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Abstract

In this paper, a generalized mathematical model of spread of infectious disease as SIRS epidemic
model is considered as a nonlinear system of differential equations. We prove that for positive initial
conditions the resulting equivalence system has positive solution and under some hypotheses, this
system with initial positive condition, has a positive T-periodic solution which is globally asymp-
totically stable. For numerical simulations the fourth order Runge-Kutta method is applied to the
nonlinear system of differential equations.
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1. Introduction

Infectious diseases have ever been a great concern of human kind since the very beginning of our
history. At present, we still have to deal with plagues and diseases. Millions of people die annually
from measles, malaria, tuberculosis, AIDS, etc., and billions of others are infected. There was a
belief in 1960s that infectious diseases would be soon eliminated with the improvement in sanitation,
antibiotics, vaccinations, medical science and medical care. However, they are still the major causes
of mortality in the developing countries. Mathematical modeling has been revealed as a powerful tool
to analyze the epidemiology of the infectious illness to understand its behavior, to predict its impact
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and to find out how external factors change the impact [T}, 2, Bl [7, 8, 13}, 27]. Dynamic systems are
employed in numerous circumstances to model infectious diseases [4], 211, 26, 29]. These models lead
to a better understanding of the causes, distribution and control of diseases. Public health officials
use these models in decision making. A number of interesting consequences can be understood by
constructing simple and complex models using ordinary differential equations [9, 10, [15].

A classical technique for modeling infectious diseases in the population is to use system of ordinary
differential equations, describing the evolution of the number of individuals in the different subpop-
ulation. Mathematical epidemiology contributed to the understanding of the behavior of infectious
disease, its impacts and possible future predictions about its spreading. Mathematical models are
used in comparing, planning, implementing, evaluating and optimizing various detection, prevention,
therapy and control programs. Epidemiology is the study of health and disease in human population.
It is the study of the disease health distribution and determinants of health-related events in specified
populations, and the application of this study to control health problems.

In this sense, mathematical models using system of nonlinear ordinary differential equations of
the first order for spread of a virus have been developed in Weber et al. [27], White et al. [2§], and
Grassley et al. [9]. These papers described a model of seasonal epidemics of spread of a virus of a
disease observed in a region.

Mathematical modeling of infectious disease has become a key tool in order to understand, predict,
and control the spread of infections. The fundamental difference to chronic disease epidemiology is
that the temporal aspect is paramount. The aim of epidemic modeling is to model the spread
of a disease in a population made of (possibly large) integer number of individuals. To simplify
the description of this population, it is common to use a compartmental approach to modeling
for instance in its simplest form the population is divided into classes of susceptible, infective and
recovered individuals. Then disease dynamics can be characterized by a mathematical description of
each individual transition between components, subject to the state of the remaining individuals.

A number of books and papers [1I, 2], [7, 8, 13|, 29] give an introduction to modeling using primarily
deterministic models based on ordinary differential equations (ODEs) in the setting of SIR model.
Modern mathematical biology begins with Hamer. He formulated and analyzed a discrete time model
in his attempt to understand the recurrence of measles epidemics [I1]. Ross’ simple epidemic model
was published in 1911 and generalized epidemic model produced by Kermack and McKendrick in 1927
[22, [16]. These models have deterministic character and are still widely used although new models
taking into consideration various factors like migration, vaccination and its gradual loss, chemother-
apy, quarantine, passive immunity, genetic heterogeneity, non-uniformly distribution of population,
etc. For some diseases there exist specific models which describe their behaviors. Mathematical
epidemiology starting in the middle of the 20th century seems to have grown exponentially so that
a tremendous variety of models have now been formulated, mathematically analyzed, and applied
to infectious diseases. Reviews of the literature show the rapid growth of epidemiology modeling
[T, 2, Bl 7, 12], 13, 15, 16l 18, 23, 24, 27, 29].

The structure of this paper is as follows: In section 2, a generalized mathematical model of the
spread of a disease is constructed as a nonlinear system of differential equations for simulating the
transmission of a disease which uses, a transmission rate 3(t), as a periodic continuous function with
other known parameters. In section 3, under appropriate hypothesis some dynamical properties of the
proposed system like, positivity and globally asymptotically stable of solution are proved. In section
4, numerical results and simulations based on fourth order Runge-Kutta method are investigated.
At the end, a conclusion is drawn in section 5.
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2. Mathematical modeling of the epidemiological disease

In this section an epidemiological problem can be modeled by non-autonomous system of nonlinear
differential equations. In the case of the spread of infection diseases, where it has been stated
that for example in a school system induces a time-heterogeneity in the infection rate because of
the interruption of the infection chain during vacations or the inclusion of new individuals at the
beginning at each school year. We will model the spread of a disease like influenza, using the SIRS
model. This is a contagious disease that is caused by the influenza virus. It attacks the respiratory
tract in humans (nose, throat, and lungs). Most people who get a disease like influenza will recover
in one to two or more weeks. In developing a model for spread of a disease, we need to choose
variables to represent the quantities of the interesting model. We will do this by dividing the host
population into three distinct classes: susceptible, infective and removed. Transmission rate and
other parameters are modeled after gathering a series of clinic data.

The aim of this section is constructing a mathematical model of a generalized epidemic SIRS
(Susceptible, Infective, Recovered and Susceptible) model of the term

S(t) = u(t) — u(t)S(t) — BESE)I(E) + () R(?), S(0) = S, > 0, (2.1)
I(t) = B()SHI(E) — v()I(t) — p(H)I(t), 1(0) = Ip > 0, (2.2)
R(t) = v(B)I(t) — v (8)R(t) — p(t)R(D), R(0)=Ro>0,  (23)

which is plotted in Figure[I|and modeling the spread of seasonal infectious disease under the following
hypotheses:

1) The population is divided in three categories:
i. Susceptible S(t), who are all members are at risk becoming infected and individuals that

have not the virus;

ii. Infected I(t), being all the infected individuals having the virus and able to transmit the
illness;

iii. Recovered R(t), who are all the individuals not having the virus and with a temporary
immunity.

y(t)
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Figure 1: Generalized SIRS model.

W
A4
W

2) The birth and death rate p(t) > 0 being a continuous function. This means that S(t) +I(t) +
R(t) = 0 and we get S(t)+ I(t) + R(t) = 1 is invariant with S(¢) < 1,1(¢) < 1, R(t) < 1 for all
t>0.
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3) The function (t) between category S(¢) and I(t), is a continuous T-periodic function, which
is called transmission rate that satisfies:

0<p" = min_ Bt) < B1) < Jmax Bt) = M

and periodicity of the 5(t), is to show the seasonality of the spread in the regional.

4) The rate of leaving the infective category I(t) is called v(t) and similarity the rate of leaving
the recovered R(t) is v(t) both of them are non-negative, continuous and bounded functions.

By setting R(t) = 1 — S(t) — I(t) and using this expression in (2.1)) and (2.2)), we can obtain the
following equivalent system:

with S(0) = Sy > 0 and 1(0) = Iy > 0 where k(t) = u(t) + v(t) and w(t) = u(t) + v(t).

3. Dynamical properties of the solution

3.1. Positive solution of system (2.4])-(2.5))
In this subsection, we show that a solution of the system ({2.4)-(2.5) with positive initial condition
takes positive values.

Theorem 3.1. Let S(0) > 0, and 1(0) > 0 and let (S(t),I(t)) be a solution of system (2.4)-(2.5]) on
interval [0,t], then S(t) > 0 and I(t) > 0 for all t > 0.

Proof . Let there is a point ¢; € (0,7") such that t; is the first point that satisfies S(t;) = I(t1) = 0.
Firstly, we consider I(¢;) = 0, and we know that I(¢;) > 0 for all ¢ € [0, ;] because I(0) > 0. We
have

1(t) = (B(t)S(t) —w(t))I(t) > min {B()S(t) —w(t)} (D).

T0<t<tr

Let m be defined as

m = min {§(#)S(t) —w(t)} (1),

0<t<ty

where w(t) is defined in previous section. By ({2.5) it follows that

dl

= I(t)-m, for all t € [0, 4]
and so,

I(t) > ke™, for all t € [0, 1]

since 1(0) = Iy, therefor £ = I(0) and:

I(t) > I(0)e™, for all 0 <t <t
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The above equation is true for 0 < ¢ < to. This means that I(¢;) > I(0)e™ which is in contradiction
with the assumption that I(¢;) = 0.

Now, we suppose that S(t;) = 0 and note that I(t) > 0 for 0 < ¢ < ¢y, because I(0) > 0. By
at point ¢; and the definition of k(¢) and w(t) we obtain the following relation:

S(t) = k() — k(t1)S(t) — B(t)S(E)I(t1) — v(t)I(t).

As S(t1) = 0 and also k(t) = u(t) + v(t), thus the above expression is rewritten as following:

S(tr) = p(t) + () — () I(h)
= p(tr) + () (1 = I(t1)) = p(t) > 0,

because (1—1(t;)) > 0. The above expression is a contradiction with the fact that for every 0 <t < T,
we have S(0) > 0 and S(¢) > 0, because implies that S(¢;) < 0. O

3.2. Globally asymptotically stable of a solution

Now, we consider the global stability of system ([2.4))-(2.5). We start with the following definition
[6, 14, 19, 20, 25].

Deﬁmtlon 3.2. = (S*(t),I*(t)) is a globally asymptotically stable solution of system (2.4)-
[@.5), if X* = (S*(¢ ), I*(t))) is a bounded positive solution and for any other solution X = (S(t), I(t)),
the following relation for large ¢ holds:

lim ([S() = S™(0)] + [ (t) = I"()]) = 0.

t—+00

Theorem 3.3. If sgn(S(t) — z) = sgn(I(t) — z) for all z € [my,, M,|, where m, > 0 and M, > 0
such that m, < S(t),1(t) < M,, and also the hypothesis of the Chen theorem is held then the system
(2.4)-(2.5) has a unique positive stable T-periodic solution which is globally asymptotically.

Proof . Let (S*(t), I*(t)) be a positive T-periodic solution of the system ({2.4))-(2.5)) and (S(¢), I(t))
be any positive solution with initial conditions S(0) > 0, 7(0) > 0. We define:

V(t) = [S(t) = S™()| + [1(t) — I"(t)].
By calculating the upper right derivative of V' (¢) along the solution of the system, it follows that:
DV (t) = sgn(S(t) — S*(1))(S(t) — 5*(1)) + sgn(L(t) — () (I(t) — I*(t))
with the definition of (S*(¢), I*(¢)) and (S(t), I(t)) we have:

(
DV (t) =sgn(S(t) — S*(t))(—k(

(t) t)(S(t) = 57(t)) = BA)(S()I(t) — S*(H)I"(t))
—y(O)(I(t) = I"(¢ D<+Sgn([@) () (—w(®)(I(t) = I"(¢))
— BOSI(E) = ST (1))-
If we suppose that w™, w™, 4™, vM k™ and k™ are real numbers defined by
w™ = nfw(i), wMzoggmw@% Y= ot (),
M= sup (1), E™ = inf  k(t), EM = sup k(t),

0<t<+o00 0<t<+o0 0<t<—+oo
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then
DV (t) < = K™[S(t) = S*(t)] — sgn(S(t) — S™(¢)B)(SE)L(¢) — S*()I"(¢))
—"sgn(S(t) — S*(t))(L(t) — (1)) — w™[L(t) — I*(¢)|
+sgn(S(t) — S*(1)BE)(SHI(t) — S*()I*(1)),
and so

DV(t) < =K™|S(t) = S(8)] =™ (I(t) = I*(t)) — w™[I(t) — I"(¢)]
< —KTS() = ST = (W™ =A™ () = I (t)]

m

If we suppose that a* = min{k”, w™ — 4™} then we get

DV(t) < —a*(|S(t) = S*()] + [ (t) = I"(1)])
By integrating both sides of the above equation on the interval [0, ¢], it follows that:
t t
/ DV (t)dt < —a*/ (|S() — S ()| + [1(t) — I"(t)])dt,
0 0

and so for all t > 0,

wﬂ—wmg—wlﬁa _ st w—a/ﬁz (0)]dt.
and
t)+aiAWS( st Mt+al/|] “(0)dt
< V(0) =[5(0) = §*(0)[ + [1(0) — I"(0) < +o0.

By the above equation we conclude that, V'(t) is bounded on|0, t] and also:

+o0 +oo
(/ 1S(t) = S*(£)|dt < +00, and / (t) = I* ()|t < +oo.
0 0

Thus |S(t) — S*(t)| € L0, +o00] and |I(t) —I*(t)| € L'[0, +00], on the other hand, since (S*(¢), I*(t))
and (S(t),1(t)) are bounded for [T, 400 and from the system (2.4)-(2.5) their derivatives are also
bounded, then |S(t) —S*(¢)| and |I(t) — I*(t)| are uniformly continuous on [T, +00]. By the following
lemma in [5] we have lim; o |S(t) — S*(¢)| = 0, limy— o0 | I(t) — I*(t)| = 0. O

4. Numerical results and discussion

The aim of this section is to apply the Runge-Kutta fourth order method (RK4 ) to solve systems of
nonautonomous nonlinear differential equations — that describe the SIRS epidemic model.
Runge-Kutta fourth order method is a numerical technique used to solve ordinary differential equation
of the form [17]:

Y =F(t,Y), Y (0) =Yy,
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where tg = 0 <t <T. Let h be the step time define by h = % where N is a positive integer number
and the several nodes t; given by t; =tqg+1th, 2 =20,1,..., N.

Analytical solution is defined by Y (t) and numerical solution is represented by Y;, where Yj is
approximation of Y (t;) where

S(t) 5(0)
Y=|It)|, Yo=|I0)],
R(t) R(0)

fi(t, 5,1, R) p(t) — p(t)S(t) = BE)S) () + (1) R(?)
F(t,Y) = | fo(t, 5, [, R) | = BOSOI() = v(O)I(t) — p(t)I(2)
f3(t, 5,1, R) v(O)I(t) =) R(t) — p(t)R(t)

By using Fourth order Runge-Kutta method for the above system we have,

YiJr]_ Y —|— 6[K1 + 2K2 + 2K3 + K4] Kl = hF(tl,YZ),
h 1 h 1
K4:hF(tZ+h,Yl+K3), Z:(),l,,N

The numerical simulations were made using the parameter values showed in Table 4 and the RK4
algorithm is coded in the computer using Matlab package for obtaining numerical simulations. From
Figures and [] it can be seen that numerical results show that the Runge-Kutta method is
accurate, easy to apply and the calculated solutions preserve the properties of the continuous models,
such as the periodic behavior and positivity of solution.

Region bo by © 14 0 ~y
1 77 0.14 0.28 0.016 36 1.8

Table 1: Parameters values for system (2.1)-(2.3))

5. Conclusion

In this paper, we study the system of nonlinear of ordinary differential equations of the first order
related to generalized epidemic model of infectious disease as a SIRS model. This model uses a trans-
mission rate as a function §(t) periodic. Some qualitative properties of the solution are investigated.
We show for positive initial conditions the solution of the equivalence system is positive and periodic.
Moreover, under appropriate hypothesis the proposed model has a unique positive periodic solution
which is globally asymptotically stable. Finally, the epidemic model is solved numerically using the
RKM for approximating the solutions. Here, it is showed that the RKM is easy to apply and their
numerical solutions preserve the properties of the models, such as positivity and periodic behavior.
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