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Abstract: MATLAB is a widely used platform for all major Engineering, Mathematical and even Biological learning streams.
This study focuses on bringing out the capability of MATLAB in the compiler mode to perform successful epidemic modeling
simulation. Various mathematical processes have been incorporated in the work to show the epidemic status and the study also
includes the building of a basic interactive interface in the compiler mode itself. A collection of epidemic models have been taken
from various sources and their simulations have been done in MATLAB successfully to give realistic results. A separate model
for Shigella diarrhea has been considered for the building of the basic interactive interface.
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I. INTRODUCTION
A. Matlab
Ranging from Mathematical, Engineering, Biological and even Chemical, MATLAB has been largely accepted for solving complex
problems [1,2]. Epidemic modeling has emerged as a significant tool in the process of disease prevention for which successful
modeling and simulation has been achieved through MATLAB [3]. This platform gives a wide range of analytical tools that can be
used and extrapolated on the epidemic models to give noteworthy information regarding a particular disease. Enhanced graphical
features enable one to think beyond simple analysis and even try further manipulations and uses of epidemic models.

B. Infectious Diseases and Epidemic Models

Transmissible diseases repeatedly produce significant world threats due to the diffusive nature of being transferred from human to
human. Such transmissible diseases have accounted for 16% of world-wide deaths in 2008 [4]. In general, such diseases are
introduced into a closed population by the insertion of an infective individual or by an external vector [4]. Examples of external
vectors include water, air, body fluids, insects such as mosquitoes or biological vectors which carry infectious agents such as
protozoa, bacteria or virus.

Disease dynamics can be well understood scientifically using Epidemic modelling. As the risk of infectious diseases is increasing
throughout the world, models depicting the respective transmission are becoming more functional. These models are simply tools
that are used to predict the infections mechanisms and future outbreaks of diseases. Although many treatment methods are employed
across the globe to combat epidemics such as the diarrhoea, many individuals fail to receive or respond to these methods. Thus, the
epidemic models focus more on the prevention mechanisms.Karmarck and McKendrick introduced the modelling of infectious
diseases in 1927 through the first compartmental epidemic model which consisted of three compartments and came to be known as
the Susceptible-Infected-Recovered (SIR) model [5]. The model diagram of the SIR epidemic model is shown in figure 1.
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Fig. 1 The Basic SIR Model

The above schematic diagram can be described using a set of ordinary differential equations (ODEs) and some defined parameters.
P represents the infectivity parameter and r is the rate of recovery.
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Using the above SIR model as a base, there have been numerous other models that have been formulated since then for various
infectious diseases in the continuous perspective. Changes in the number of compartments, the connections between the population
compartments and the number of variables included in the model can be varied according to the disease characteristics in order to
obtain a new model. The Biomedical Modelling Centre, LA has modelled influenza using the SIR model [6]. This model
incorporates factors such as demographics — in/out flow of individuals from the population which make it possible to calculate the
incidence rate of influenza for different transmission rates. The University of New South Wales, Australia, has created an agent
based model to describe the dynamics of the virus — Hepatitis C that gives rise to liver diseases. Additional inputs such as age, sex
and immigrant status help in easily evaluating outputs such as infections, cure and death rates related to the disease [7]. Discrete SI
and SIS models have been found to be very useful in determining the dynamical behaviour of diseases such as malaria or
gonorrhoea [8].

For this study, we shall consider the SI model as described by Brauer F. [9], the SIS model described by Arino J. [10], the SEIR
model of Shah N. H. and Gupta J. [11] and the SIRS model described by Chaturvedi O, Masupe T and Masupe S [12]. These models
will all be separately analysed for basic dynamics and simulated in MATLAB to show the variations of population sizes in each
class.

Il. BACKGROUND
A. Epidemic Modelling
For any epidemic, the basic reproduction number is defined as the number of secondary infections caused by a single infectious
individual in a closed population. This value is the most crucial numerical aspect of epidemic modeling as it determines the presence
and strength of the epidemic, in other words it determines the transmission potential of an epidemic. According to the epidemic
theory, if Ry < 1 then the epidemic does not exist and if Ry > 1, and epidemic exists and is likely to spread [13]. The basic
reproduction number can be calculated using mathematical analysis [14], the next generation matrix method [15] or through data
analysis [16].
For basic MATLAB simulation, the models have been implemented with assumed parameters. The results that arise from these
simulations simply give an overview of the overall change that is expected upon practical execution of the epidemic models.
Simulations have been done for both the epidemic equilibrium (i.e. for values of Ry > 1) and the case of no epidemic (i.e. for values
of Ry < 1).
The SIRS model shall be used as a guide to see how the values of Ry have been varied to get results for both the equilibriums.

B. MATLAB Simulation Basics

As outlined in the section above, epidemic models are defined by a set of differential equations which describe the rate of change of
each of the compartments with respect to time. MATLAB provides many solvers for differential equations which can be used to
solve the set of ODEs for the epidemic model and get the actual number of people in each class over a chosen period of time. The
Symbolic Math Toolbox (included in MATLAB from the MATLAB 6.5 version) is extremely a handy tool for solving mathematical
problems that involve calculus, linear algebra and mathematical plotting [17].

For solving differential equations in MATLAB, the equation has to be represented using a manually created function and then the
solver is used. Single and simple differential equations can be solved using the dsolve function in-built in MATLAB. This solver
can be put to use for equations of the first, second and third orders and also for both linear and non-linear systems. If solved with an
initial condition the coefficient is calculated and included in the answer else it is depicted as Cn [18].

When it comes to epidemic models, the model is defined by a system of ODEs (a number of coupled ODEs which are inter-related
to each other). The simulation of the system in MATLAB involves the expression of this system in matrix format. The system will
be considered to be a vector x defined as x(y) = [x1(y), X2(Y),.., Xn(y)] and the derivative of the vector x will be defined as x"= F(y, X,
X' x",..., x0"U) Mathematically, the system may not necessarily be linear and considering epidemiology, the human population
changes will rarely linear. For solving a system of ODEs in the layout described, the functions ode23 and ode45 are used in
MATLAB. The process is the same as for the simple differential equations. The system of ODEs is described within a function and
then solved using the MATLAB solvers. Both these solvers use the Runge-Kutta method of solution with the only difference being
that ode23 is a third-stage third-order Runge Kutta method while ode45 is the sixth-stage fifth-order Runge Kutta method. Ode45
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gives more accurate results but for simple calculations, sometimes ode23 is a better option. In this study we have used the ode45
function [19].

I1l. EPIDEMIC MODELS AND SIMULATIONS
All paragraphs must be indented. All paragraphs must be justified, i.e. both left-justified and right-justified.

A. SIRS Model
This model has been formulated for diarrheal infections caused by the bacteria Shigella. With a small extension of incomplete
immunity post recovery, the model is a minute extension of the basic SIR model having the recovered population losing their
immunity and becoming susceptible again. The model diagram and the parameter description have been shown in figure 1 and table
1 respectively.

1
vl
] Susceptible | JB Infected r Recoverad
(s) | ' U] ' (R)
u u H
]
Fig. 1 The SIRS Model
TABLE I
PARAMETER DESCRIPTION FOR THE SIRS MODEL
Parameter Description
I1 Population renewal
rate

Infectivity rate
Natural death rate
Recovery rate
Immunity loss rate

S| T I|E ™=

The above SIRS model can be defined using a set of ODEs as follows:

ds

== = BSI— uS+ aR (4)
a_ SI—ul—71 (5
dt—ﬁ wl =71l (5)
drR _ 1 R— aR (6
gt~ 11— HR— aR (6)

The susceptible population, as the name suggests, is non-resistant to the disease and gets in contact with the pathogen through the
infected population. The infected class contributes to the pathogen population in the environment and hence transmits the disease.
With the help of medication and rehydration therapies or body immunity, the infectious people become recovered. For some time,
the body maintains an immunity level but gradually, this level drops and the recovered population again becomes susceptible to the
disease.

The basic reproduction of this model has been evaluated as [12]:

Bl .
=—— (O
u(u +1)
Considering the borderline situation where Ry = 1, and making the infectivity rate the subject of the formula, the above formula
becomes:

Ro
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In order to compute the value of the infectivity rate when the basic reproduction is 1, the assumed parameters are fed into equation
(ii). Mathematically, it is obvious that the infectivity rate and the basic reproduction number are directly proportional to each other,
therefore considering the value of the infectivity rate calculated in (ii), it is safe to assume that if the obtained value is increased, Ro
will become greater than 1 and if the obtained value is reduced, Ro will become less than 1. Therefore, using the computed value of
the infectivity rate, B, we can successfully obtain values of R, for both equilibriums.

Figures 3 and 4 show the results of the simulations obtained by analyzing the model in MATLAB.

beta = 0.0002
180

Susceptible
Infected

160 —
Recowered

140

120

100

Popuaion

80

60

40

20

[e] 5 10 15
time

Fig. 3 Simulation of the SIRS Model for the disease free state
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Fig 4 Simulation of the SIRS Model for the epidemic free state
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B. SI Model
The SI model that has been taken up for this demonstration [9] is a special case and alteration of the basic SIR model (figure 1). The
system can be shown diagrammatically and expressed through ODEs as follows:

Fig. 5 The SI Model

There are no entries or departures from the closed population that have been considered for this model. The infectivity rate is f and r
is the recovery rate which directly makes the individuals susceptible to the disease.

ds ]
- Pt )

a_ SI—rl (8
—= BSI=71 (8)

The basic reproduction number for this model is defined as

Ry = [))TK (iii)

Where k = S(0).
Simulations of the model for the disease free and epidemic state are shown in figures 6 and 7.

Sl model simulation for RO < 1
500 - - - -

Population
) [y) w w S
o [$a] o [$a] o
o o o o o
L L 1 1 L

=
(S
o
T
L

Susceptible
Infected

=

o

o
T

[S2]
o
T
1

o

time

Figure 6 SI Model Simulation for disease free state
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Sl model simulation for RO > 1
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Figure 7 SI Model Simulation for the epidemic state

It is evident from Figure 6 that the population numerical are not disturbed as long as the basic reproduction number is kept below 1.
The stagnant values are more dominant in this case due to the absence of any demographic changes. When the basic reproduction
number is increased, the susceptible population begins to decrease and the infected population increases. It is noteworthy that the
total population remains constant again due to no demographic changes.

C. SIS Model

The SI model described in Figure 5 implemented with demographical changes forms the SIS model that will be considered for this
section [10]. Diagrammatic representation of this model is shown in figure 8 and the system of equations with the parameter
descriptions is also described following. There will be changes in the basic reproduction number too.

Fig. 8 The SIS Model

Demographic changes (IT = population renewal and p = natural death rate) have been included in this model. The infectivity rate is
[ and r is the recovery rate which directly makes the individuals susceptible to the disease. The system of ODEs is listed as:

ds_
= H=BSI—pS (9)
a_ SI 1 [ (10
= PSI—rl—pl (10)

The basic reproduction number for this model is defined as
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(u+1)
Simulations of the model was done and the graphs for the susceptible and infectious class have been individually shown in figures 9
and 10 for increasing values of Ry which was controlled using the value of the infectivity rate, . It can be seen from the graphs that
as the basic reproduction number is increased, the susceptible population decreases while the infected population increases.

Ry =

SIS model Susceptible class variation for increasing values of RO
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time

Figure 9 SIS Model Simulation for disease free state
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Figure 10 SIS Model Simulation for epidemic state
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D. SEIR Model

For some diseases, there exists an exposed stage. This class is basically the proportion of the susceptible class that has not been
introduced to any prevention mechanisms in order to avoid the infections. Such a model formulates to take the SEIR format
(Susceptible-Exposed-Infected-Recovered format) [11]. Diagram representation of the model is shown in figure 11 followed by the
parameter descriptions and system ODEs. This model also incorporates demographic changes and disease induced mortality as
shown and explained in the diagram and the system equations. Permanent recovery (no immunity loss after one infection) is shown
in this system indicating that the recovered population never becomes susceptible to the disease.

S ';EII >
u

Fig. 11 The SEIR Model

55} (%
)
i

The population is renewed (IT) and added into the susceptible class. A natural death rate (u) reduces each class in the model and the
infected class is reduced by an additional death rate due to disease (). An effective infection rate (B) governs the transition of the
susceptible to the exposed and the regression rate (v) controls the fraction of the exposed class who will be infected. Individuals
recover from the disease at a recovery rate (r). The system can be described using the following set of equations:

dS_H SI 11
i —BSI—uS (11)

dE
== BSI—vE—uE (12)

dl
i VE — (u+5+r)l (13)

R _ I —uR (14
¢ = "T-uR (14
The basic reproduction number for this model is defined as

I1Br

Tyt o+r)

)

Ro

Simulations of the model was done and the graphs for the susceptible and infectious class have been individually shown in figures
12 and 13 for increasing values of Ry which was controlled using the value of the infectivity rate, 3.

SEIR model simulation for RO < 1
T
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L
(] 1 2 3 4 5 10

Figure 12 SEIR Model Simulation for disease free state
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SEIR model simulation for RO > 1
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Figure 13 SEIR Model Simulation for epidemic state

Phase plot for SEIR model
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Figure 14 SEIR Model Phase Plot

We can observe that the changes in each of the compartments for the disease-free and epidemic state show realistic patterns. The
susceptible population increases in case of no epidemic and reduces when there is an epidemic. Exposed and infected populations
are both expected to rise as shown in the epidemic case. The phase plot analysis (a plot of the infected population against the
susceptible population) has also been done for increasing values of the basic reproduction number.

IV.BASIC INTERFACE DESIGN FOR THE SIRS MODEL
Using the model design and code in MATLAB, together with the pathogenesis of the parasite causing the disease, it is possible to
build a basic interface that takes in a few inputs and shows the presence/absence of an epidemic in the defined population. In this
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case, the SIRS model has been considered which has been formulated for shigella. Shigella infections are found out to reach peaks
during the summer season [20]. The model takes in inputs of the season (as the month), the population renewal and the natural death
rate. Using these values and other estimated parameters, the model is simulated giving out two types of output. Firstly the basic
reproduction number is calculated and shown. This numerical value can be directly used to deduce the presence or absence of an
epidemic using the epidemic theory. Another output given by the interface is the graphical comparison of the susceptible population
of the test state with the disease free state. Figure 14 shows the input prompt and figures 15 to 18 show the output results of the

system. Such systems can be implemented on bigger platforms and in this way practical application of epidemic models can be
made possible through MATLAB.

Month (First letter capital)
[January

Population Renewal

10

Death Rate
0.012]

Figure 15 Input Prompt

n Basic Reproduction number EI'_Iﬂ
Walue of RO = 236003 therefore there is an epidemic
Figure 16 Output analyzing the epidemic using the basic reproduction number
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Figure 17 Susceptible Population Variation for Epidemic state
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Figure 18 Susceptible Population Variation for disease free state

V. CONCLUSIONS

This work showed that MATLAB can be used very aptly to quantify epidemic models and the results can be displayed in various
formats for analysis purposes. Four different epidemic models from previous works were chosen herewith and simulation of each of
these was completed successfully in MATLAB. A further extension was shown in the context of epidemic modeling through
MATLAB by introducing an interface that can directly provide the epidemic results depending on the inputs entered.
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