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COVID-19 was first reported in late December 2019 in Wuhan, China, and spread rapidly
: throughout the world including Iran.

9Jun 2020 i [A9TIE The purpose of this paper is to predict the prevalence of coronavirus and the number of con-
25 Jun 2020 firmed cases and deaths in Iran based on the theory of chaos and measuring the Lyapunov exponent.
¢ [VEETEEE In this analytical study, the number of confirmed cases, recovered patients, total tests, and
deaths between February 20 and May 30, 2020 were collected daily from the website of the Iranian
Ministry of Health and Medical Education. The prevalence rate and the time to reach saturation in a
short period were estimated using a formula using Lyapunov exponent and the initial and final number
of confirmed cases in Matlab software.
[FIEMEE Simulation of all confirmed cases between 20 February 2020 to 4 May 2020 show the num-
ber of people infected with the coronavirus would be close to saturation, but in end of May 2020 the
number of people with the disease re-entered the second phase of increase. The slope of the simula-
tion curve decreases in the second phase and the virus spreads in May at a slower rate than in the
first phase (April). The simulation diagram of the total confirmed patients to the total number of tests
performed also shows the entry into the second phase of increasing in May.
[ENTITERT Simulation results of all confirmed cases and total deaths in Iran, using chaos theory and
the Lyapunov-based model, can properly represent the real data and can predict the trend of spread
: and time to approach saturation in a short time. Sensitivity to the initial condition in the equation by
COVID-19, Preva- : changing the quarantine restrictions and the observance of health protocols causes a change in the rate
lence, Mortality, Iran, of total number of confirmed patients enters the third or fourth increasing phase. Also, based on the
Chaos theory, Lyapu- :  calculated deaths, it is predicted that the total number of deaths at the end of May will reach less than
nov exponent i 5% of the total number of people who have recovered and died.

30Jun 2020

adverse effects and changes. Mathematical modeling of the
spatial and temporal spread of infectious diseases and their
1. Introduction epidemic simulation has been the subject of a number of
studies [1-4]. Most models are based on solving the gov-
he prevalence of infectious and epidemic dis- erning differential equations by simplifying the problem [9,
eases has always been associated with many 10]. Others try to study this process using the statistics and
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probability [8], but unfortunately these models are usually
not able to explain the details and study them properly due
to many simplifications.

The behavior of epidemics, like all living and biological
systems, is chaotic. Chaos reflects the behavior of natural
and living systems over time. This behavior occurs in natu-
ral and biological systems due to the interactions and the
emergent properties and sensitivity to initial conditions;
therefore, the spread of the virus reflects a chaotic behavior.
Given the recent and serious crisis of Covid-19 virus in Iran
and many countries around the world, we need a scientific
analysis to be able to estimate the necessary predictions of
the spread of this disease. Using chaos theory and calcu-
lating Lyapunov exponent, this paper aimed to predict the
number of coronavirus cases in Iran in a short period and
estimate the time of reaching saturation. It also analyzes the
recovered and death rates.

2. Materials and Methods

In this analytical study, all statistics including the to-
tal number of coronavirus confirmed cases, recovered
cases, tests, and deaths were collected from the website
of the Iranian Ministry of Health and Medical Education
from February 20 to May 30, 2020, and then entered into
the MATLAB software. The theory of chaos (derived
from the principle of chaos that governs the behavior of
nature) emerged as a mathematical approach in the natu-
ral sciences and was used to model dynamic and com-
plex systems in order to establish a kind of adaptation in
relation to the environment, like living organisms, and to
create effects similar to reality [18]. One of the charac-
teristics of nonlinear dynamic systems is the sensitivity
to initial condition. A slight change in the initial condi-
tions of such systems can cause many changes in the
next step [19]. Therefore, the behavior of nonlinear dy-
namic systems cannot be predicted in the long run. It can
only be estimated and predicted in a short time. Sensitiv-
ity to initial conditions can be measured by Lyapunov
exponents [23]. It provides a valuable tool for measuring
chaos in the environment or genetics that are important
in shaping social diversity, determining the spread of ep-
idemics, or establishing a new mutation [27]. Therefore,
Lyapunov exponent was used in this study to estimate
the chaotic prevalence of coronavirus. It can estimate the
time the coronavirus outbreak needs to reach saturation
and the increasing trend of its cases in a short period.
Using the Formula 1, which is based on the calculation
of Lyapunov exponent from time-series data, the trend of
increase in the number of confirmed cases is simulated in
specific time intervals:

1.N @)= 6,4,
N@= d +d e
Where, d represents days (the number of days in the time
interval), N(d) indicates the total number of infected cases
per day, d0 is the initial number of infected cases, doo is the
final number of infected cases, and A represents Lyapunov
exponent (growth rate of the curve).

3. Results

Simulation of all confirmed cases between 20 February
2020 to 4 May 2020 show the number of people infected
with the coronavirus would be close to saturation, but in
end of May 2020 the number of people with the disease
re-entered the second phase of increase. The slope of the
simulation curve decreases in the second phase and the vi-
rus spreads in May at a slower rate than in the first phase
(April). The simulation diagram of the total confirmed pa-
tients to the total number of tests performed also shows the
entry into the second phase of increasing in May.

4. Discussion

In the present study, simulation of the total number of con-
firmed cases, deaths and recovered cases in Iran based on
chaos theory and Lyapunov exponent was able to properly
represent the real data of the disease cases, and could pre-
dict the prevalence and spread of the disease and the time to
reach saturation in a short period. According to the results,
the total number of coronavirus confirmed cases in Iran was
expected to be saturated in the second half of April 2020,
but with the change of social conditions and reduction of
restrictions, the total number of coronavirus cases entered
its second increasing phase and was expected to increase
in May. The results showed an increase in the rate of re-
covered cases from the second half of March to the second
half of May (from 82% to 93%), and the mortality rate was
expected to reach less than 5% of the total number of deaths
and recovered cases by June.

Due to the chaotic spread of the virus, a little change in
the initial conditions, (imposing or relaxing restrictions,
people's observance of health protocols, genetic mutation
of the virus, gathering in public places, finding definitive
treatment/vaccine and etc.) causes many changes in disease
outbreak. The findings of the present study can be useful
for short-term strategic decisions and providing solutions
on how to deal with the virus and how it spreads.
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