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Abstract. We develop an SIR epidemic model with a nonlinear incidence rate and treatment function from a
deterministic frame to a stochastic one. The optimal control problem for the deterministic model is discussed. We
investigate an optimal control problem for the stochastic epidemic model.
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1. INTRODUCTION

Many researchers have established and studied different types of stochastic epidemic models
(See, for example, [1, 2, 3, 4]) . Stochastic models represent an essential means to describe the
spread of infectious diseases and can show supplemental realism compared to their correspond-
ing deterministic models [1, 5]. Therefore, many mathematicians have proposed and studied
the dynamics of a stochastic generalized SIR epidemic model by using different approaches
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(See, for example, [6, 7, 8, 9, 10]) and with disease modeled by a different incidence rate [11].
We see that the incidence rate is the number of new cases per population at risk in a given
period of time at which people transfer from the compartment of susceptible individuals to the
compartment of infective individuals. For example, Zhao and Jiang [12] investigated a sto-
chastic SIRS epidemic models with saturated incidence rate. Also, they studied the persistence
in the means, extinction of the disease, and the existence of stationary distribution. In [13]
the authors studied a generalized stochastic SIR epidemic models with a non-linear incidence
rate. Dieu in [14] proposed a stochastic SIR epidemic model with Beddington—-DeAngelis
incidence rate. They investigated sufficient and almost necessary condition for the permanence

of the stochastic epidemic model and the asymptotic global stability of disease free equilibiruim.

On the other hand, the application of optimal control theory in epidemiology represents
a significant means for proposing effective strategies that assist governments to get efficient
arrangements to fight against infectious diseases while optimizing the cost of the treatment of
infection and vaccination. Recently, many scholars have investigated optimal control models
and given strategies that minimize the infected population [15, 16, 17]. Laaroussi and Rachik in
[18] developed and investigated an optimal control problem for a spatiotemporal SIR epidemic
model to minimize the number of infected individuals balanced against the vaccination and
treatment costs. In the work [19], the authors investigate the treatment and vaccination
employing an optimal control approach to reduce the number of infected individuals. In the
work, the authors introduced a stochastic SIVR epidemic and they proposed a control strategy

[20].

The rest of this paper is organized as follows. Section 3, presents the deterministic, stochastic
system. The deterministic optimal control problem is discussed in Section 3. Section 4, inves-
tigate the stochastic optimal control problem for our stochastic model. Finally, in Section 4, we

close the paper with a conclusion and future recherche direction.
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2. THE MODELS

Rajasekar et al. In [21], introduce and investigate a stochastic SIR model with saturated
incidence rate and saturated treatment function where the populations are subdivided into three

classes, namely, Susceptible S(7), infected /(7), Recovered R(?).

das S(t)I
% =A—pS(t) - l+k1S(t)sz(;ztfgkgS(t)](l) ’
FONE BS(1)I vl
(1) = 1+k1S(t)+k2(;21)(2k3s(z)1(t) —(p+0+u)I(r) - 1+n(;)(r)’

PN = i () + oo — PR(),

where A is the recruitment rate of the population, p is the natural death rate of the population, u

is the recovery rate of the infective individuals, 0 represents the death rate due to the epidemic.

% is the saturated incidence rate of a disease [22], where 8 is the disease transmission co-

rl

efficient. Trnl

is saturated treatment function; r is the cure rate and 1 measures the effect of
delayed treatment for infectious individuals (For more detail see, [23]).

The stochastic differential equations represent a generalization of the ordinary differential
equations and integrate the random effects of the systems. Therefore, it has been used in mod-
eling for several fields such as physics, finance, medicine, and biology. Then, the stochastic

differential equations have the following form:

) dx(t) = f(x(¢),t)dt+g(x(z),t)dB(t), t >0, with x(0) = xo € R"

where f: R" xR, — R"and g : R" x R, — R"*"™. According to [24], under the following

condition there exists a unique positive solution x(¢), ¢ > 0 to Egs. 2.

(C): both f and g satisfy the local Lipschitz condition and the linear growth condition.

Namely, their exist a positive constant 6 such that

|f(et) = f )V g(x,1) —gt)] < Oklx—yl,

for any ¢ > 0 and those x,y € R"” with xVy < k, and there is moreover an 6 > 0 such

that

If(x,0)|V]g(x,2)| < O(1+4x), foranyx e R".
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In the applied case, the stochastic systems show more precisely the reality by including the
environmental effects, which are an essential aspect in biological environments. So epidemic
models are often subject to random noise [11]. For this reason, Tornatore et al. in [6] studied
the effect of white noise on the SIR epidemic model. They investigated a condition for the
extinction of disease by showing that the disease-free equilibrium of deterministic system (case
where: o = 0) is globally asymptotically stable if the infection coefficient 8 is less than to
min {;t +u— %2, 2u } Note that the proposed condition coincides with the basic reproduction
number of the deterministic system (case where: ¢ = 0). In [26], Ji et al. have generalized
the stochastic model proposed by Tornatore et al. in [25] to a population composed of multiple
groups of individuals. The authors showed the existence and uniqueness of a global positive

solution to the model on the following set,
Ay
I = (St,0yees Sy ) 2 S >0, I > 0,8+ I, < 7 k=1,2,...,n, a.s.
k
In addition, they proved that the disease-free equilibrium Py of system is stochastically
asymptotically stable in the large if %y < 1 and fB; is irreducible, also they showed that if
Ko > 1 and P is irreducible the solution of system fluctuates around the endemic equilibrium

of deterministic system.

Then, we consider the following stochastic epidemic model with nonlinear incidence rate

das(t S o
" - [A P8~ o )sz(;z’)@k S ()] At = sa )sz(;g )(Qkas(r)l(r)dw(f),
di(t) _ Bs

d(t) = [1+k1S(t)+k2( z )(+)kgg —(p+O04+pu)It)— 1+71(1)( )} dt

3)

oS(t)I(t)
T SOl ) ST )dW(’)a
dR(l‘) )

+k3S
B — [ a0 + 28+ ()S(0) — pR(1)

\

where W () is independent standard Brownian motions defined on a complete probability space
(Q,7, ()05 IP) with the filtration (%) 1>0 satisfying the usual conditions, and o represents

the intensity of W (z).
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3. THE OPTIMAL CONTROL PROBLEM

The optimum control represents a valuable and important tool used to reduce the transmission
of epidemic diseases in human populations. In this section, we are interested in a deterministic
optimal control problem. For this, we introduce the following deterministic system incorporat-

ing control :

das S()I
B =A—pS(r) - 1+k1$(t)fk2(;2 )(t+)k33( i — W (@)S(@),
dl
@ o = TIRST I ST > — (P 0+ 1) 1)~ i

P = (A ())(@) + T +w (6)S(e) = pR(),

where u(t) represent the treatment control of infectious individuals in a time interval [0, T'].
The optimal control problem is to minimize the following objective functional

5) Jui,w) = /OT (I(t)+7u1(t)+1922 A )) dt,

where B and B, are the cost coefficients, and S(0), 1(0), R(0) > 0. The terms Bz uj and u3
are associated with the vaccination control #; and infection treatment control u;, respectively.

Minimizing equation (5) gives an optimal controls u] and u5 such that

Tt ug) = i (0), w(r))

with admissible controls set are given by
U = {(u1,uz) : u; are Lebesgue measurable, 0 < u;(r) <1,0<t<T, i=1,2},

and subjected to the constraint presented by the system (4). To determine the exact formulation
of our optimal control u#; and u;. We use Pontryagin’s Maximum Principle (see,[28]), which

converts equations (4) and (5) in a problem of minimizing. The Hamiltonian is defined by
3
H(S,I,R,I/l) = L(Iv ulaMZ) + Z ll(t)fl(SaI?R>
i=1

With L is the Lagrangian of the problem given by

L(I,uy,up) :I(t)—i‘% 1 (t )++%M%( 1),

and f; is the right side of the difference equation of the i'" state variable, [;, (i=1,2,3) are the

adjoint variables.
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Concerning the existence of an optimal control we use the result in (Lukes, [27]), and we obtain

the following theorem.

Theorem 3.1. Consider the control problem with system (4). There exists an optimal control
(uj,u3) € U such that

J(uy,uz) = minJ (uy, uz)

Proof. To establish the existence of an optimal control it is simple to check that
I.: The set of controls and corresponding state variables is nonempty,
IL.: The admissible set U is convex and closed,
ITL.: The right hand side of the state system is bounded by a linear function in the state
and control variables,
IV.: The integrand of the objective functional is convex on U,
V.: There exist constants @; > 0, @, > 0, and g > 1 such that the integrand L(S,I,R,u) of

the objective functional verifies,
L(S,1,R,u) > @ + @ (Ju]*)?/*

indeed, we mention that the set of admissible controls U is closed and bounded and also convex

by definition U
By using Pontryagin’s Maximum Principle, we obtain the following theorem

Theorem 3.2. Given the optimal controls u} and w} the solutions S*, I" and R* of the corre-

sponding state system (4), there exists adjoint variables 1, I, and I3 satisfying :

diy (W) =b@))Br ()1 +kI(1)) "
@ kS0l @) tRSOFER T 0P GO =100,
dy (L) = b)BS (1)(1+kiS* (1)) *
d T (kS 0+l @) +hs o)y T 0P +o+utnn) -1
() = b00) oy~ B O W+ (),
© 9 = hop,

with the transversality conditions at time T

L(t)=0, i=1,2,3.
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Moreover, the optimal controls u} and u; are given by

(7) uj(t) = min (1,max (0, (h(1) ;lf (t))s*» ,
(8) w3(t) = min (l,max (o, (L(1) ;f (t))l*)) ,
fort €[0,T]

Proof. The adjoint equations and transversality conditions can be obtained by using Pontrya-
gin’s maximum principle [1] such that

dly JoH dl, 0H dl3 oH . .
. S S hl.(T)=0. f =1,2.3.
©) dt S’ dt ol dt JR’ with [i(T) =0, fori=1,2,3

The optimal controls u} and u; can be solved from the optimality condition:

3_51 = Buu(t)—(l3(t) =11 (1))S(z)

M Bunlt)~ (b0) ~ B)10) =0,
up

0,

That are
a) = OZHOS0)
) = (O=BONO

By the bounds in U of the controls, it is easy to obtain u} and u; are given in (7) and (16) the

form of system (4) . ]

4. THE STOCHASTIC OPTIMAL CONTROL

In this section, we give the stochastic optimization problem and demonstrate its solution. We
consider the following system
(10)

dfz(r) [A PS(1) — 5w )flfz(;gtl)(izk Soin (I)S(I)] dt — 150 )f/fz(%(i)kﬁ(t)l(z)dW(t)v

di(t S
10 = [ s s — (P 0+ k- ua(0) 1(0) = ot i
(r

1
+ st resarm A (O
A = [+ 1 )I0) + it +10 (0S(0) = pR() | di

oS(t)
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Our aim is to obtain optimal controls for infection treatment and vaccination that minimizes the

objective functional which for an initial state xq is defined as follows

(11) Eo.x, { /0 ' (I(t) + %u%(r) + %u%(t)) dt]

Such that the earlier deterministic optimal problem, we assume that there is a nonnegative con-
stants u; max < 1, (i=1,2) such that u;(t) < ; max, (i=1,2) a.s. The class of admissible control law

is
(12) M = {u= (u,uz) : u; are adapted, and 0 < u;(¢) < uj max a.s., (i =1,2)}
We define the following performance criterion to solve the stochastic control problem

T
(13) 2 (t,x,ur,uz) =Eo [/o (I(t) +5u (1) + Tuz(t)) dt] ,
note that the expectation is conditional on the state of the system being a fixed value x at time t.
The optimal controls u and the value function represented as follows

(14) Y(t,x) = inf 2 (t,x,u) = Z (t,x,u”)

uc.H

We set a control law that minimizes the value 2" : .# — R presented by (13). In order to
show the solution of our stochastic optimal control problem for the system (10) given .# in (12)
and 2" in (13). We aim to find the value function ¥ defined in (15) and an optimal controls

function
(15) u*(t) =arg inf 2 (t,x,u) € .
ue M
Now we give in the following theorem the expression for the optimal controls ] and u;.

Theorem 4.1. A solution to the optimal vaccination and treatment problem stated in Problem
(12) is of the form
Y —Pgr)S(t
ui(t) = min{l,max{o,—( 5 r) ()},u17m},

By

(16) wy(t) = min{l,max{O,(%_BM},uz,m}.
2
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Proof. Note that, using the dynamic programming approach we can determine (16). Then,

Applying the Itd’s formula on ¥, we get

_ BS@)I1(t)
LY = |A=pS) - 1+k1S(t)—|—k21(t)+k3S(t)I(t) _”1(’)5(’)] Fslt)
BS(t)I(t) rl(t)
{1 TS Ll (0) £ haS@I) PO w1 - 1+n1(z)] i)
[ p+uo( +#%+u1(t)5(t) —pR(t)} Wr(t)

! (1) 2
§<1+k15()+k21(1‘)—|—k35() ()) Wss(1)
(

1 oS(t)I(t) 2

2 <1+k15( )+k2](t)_|_k35() ()) ‘Pll(t>
oS(0)I(1) 2

- <l+k1S( 1)+ kol (1) +k3S(t)1(z )> W (1)

Applying the Hamilton-Jacobi-Bellman theory, we must determine the infinitum as follows

+

. B B
(17) inf {I(t) + %u%(t) + TZM%(I)} .

Then, we establish the necessary condition for the optimal control. Via (), we get
Biui(t)+ (Pr—W¥s)S(t) =0,

Bzuz(t) + (‘PR —\PI)I(Z‘) =0.

We consider the bounds u; and u, and with the identical reason in the deterministic characteri-

zation; the asserted expressions emerge. 0J

5. CONCLUSION

In this paper, we studied an optimal control problem for the proposed stochastic SIR epi-
demic model with a nonlinear incidence rate and treatment function. Two different control are
presented to characterize the effectiveness of treatment, and the effectiveness of vaccination for
the susceptible individuals. The objectify of the presented optimal controls problem is to min-
imizing the number of infected individuals and the cost(s) of controls. we shown approximate
solutions for optimal stochastic control by exploiting the similarity between the two controls

forms: deterministic and Stochastic.
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