dots are the real data and dotted lines are obtained
from simulations. (a) cumulative number of reported cases;
(b) active reported cases.

the per capita per day transmissibility rate is about
β = 0.346 days−1, giving a basic reproduction number
of R0 = 2.11. The obtained values are fairly consistent
with the approximations in [1].

Figure 3 shows the percentage of undetected infected
individuals (including asymptomatic, mild and symp-
tomatic individuals) among the total number of COVID-
19 cases. We observe, in the beginning, an increase
of the percentage of undeclared infected individuals,
reaching 66% during the outbreak and remaining above
50% until 3 February 2020. This significant percentage
ensured that infection continued despite the isolation
of detected cases, explaining in part the persistence of
transmission of COVID-19 during the early stages of
the epidemic.

To get more insight into the impact of the screening
protocol change, we investigate the effect of the timing
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Fig. 3: Percentage repartition of undetected and detected
infected individuals among the total number of infected
individuals.

of the modification of that protocol on the intensity of
the COVID-19 outbreak as shown in Figure 4. We use
the parameter values in Table IV, but use αr until the
day of the modification and αm afterwards.

We observe that the sooner we adopt a less stringent
set of symptoms needed to trigger testing, the lower the
percentage of undetected infected individuals, leading
to a reduction of outbreak intensity. Figure 4a shows
that the timing of screening criteria change strongly
affects the burden of the disease. A change on 22
January 2020, for instance, leads to a burden equal to
about a third of the burden that is observed when no
change in screening criteria occur. This fact is explained
by Figure 4b, where, with policy change on 22 January,
the percentage of hidden infected individuals declines
immediately and exponentially, while it does not with
criteria modification on 12 February. This implicitly
confirms that the presymptomatic period contains hid-
den infectious individuals who contributed to the persis-
tent transmission in the early stages of the COVID-19
epidemic. We furthermore deduce that increasing the
detection rate α early substantially helps to control the
COVID-19 epidemic. On the contrary, we observe that a
late screening intensity increase after 12 February does
not have remarkable effects in dampening the disease
intensity. This might be due to behavioural changes of
individuals or effectiveness of preventive measures.

Figures 5, 6 and 7 address the sensitivity of the
dynamics of the COVID-19 outbreak to the rate α of de-
tection and the efficiency ε of self-protective measures.
We assume no change in the screening strategy; other
parameter values are taken from Table IV. In Figure 5,
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Fig. 4: Effect of the timing of the relaxation of the criteria
for screening, i.e., of the change from αr to αm. All dates in
2020. (a) Number of detected active cases. (b) Percentage of
undetected cases among infected individuals.

we observe that the outbreak peak is very sensitive
to parameters α and ε. Figure 6a and 7a show how
serious the epidemic would be with a low detection
rate (see near the ε axis). Figure 6b is a zoom of
Figure 6a, around the region in the (ε, α)-space close
to the fitted parameters for China. This confirms that
the parameters found lie in a region where solutions
are quite sensitive to parameter variations, confirming
the significant sensitivity to parameter α observed in
Figure 5.

IV. DISCUSSION

In this work, we present a simple model for the
spread of COVID-19 taking into account undetected
cases, the isolation of detected cases and education
favouring the use of protective measures. We fitted this
model to Chinese data corresponding to the period from
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Fig. 5: Number of active cases when (a) the efficiency ε of
protective measures and (b) detection rates α vary, with all
other parameters as in Table IV. All dates in 2020.

the start of the epidemic to the end of June 2020. The
model does a good job of fitting that data, as can be
seen in Figure 2. In order to obtain this fit, though,
we introduced two different values of the intensity α
of screening: αm for a period of intense screening cor-
responding to a loose definition of symptoms required
for screening and αr for a period with more restrictive
set of symptoms leading to lower testing rates. The
calibrated value αm = 0.438 is consistent with the
results in [18–21] reporting the enhancement of the
detection process on 12 February.

Taking the calibrated values, we then explore in
more detail the effect of changing the intensity of
screening. We saw in Figure 3 that stringent criteria
for screening giving a detection parameter αr = 0.17
led to an extended time period during which over
54% of the infected individuals evaded detection. These
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Fig. 6: Sensitivity of the number of active infected cases at
the peak to the detection rate α and efficacy ε of protective
measures.

undetected infectious individuals may not know about
their infection and keep interacting with the population
causing new cases even among loved ones [8]. Figure 4
strengthens the findings of Figure 3 and emphasises the
effect of detection strategy change. Thus, the require-
ment that individuals show a large number of symptoms
in order to be tested might have contributed to a longer
persistence of the outbreak in China.

Interestingly, modification of screening intensity after
12 February 2020 does not have much effect (Figure 4).
This may be because, as the epidemic was well estab-
lished at the time, public awareness of the crisis had
increased concomitantly with an expansion of the set
of public protection measures, leading to an increase in
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Fig. 7: Sensitivity of the number of active infected cases at
the peak to the detection rate α and efficacy ε of protective
measures (Logarithmic scale).

uptake of a wider variety of measures.
Besides detecting infected individuals before illness

onset and isolating them, thereby reducing the chance
of transmission of the disease to susceptible individuals,
reporting the real number of infected individuals alerts
the population about the actual danger presented by the
disease. This means that more individuals, including
undetected infected individuals, change their behaviour
and consider all possible actions to protect themselves
or others from the infection. Figure 5 considers the
sensitivity of the COVID-19 outbreak dynamics to
the efficacy of self-protective measures and detection
rates, when these parameters are near the parameter
values found for China. It shows that the outbreak is
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sensitive to both parameters, with a particularly marked
sensitivity to α, the rate of detection. The contour plot
in Figure 6 confirms this: movement along the (self-
protective measures) ε axis induces less variation than
movement along the (detection) α axis.

Altogether, this highlights that good detection, for in-
stance by deploying more tests in highly affected areas
and using strategies favouring the tracing of infected
individuals, has a significant effect on early spread.
According to figure 6, this provides more capacity to
control spread than behavioural changes and efficacy of
protective measures whose use is made obligatory when
detection rates are low. It would be interesting to study
an optimal control problem considering the combination
of the different types of interventions used here.
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