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1 Supplementary Method

We use the standard SIRD model to predict the number of COVID-19 active,
recovered, and fatality cases in Bangladesh. Here, we consider homogeneous
immunity for the whole country with no transmission from animals and no
significant difference between natural death and birth. In this model, the host
population size, N , is segmented into four stages of health status: susceptible
(S), infected (I), recovered (R), and death (D) [1, 2, 3, 4]. The interaction
between these four stages is illustrated in the Figure 1.
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Figure 1: Schematic diagram of the compartmental SIRD model. It rep-
resents the total populations (N) into four different health status, such as,
susceptible (S), infected (I), recovered (R) and death (D). The β, γ and µ
represents the rate of infection, rate of recovery and rate of death, respec-
tively.

The differential equations of SIRD model are given as:

dS(t)

dt
= − β

N
S(t)I(t) (1)

dI(t)

dt
=

β

N
S(t)I(t)− γI(t)− µI(t) (2)
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dR(t)

dt
= γI(t) (3)

dD(t)

dt
= µI(t) (4)

Where, S(t) is the number of susceptible people, I(t) is the number of
people infected, R(t) is the number of people who have recovered from the
infection and D(t) is the number of deaths at time t. The population, N =
S(t) + I(t) + R(t) +D(t), is a conserved quantity for every time step [5, 6].
The constant β, γ and µ represent the rate of infection, rate of recovery and
rate of deaths, respectively.

The Eq. 1 - 4 can be further discretized by forward Euler method as,

St+1 = (1− βIt∆t/N)St (5)

It+1 = (1− γ∆t+ βSt∆t/N)It − µDt∆t (6)

Rt+1 = γIt∆t (7)

Dt+1 = µIt∆t (8)

Because of the nonlinear characteristics of the dynamics of the COVID-19
pandemic, we choose to use the Unscented Kalman Filter (UKF) for various
estimations [7]. In the UKF, the probability density of a sample with an
unknown distribution is represented as a Gaussian. The nonlinear transfor-
mation, also known as the unscented transformation of the sample is intended
to be an estimation of the posterior distribution for the sample. The UKF
tends to be more robust and more accurate in its estimation of error in all
the directions.

For simplicity, an augmented state vector X can be defined as,

Xt =


St
It
Rt

Dt

 (9)

Thus, the discrete-time augmented SIRD model, Eq. 5 - 8, can be written
as,

Xt+1 = F (Xt) +Wt (10)
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Where, F is the nonlinear term, and W is the zero-mean Gaussian un-
certainty.

As a result, all types of cumulative reported cases, such as the confirmed,
recovered, deaths and active cases, can be incorporated with the model using
the vector as,

Yt+1 = CXt + νt (11)

Where, ν is the uncertainties due to the SERS-CoV-2 test results.
If we consider an estimated vector state X̂t for the Unscented Kalman

Filter (UKF) [8], then,

F (Xt) = F (X̂t) + JF (X̂t)(Xt − X̂t) (12)

Where, JF (X̂t) is the Jacobian matrix of F (Xt), given by,

JF (X̂t) =



1 + (βSt/N − γ − µ)∆t 0 0 0 0 0 0
γ∆t 1 0 0 0 0 0
µ∆t 0 1 0 0 0 0

0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1


(13)

Hence the algorithm of UKF [8] can be expressed as,
Predict:

X̂(t+ 1|t) = F (X̂(t|t)) (14)

P (t+ 1|t) = JF (X̂(t|t))P (t|t)JF (X̂(t|t))T +QF (t) (15)

Update:
Ŷ (t+ 1) = Y (t+ 1)− CX̂(t+ 1|t) (16)

K(t+ 1) = P (t+ 1|t)CT (CP (t+ 1|t)CT +RF (t))−1 (17)

X̂(t+ 1|t+ 1) = X̂(t+ 1|t) +K(t+ 1)Ŷ (t+ 1) (18)

P (t+ 1|t+ 1) = (I −K(t+ 1)C)P (t+ 1|t) (19)

Here, P (t|t) and C represent the posterior estimate covariance matrix and
the data augmented matrix, respectively. Using these predict and update
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formula of UKF, the estimation of SERS-CoV-2 progression in Bangladesh
has been made for the SIRD model.

The dynamic behaviour of the class of infected people is described by
three different reproduction number, such as, the basic (R0), effective (Re),
and time-varying (Rt) reproduction number. In the case of SIRD model,
these are defined as [9, 10],

R0 =
β

µ+ γ
(20)

And,

Re(t) = R0
S(t)

N
(21)

Using Eq. 2, one can find that S(t) = N/R0 and Re = 1, at I = Imax.
The growth rate, r, is defined as the number that relates the number

of cases on day yj to the number of cases on the next day as yj+1, where
yj+1 = yj(1 + r). Thus, after N days, we will have yj+N = yj(1 + r)N and
the number of days, N taken to double would be (1 + r)N = 2. Thus the
doubling time (Td) can be defined as follows:

Td =
log 2

log(1 + r)
(22)

To compute the basic reproduction number, Rt, which assumes pure SIR
dynamics, we relate the onset confirmed cases (yj) with that of a past day
prior to a defined serial interval (Ts). The serial interval, in the epidemiology
of communicable diseases, refers to the time between successive cases in a
chain of transmission. So, we can present this concept as the following:

yj = y(j−Ts) × (1 + r) = y(j−Ts) × exp
[
(Rt − 1)j/Ts)

]
C ′ = Ceγ

′(Rt−1) = Ceθ

Where C = yj and θ = γ′(Rt − 1) observes random walk and γ′ vary
independently [11]. Thus,

Rt =
θ

γ′
+ 1 (23)

The significance of this reproduction number is that if it becomes larger
than the ratio between the total population and initial susceptible people
then there will be an uncontrolled pandemic [12].
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In the case of achieving herd immunity for a transmissible disease in a
locality, the infected portion of the population can be estimated as previously
described [13]:

H = 1− 1

R0

(24)

Where, H is the fraction of population required to achieve immunity by
the infection or the vaccination in a randomized population.

2 The Basic, Effective and Time-varying Ef-

fective Reproduction Number
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Figure 2: The estimated basic (R0 = 2.5 ± 0.24, β = 0.0342, γ = 0.0218
and µ = 0.00056), and effective (Re = R0S(t)/N) reproduction numbers are
compared for understanding the nature of the pandemic in Bangladesh. The
standard deviation of the R0 and Re are represented with shaded black and
red, respectively.

In this article, the COVID-19 pandemic is studied with respect to the
reproduction numbers (basic R0, effective Re, and time-varying effective Rt)
to understand, manage and control the outbreak. An indicator of the conta-
giousness or transmissibility of infectious disease is represented by the basic
reproduction number (R0) that can be interpreted as the average number
of secondary cases due to a primary case [14]. An outbreak is expected to
continue if R0 has a value > 1 and to end if R0 is < 1. Although R0 is a
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biological reality, this value is usually estimated with complex mathematical
models developed using various sets of assumptions [15, 16, 17].

The effective reproductive number (Re) is the average number of sec-
ondary cases per infectious case in a population having both the susceptible
and non-susceptible hosts. If Re > 1, the number of positive cases continue
to increase. The instantaneous reproduction number (Rt), is the real-time
measure of average secondary infections per primary case on a daily basis. In
general, if Rt < 1 then it can be assumed that the epidemic is under control.

In contrast to the R0 and Re, The time-varying reproduction number Rt

represents the average number of secondary cases for a primary case at time
t, if the environmental conditions remain same [18]. Rt provides valuable in-
formation on the dynamics and instantaneous effect of the control mechanism
[18] to contain pandemic in a region.

Though it is well known that the early estimation of the basic or effective
reproduction numbers is subject to change [19], we consider the mean and
standard deviation in the fluctuations of estimated R0 and Re with respect to
time (Figure 2). On 22 July, 2020, both the basic and effective reproduction
numbers are estimated to be 2.50 for Bangladesh.
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