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A Mass-Conservation Model for Stability Analysis
and Finite-Time Estimation of Spread

of COVID-19
Hossein Rastgoftar , Member, IEEE, and Ella Atkins , Senior Member, IEEE

Abstract— The COVID-19 global pandemic has significantly
impacted people throughout the United States and the World.
While it was initially believed the virus was transmitted from
animal to human, person-to-person transmission is now recog-
nized as the main source of community spread. This article
integrates data into physics-based models to analyze stability of
the rapid COVID-19 growth and to obtain a data-driven model
for spread dynamics among the human population. The proposed
mass-conservation model is used to learn the parameters of
pandemic growth and to predict the growth of total cases, deaths,
and recoveries over a finite future time horizon. The proposed
finite-time prediction model is validated by finite-time estimation
of the total numbers of infected cases, deaths, and recoveries in
the United States from March 12, 2020 to December 9, 2020.

Index Terms— Finite-time estimation, finite-time modding,
pandemic growth stability.

I. INTRODUCTION

THE FIRST confirmed case of COVID-19 was identified
in Wuhan, China, in December 2019 and the virus has

rapidly grown across the world since then. Studies have shown
that the virus is dominantly transmitted through close contact
with infected people and contaminated surfaces as well as
respiratory droplets [1], [2]. Recent studies support that the
incubation period of the disease is within 14 days [3], [4].
However, there is uncertainty about the median incubation
period of the virus as researchers have reported median
incubation periods of 4 days [4], 5.1 days [5], and 6.4 days
[6]. Metapopulation Dynamics [7]–[9], Mean-Field Theory
[10]–[13], the SIR method [14], [15], and SEIR dynamics
[16]–[18] are existing models used to estimate the dynamics of
infectious disease. Atkeson applies the SIR model to estimate
and evaluate the negative impacts of the growth of COVID
19 in the United States. Metapopulation Dynamics is used
in [19] to evaluate the impact of domestic and international
travel on the spread of COVID-19. The SEIR model was used
to analyze the epidemic of COVID-19 in mainland China
[20] and the Diamond Princess cruise ship [21]. Fanelli and
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Piazza [12] applies mean-field theory to analyze and predict
the spread of COVID-19 in China, Italy, and France. Also,
van Doremalen et al. [2] applies a Bayesian regression model
to analyze the aerosol stability of COVID-19.

Several researchers have studied the negative impacts of
COVID-19 on daily life. Negative psychological outcomes
of COVID-19 were studied [22]–[24]. Zhang and Ma [28]
and Liang et al. [29] investigated the influences of the
COVID-19 outbreak on mental health and family support in
China. Researchers have also investigated the negative impacts
of COVID-19 on the economy [27]–[30], environment [31],
gender equality, education [32], healthcare system [33],
tourism [34], [35], agriculture, food security, and supply
chain management [36].

The COVID 19 global pandemic has had a devastating
impact throughout the United States and the world. To date,
more than 46 900 000 confirmed cases have been identified and
there have been 1 210 000 deaths worldwide. The numbers are
still increasing and being updated daily by the World Health
Organization [37], Centers for Disease Control and Prevention
[1], and European Centre for Disease Prevention and Control
[38]. The delay in responding effectively to the pandemic
spread has exacerbated its negative impacts on public health,
economy, education, and other sectors across the World, and
revealed an urgent need for a plan. The ever-evolving conse-
quences of COVID-19 and inevitable future pandemics will
be better controlled if knowledge is gained from this outbreak
to support construction and validation of a more informed
pandemic model and intervention plan.

The primary objective of this article is to develop a
data-driven model for finite-time estimation of the growth
of a pandemic across the human population to effectively
predict the spread of disease. This model can facilitate tak-
ing required preventive nonpharmaceutical interventions when
there is no vaccine available. To this end, we first apply the
mass conservation law to model evolution of the total number
of cases, deaths, and recoveries across the human population.
We then develop a constrained optimization problem to obtain
parameters of the proposed dynamics based on statistics of
the number of infected cases, deaths, and recoveries recorded
in a time-sliding window. By learning the parameters of the
proposed model, we develop a finite-time dynamics model to
continuously predict the number of infection cases, deaths, and
recoveries within a finite number of future days. The proposed
prediction dynamics is validated by finite time estimation
of COVID-19 infection cases, deaths, and recoveries in the
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United States from March 12, 2020 to December 9, 2020.
Compared to the existing Mean-Field Theoretic, SIR, and
SEIR models, our proposed method can estimate the growth of
a pandemic for a shorter future time horizon but with better
accuracy. This is because the proposed method consistently
learns and incorporates real-time data into growth modeling
of the outbreak disease. As the result partial information
about incubation period and exposure to the virus has minimal
impact on predicting the spread of the pandemic disease.

The secondary objective of this article is provide a criterion
for stability of a pandemic. In particular, the proposed stability
criterion is applied to analyze the stability of the growth of
COVID-19 in the United States where the publicly available
data provided in [39] is used to incorporate day-to-day infor-
mation about the number of confirmed cases, deaths, and
recoveries into modeling of spread dynamics.

This article is organized as follows. A problem statement
presented in Section II is followed by stability analysis and
parameter estimation approaches developed in Section III.
A novel finite-state prediction dynamics are obtained in
Section III-B. Results are presented in Section V followed
by concluding remarks in Section VI.

II. PROBLEM STATEMENT

Let t be the total number of cases with confirmed disease, d
be the total number of deaths, r be the total number of recov-
ered cases, ut be the total number of new infected cases,
ud be the number of new deaths, and ur be the number
of new recovered cases. Using the mass conversation law,
the spread dynamics of COVID-19 is given by

x[k] = x[k − 1] + u[k − 1] (1)

where k = 1, 2 · · · denotes a calendar day,
x[k] = [

t[k] d[k] r [k]]T
is the state vector, and

u[k] = [
ut [k] ud [k] ur [k]

]T
is the input vector. This

article assumes that the existing data of COVID-19 is valid,
thus, x is observable at every day k from the establishment
of the pandemic. Given the total number of confirmed cases,
deaths, and recoveries, the number of active cases becomes

k=1, 2, . . . , a[k−1]= t[k−1]−r [k− 1]−d[k − 1]. (2)

The underlying mass-conservation model is also used
to estimate the growth of COVID-19. We define x̂[k] =[
t̂[k] d̂[k] r̂ [k]]T

and û[k] = [
ût [k] ûd[k] ûr [k]

]T
as the

estimations of the actual state vector x[k] and the actual input
vector û[k] at day k, where the estimation of the growth of
the pandemic is modeled by dynamics

x̂[k] = x̂[k − 1] + û[k − 1]. (3)

Estimations of new total cases, denoted by ût , new deaths,
denoted by ûd , and new recoveries, denoted by ûr , are defined
as follows:

ût [k − 1] =
Nτ∑

h=1

ωh[k]a[k − h], (4a)

ûd[k − 1] =
Nτ∑

h=1

λh[k]a[k − h], (4b)

ûr [k − 1] =
Nτ∑

h=1

θh[k]a[k − h] (4c)

where ωh : N→ R≥0, λh : N→ R≥0, and θh : N→ R≥0.
Given the above problem specification, the main objective

of this article is to study the following two problems.
1) Problem 1—Estimation and Stability Analysis of

Pandemic Growth Dynamics: We use the underlying
mass conservation law to obtain Nτ [k], ωh[k], λh[k], and
θh[k] for h ∈ {1, . . . , Nτ } at day k such that estimation
vector x̂[k] converges to actual state vector x[k]. We also
analyze the stability of the growth of COVID-19 by
analyzing the stability of estimation dynamics (3).

2) Problem 2—Growth Prediction: Assuming the total
number of infected cases, deaths, and recoveries are
known in a time sliding window of length Nτ at days
k − Nτ , · · · , and k − 1, we propose a model based
on mass conservation to predict the infected cases,
deaths, and recoveries within the next Mτ days, at days
k + 1, · · · , and k + Mτ .

III. ESTIMATION OF COVID-19 SPREAD

We first use the mass conservation law to obtain a
data-driven time-varying dynamics in Section III-A to model
the spread of COVID-19. We then propose an optimization
problem in Section III-B to determine parameters of the
proposed model by relying on the existing data of COVID-19.

A. Estimation Dynamics

Let active cases given by (2) be expressed as follows:
k = 1, 2, . . . , a[k − 1] = ax̂[k − 1] (5)

where

a = [
1 −1 −1

] ∈ R
1×3. (6)

By knowing x̂[k − Nτ ], · · · , x̂[k − 1], we can use (4) and
express ût [k − 1], ûd [k − 1], and ûr [k − 1] as follows:

û[k − 1] =
Nt∑

h=1

Gh[k − h]x̂[k − h] (7)

where

Gh = Kha, (8a)

i ∈ V, h = 1, . . . , Nτ , k = 1, 2, . . . , Kh[k] =
⎡
⎣ωh[k]

λh[k]
θh[k]

⎤
⎦.

(8b)

Substituting a = [
1 −1 −1

]
and (8b), matrix Gh is obtained

as follows:

Gh[k] =
⎡
⎣ωh[k] −ωh[k] −ωh[k]

λh[k] −λh[k] −λh[k]
θh[k] −θh[k] −θh[k]

⎤
⎦ (9)

for h = 1, . . . , Nτ at discrete time k. Replacing û by (7),
the estimation dynamics (3) is converted to

x̂[k] = (I +G1)x̂[k − 1] +
Nτ∑

h=2

Gh x̂[k − h] (10)
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for k = 1, 2, · · · and h ∈ {1, . . . , Nτ }, where I ∈ R
3×3 is the

identity matrix. Fig. 1 shows a block diagram of estimation
dynamics (10).

1) Finite-Time Estimation Dynamics: Define vector

Ŷ[k − 1] = [
x̂T [k − Nτ ] · · · x̂T [k − 1]]T ∈ R

3Nτ×1 (11)

providing estimated number of infected cases, deaths, and
recoveries in the past Nτ days for day k. If x̂ is updated by
(10), Ŷ[k] is updated by finite-time estimation dynamics

Ŷ[k] = �[k]Ŷ[k − 1] (12)

where

�[k] =

⎡
⎢⎢⎢⎣

0 I · · · 0
...

...
. . .

...
0 0 · · · I

GNτ
[k] GNτ−1[k] · · · I+G1[k]

⎤
⎥⎥⎥⎦ ∈ R

3Nτ×3Nτ .

(13)

It is noted that I ∈ R
3×3 is the identity matrix and 0 ∈ R

3×3

is a zero-entry matrix.
2) Dynamics of Spread of Active Cases: By considering (2),

(6), and (8a), the estimation dynamics (10) can be expressed
as follows:

x̂[k] = x̂[k − 1] +
Nτ∑

h=1

Kha[k − h]. (14)

Premultiplying both sides of (14) by a, (14) is converted to

ax̂[k] = ax̂[k − 1] +
Nτ∑

h=1

aKha[k − h]. (15)

Now, define

γh[k] := aKh[k] = ωh[k] − λh[k] − θh[k] (16)

at day k for h ∈ {1, . . . , Nτ }. We can replace ax̂[k], ax̂[k−1],
and aKh[k] by a[k], a[k− 1], and γh[k], respectively, in (15).
Then, dynamics of spread of active cases is given by

a[k] = (1+ γ1[k])a[k − 1] + · · · + γNτ
[k]a[k − Nτ ]. (17)

Theorem 1: The growth of active cases, governed by
dynamics (17), reaches the stability if there exists a day ks

such that eigenvalues of matrix

�[k] =

⎡
⎢⎢⎢⎣

0 1 · · · 0
...

...
. . .

...
0 0 · · · 1

γNτ
[k] γNτ−1[k] · · · 1+ γ1[k]

⎤
⎥⎥⎥⎦ ∈ R

Nτ×Nτ (18)

are all inside the unit disk centered at the origin at every day
k > ks .

Proof: Given the spread dynamics (3) with control input
u defined by (4), the dynamics of the growth of active cases
becomes

z[k + 1] = �[k]z[k] (19)

where

z[k] = [
a[k − Nτ ] · · · a[k − 1]]T

. (20)

Eigenvalues σ1[k], · · · , σNτ
[k] are the roots of the following

characteristic polynomial:
σ Nτ − (1+ γ1)σ

Nτ−1 − γ2σ
Nτ−2 − · · · − γNτ

= 0. (21)

The growth of active cases achieves stability at day ks if
the eigenvalues of matrix �[k] all occur inside the unit disk
centered at the origin at every k ≥ ks . If a[k] achieves stability
at time k ≥ ks , then ut [k], ud , ur , defined by (4), reach stability
at time k > ks .

B. Parameter Estimation

Let set

H = {1, . . . , Nτ,max} (22)

define possible incubation periods of COVID-19 ranging from
one day to Nτ,max days. We define

h ∈ H, Ch
(
K̃1[k], . . . , K̃h[k]

) = 1

2

h∑
j=1

K̃T
j Pj K̃ j (23)

as the cost function for determining Nτ , K1, · · · , KNτ
, where

Ph ∈ R
h×h is positive-definite and diagonal, and the gain

vectors K̃1[k], · · · , K̃h[k] are candidates for K1, · · · , Kh per
(8b). This articleuses Nτ,max = 14 to obtain presented results.

1) Matrix Ph: Weight matrix Ph =
[

pi,h
] ∈ R

h×h is a
positive-definite and diagonal matrix defined based on the
likelihood of the incubation period of COVID-19. We use the
longnormal distribution to estimate the incubation period of
COVID-19 by

i = 1, . . . , h,
e
− ( ln i

m )
2

2β2

βi
√

2π
(24)

where m and β are the median and standard deviation of the
distribution where i ∈ {1, . . . , h}. Per the results reported in
[40], m = 6.8 and β = 3.4 are chosen to determine matrix Ph .

2) Assignment of Nτ and Gains K1, · · · , KNτ
: The cost

function Ch depends on real-valued vectors K̃1, · · · , K̃h and
discrete-valued variable h ∈ H. We determine K1, · · · , KNτ

,
and Nτ by solving the following optimization problem:(

K̄∗[k]1 , . . . , K̄h
∗[k], h∗[k]

)
= argmin

h∈H⎛
⎝argmin

K̃1,...,K̃h

⎛
⎝ h∑

j=1

K̃T
j [k]P j K̃ j [k]

⎞
⎠

⎞
⎠ (25)

subject to inequality constraints

j = 1, . . . , h, K̃ j [k] ≥ 0 (26)

and equality constraint

x[k] − x[k − 1] =
h∑

j=1

K̃ j aa[k − j ] (27)

where h = H. By solving the above optimization problem,
K1[k] = K̄∗1[k], · · · , KNτ

[k] = K̄∗h[k], and Nτ = h∗ are used
to assign matrix �[k], defined in (13).
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Remark 1: For h ∈ {1, . . . , Nτ,max}, K̄1[k], · · · , k̄h[k]
denote the optimal gain vectors obtained by solving the
following quadratic programming optimization problem with
linear equality and inequality constraints:(

K̄1[k], . . . , K̄h[k]
) = argmin

K̃1,...,K̃h

Ch
(
K̃1[k], . . . , K̃h[k]

)

= argmin
K̃1,...,K̃h

⎛
⎝1

2

h∑
j=1

K̃T
j [k]P jK̃ j [k]

⎞
⎠ (28)

subject to constraints (26) and (27). Then, we can write

C∗h∗ [k] = min
{
C∗1[k], . . . , C∗Nτ ,max[k]

}
where C∗h = Ch

(
K̄1, . . . , K̄h

)
and K̄1[k], · · · , K̄h[k] are

assigned by solving (28) subject to constraints (26) and (27).
Hence

C∗h∗ = argmin
h∈H

⎛
⎝argmin

K̃1,...,K̃h

⎛
⎝ h∑

j=1

K̃T
j [k]P jK̃ j [k]

⎞
⎠

⎞
⎠ (29)

and Nτ [k] = h∗[k]. The flowchart on the left-hand side of
Fig. 1 and the algorithm presented in Table I provides a method
for solving the above optimization problem.

Define

Yh[k − 1] = [
xT [k − 1] · · · xT [k − h]]T ∈ R

3h×1

and

Vh = vec
([

K̃1 · · · K̃h
]T

)
∈ R

3h×1

for h = 1, . . . , Nτ,max where “vec” is the matrix vectorization
operator. The inner-loop constrained quadratic optimization
problem (28), presented in Remark (1), can be defined as
follows:

min
Vh

= 1

2
VT

h (I3 ⊗ Ph)Vh (30)

for h = 1, . . . , Nτ,max subject to(
I3 ⊗ zT [k])Vh = Xh[k] − Xh[k − 1], (31a)

Vh ≥ 03h×1 (31b)

where 03h×1 ∈ R
3h×1 is a zero-entry matrix and ⊗ is the

Kronecker product symbol. We use the MATLAB command
“quadprog” to obtain gain vectors K̄1, · · · , K̄h for h ∈{
1, · · · Nτ,max

}
. More specifically,

K̄ j =
(
I3 ⊗

[
δ j1 · · · δ j j · · · δ jh

])
V̄h

for j = 1, · · · , h where V̄h is the solution of the above
quadratic programming problem, minimizing cost function
(30) and satisfying constraints (31a) and (31b), and δ j i is the
Kronecker delta defined as follows:

δ j i =
{

1 j = i, i ∈ H
0 j �= i, i ∈ H . (32)

By knowing matrix �[k] at day k, a prediction dynamics
is developed in Section IV to estimate the number of infected
cases, deaths, and recoveries within the next Mτ days.

IV. FINITE-STEP PREDICTION DYNAMICS

Let x[k + 1− Nτ ], · · · , x[k] be known at day k. Prediction
of the state x at day k + Mτ is denoted by xp,Mτ

[k +
Mτ ] =

[
tp,Mτ
[k + Mτ ] dp,Mτ

[k + Mτ ] rp,Mτ
[k + Mτ ]

]T
where

tp,Mτ
[k + Mτ ], dp,Mτ

[k + Mτ ], and rp,Mτ
[k + Mτ ] are the

predictions for the total numbers of infected cases, deaths,
and recoveries at day k + Mτ . Note that subscript “p” denote
“prediction” and xp,Mτ

[k + Mτ ] predicts total infected cases,
deaths, and recoveries at day k+Mτ where Mτ ∈ {1, . . . , Nτ }.
We define the prediction state vector SMτ

[k] = [
si,Mτ
[k]] ∈

R
3Nτ×1 where

si,Mτ
[k] =

{
x[k + i + Mτ − Nτ ] i ≤ Nτ − Mτ

xp,Mτ
[k + i + Mτ − Nτ ] Nτ − Mτ < i ≤ Nτ .

(33)

It is noted that S0[k] = Y[k] if Mτ = 0. SMτ
[k] is updated

by the following prediction dynamics:{
SMτ+1[k] = �[k]SMτ

[k]
OMτ
[k] =

[
03Mτ×3(Nτ−Mτ ) I3Mτ

]
SMτ

(34)

subject to initial condition

S0[k] = Y[k] (35)

where 03Mτ×3(Nτ−Mτ ) ∈ R
3Mτ×3(Nτ−Mτ ), I3Mτ

∈ R
3Mτ×3Mτ is

the identity matrix, and OMτ
is the output vector of prediction

dynamics (34).

Algorithm 1 Assignment of Nτ [k] and Gain Vectors
K1[k], · · · , Kτ [k] at Day k

Result: Obtain Nτ [k], K1[k], · · · , KNτ
[k]

Initialization: Set h = 0 and Nτ,max = 14; choose a very
large Cmin (Cmin = 1012);
while h ≤ Nτ,max do

Assign K̃1, · · · , and K̃h such that:
1) Ch

(
K̃1, . . . , K̃h

)
is minimized;

2) Constraints (26) and (27) are satisfied.

if Ch
(
K̃1, . . . , K̃1

) ≤ Cmin then
Cmin ← Ch

(
K̃1, . . . , K̃h

)
;

Nτ ← h;
K1 ← K̃h ;
...
KNτ
← K̃h .

end
h ← h+1

end

V. RESULTS

We consider the spread of COVID-19 in the United
States over 272 days from March 12, 2020 to December 9,
2020 where the number of infected cases (t[k]), deaths
(d[k]), and recoveries (r [k]) are incorporated from [39] for
k = 1, . . . , 272. We chose Nτ,max = 14 to obtain parameters
of the proposed model. Therefore, the statistics of the first
14 days, from March 12 to March 25, are only used to learn
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Fig. 1. Block diagram of the proposed mass-conservation model for the spread of a pandemic disease.

Fig. 2. Nτ [k] versus day k.

Fig. 3. Eigenvalues of matrix �[k].

parameters of the proposed model for k ≥ 15, and we predict
the growth of the total infected cases, deaths, and recoveries
after March 26, 2020. As a result, the plots provided in this
section do not provide information for k = 1, . . . , 14.

We obtain gains K1[k], · · · , KNτ
[k] and Nτ [k] by solving

optimization problem (25) subject to constraints (26) and
(27). In Fig. 2, Nτ [k] is plotted versus k for days 15
through 272. It is seen that Nτ [k] = 14 for k ≥ 31.
Therefore, γ1[k] = K1[k]a, · · · , γ14[k] = K14[k]a, and matrix

Fig. 4. Total number of infected cases for k = 15, . . . , 272.
(a) Total number of infected cases reported in [39]. The predicted numbers
of infected cases are shown by red, green, black, cyan, and orange for
(b) Mτ = 1, (c) Mτ = 2, (d) Mτ = 3, (e) Mτ = 4, and (f) Mτ = 5,
respectively.

�[k] ∈ R14×14 are computed for every k ≥ 31. Eigenvalues
of matrix �[k] are plotted versus k in Fig. 3. One of the
eigenvalues of matrix �[k] that has the largest magnitude at

OMτ
[k] =

⎧⎨
⎩
∅ Mτ = 0[
xT

p,Mτ
[k + 1] · · · xT

p,Mτ
[k + Mτ ]

]T ∈ R
3Mτ×1 1 ≤ Mτ ≤ Nτ

(36)
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Fig. 5. Total number of deaths for k = 15, . . . , 272: (a) Total
number of deaths reported in [39]. The predicted numbers of deaths
are shown by red, green, black, cyan, and orange for (b) Mτ = 1,
(c) Mτ = 2, (d) Mτ = 3, (e) Mτ = 4, and (f) Mτ = 5, respectively. (a) Actual
number of deaths. (b) Predicted deaths for Mτ = 1. (c) Predicted deaths for
Mτ = 2. (d) Predicted deaths for Mτ = 3. (e) Predicted deaths for Mτ = 4.
(f) Predicted deaths for Mτ = 5.

day k is considered as the first eigenvalue of matrix �[k]. It
is seen that the magnitude of the first eigenvalue of matrix
�[k] fluctuates near 1 while the magnitudes of the remaining
eigenvalues of matrix �[k] are all between 0 and 1 for
k = 31, . . . , 272. Additionally, we observe that the magnitude
of the first eigenvalue of matrix �[k] is greater than 1 every
day after October 12, 2020 (k = 214).

Therefore, the growth of the total infected cases, deaths, and
recoveries have not reached stability although the magnitudes
of eigenvalues of matrix � are all less than 1 some days after
March 12, 2020.

In Figs. 4–6 actual and predicted numbers of infected cases,
deaths, and recoveries are plotted for k = 14 through k =
272. To quantify the error of the proposed prediction model,
we define

et,Mτ
[k] = tp,Mτ

[k] − t[k]
t[k] (37a)

er,Mτ
[k] = rp,Mτ

[k] − r [k]
r [k] (37b)

er,Mτ
[k] = tr,Mτ

[k] − r [k]
r [k] (37c)

Fig. 6. Total number of recoveries for k = 15, . . . , 272: (a) Total number of
recoveries reported in [39]. The predicted numbers of recoveries are shown by
red, green, black, cyan, and orange for (b) Mτ = 1, (c) Mτ = 2, (d) Mτ = 3,
(e) Mτ = 4, and (f) Mτ = 5, respectively.

Fig. 7. Relative error of finite-time prediction of infected cases for
Mτ = 1, . . . , 5 at day k = 15, . . . , 272.

Fig. 8. Relative error of finite-time prediction of deaths for Mτ = 1, . . . , 5
at day k = 15, . . . , 272.

as the relative error formulas in predicting the numbers of
infected cases, deaths, and recoveries at day k. In Figs. 7–9,
relative errors in predicting the total infected cases, deaths,
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Fig. 9. Relative error of finite-time prediction of recoveries for
Mτ = 1, . . . , 5 at day k = 15, . . . , 272.

Fig. 10. New infected cases at day k = 15, . . . , 272.

and recoveries are plotted for Mτ = 1, . . . , 5 at day k =
15, . . . , 272. It is seen that the relative errors are significantly
decreased after k > 70.

VI. CONCLUSION AND FUTURE WORK

This article described a new data-driven approach, inspired
by the law of mass conservation, to model and analyze
the stability of COVID-19 spread dynamics. We developed
an algorithm to learn the parameters of the proposed mass
conservation-based model based on the history of infected
cases, deaths, and recoveries recorded in time sliding windows.
We used the history of total infected cases, deaths, and recov-
eries to develop a prediction model for estimating the numbers
of infected cases, deaths, and recoveries within a receding
finite time horizon. We evaluated the accuracy of the proposed
prediction model by estimating the statistics of COVID-19 in
the United States from March 12, 2020 to December 9, 2020.
Results show that the relative estimation errors of the total
number of infected cases, deaths, and recoveries are less than
3% after June 1.

The results of our model show that COVID-19 growth is
unstable for all days after October 12, 2020 per Fig. 3. This
result is consistent with the status of pandemic growth in
the United States after mid-October. As shown in Fig. 10,
the total number of new COVID-19 cases has significantly
increased in the United States after October 12, 2020.

In future work, we plan to determine the underlying
relation between control gains ω1[k], · · · , ωNτ

[k], λ1[k], · · · ,
λNτ
[k], θ1[k], · · · , θNτ

[k] and state-wide and nationwide
executive order release in the United States. To this end,
we will use the existing SIR model to obtain the projection
of disease spread and model the pandemic by an autonomous
dynamics. By comparing the projected SIR dynamics and
the nonautonomous conservation-based dynamics proposed
in this article, control gains can be quantified and related to
executive orders for every US state/district.

Furthermore, we plan to develop a novel decision-making
model for optimal planning of infection control actions in
the presence of uncertainty and ambiguity. More specifically,
we will apply the finite-estimation model, proposed in this
article, to model the spread of a pandemic disease as a Markov
process with a Markov decision process (MDPs) applied to
optimize nonpharmaceutical actions under a full-state observ-
ability assumption. The proposed decision-making model can
also be applied to evaluate the effectiveness of statewide and
nationwide orders and recommendations aimed at avoiding or
mitigating rapid case growth.
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