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RESUME. Dans cet article, nous avons étudié une stratégie de contrdle optimal correspondante a
un modele épidémique de type SIR avec des retards dans I'état. Le modéle a été développé pour
examiner plusieurs stratégies de traitement avec vaccination et déterminer leurs effets sur la propa-
gation dune infection. Le modéle prédit trois classes des personnes infectées et la dynamique de
transmission des maladies avec certains scénarios de traitement. Selon le modele, les sous-classes
d’infection avec des retards dans I'état, peuvent étre le meilleur moyen de réduire la propagation d’'une
épidémie. Les problémes aux limites multi-points ont été obtenu en fonction de la version discréte de
principe du maximum de Pontryagin, et résolu numériquement en utilisant un schéma discret progres-
sif régressif qui converge suite a un test approprié lié a la méthode de balayage avant-arriere dans
un controle optimal. Des simulations numériques sont également menées a confirmer et étendre les
résultats analytiques.

ABSTRACT. In this paper, we investigate the optimal control strategy of an epidemic SIR model
with delays in state. The model was developed to consider several treatment strategies with vacci-
nation and determine their effects on the spread of the infection. The model predicts three classes
of infected people and the transmission dynamics of diseases with certain treatment scenarios. Ac-
cording to the model, sub-classes of infective with delays in state, may be the best way to reduce
the force of an epidemic. The multi-points boundary value problems are obtained based on discrete
version of Pontryagin’s maximum principle, and resolved numerically using a progressive-regressive
discrete scheme that converges following an appropriate test related to the Forward-Backward Sweep
Method (FBSM) in optimal control. Numerical simulations are also conducted to confirm and extend
the analytic results.

MOTS-CLES : Modeéles épidémiques avec retard,model discréte SIR,contrdle optimal,les probléme
aux limites multi-points

KEYWORDS : delay epidemic models, discrete SIR model, optimal control, multi-points boundary
value problems




1. Introduction

Nowadays, mathematics play an important role in choosing the appropriate and effec-
tive means in the fighting against diseases. In 1925 Sir R.ROSS was the first to establish
a mathematical model based on what we called compartmental model, the main goal of
this model is to control the spread of malaria by controlling the vector population.

Recently, there have been determined efforts to encourage better communication bet-
ween mathematicians and health professionals so they can better understand the situations
in which simple models may be used. Mathematical models have provided a useful tool
to gain insights into the transmission and control of diseases. These insights can poten-
tially help guide us to evaluate the effectiveness and implications of various preventive
and control strategies. Motivated by the importance of mathematical modeling of infec-
tious diseases. We must consider more realistic and hence more complex models, which
allow quantitative comparison with known data and let us make practical predictions with
more confidence. In this paper we propose the standard SIR model, by introducing two
new sub-classes I? and I® with delays in state in order to explain the stage of infectivity.

The aim of this work is not to consider one special disease but to set up an optimal
control problem relative to discrete-time SIR models with delays in state, which makes it
a genuine control application, providing a simple framework to analyze several treatment
strategies with vaccination and determine their effects on the spread of the infection.

All the way through this paper, it is assumed that the analytical results are also used
to guide our numerical studies, which illustrate how the combination of vaccination and
several treatment used may change the total infection level.

Mathematical properties of the model system are studied both analytically and nume-
rically. It is assumed that the system has three possible classes of infected people I}, I?
, I3 with delays in state. As the main purpose of this model is to investigate the effect
of vaccination and several treatment, we study the interaction between vaccination and
treatment of these different classes of infected persons, any kind of diseases that respects
this rule, can be modelled and controlled with our approach. For instance, more recently,
the threat of the spread of influenza pandemic [1, 4, 5, 8, 7, 12, 2].

The first control objective is to restrict the spread of the epidemic, by introducing a
vaccination control variable in our discrete delayed SIR model, as a second task, we try
to treat the infected classes to reduce the spread of the epidemic. Effective treatment will
therefore be an adequate measure in the event of an epidemic.

We illustrate how the optimal control theory can be applied to minimize the infected
individuals and increase the susceptible, so minimize the cost of applying treatment and
vaccination controls.

The remainder of this paper is organized as follows : In section 2 we describe the
mathematical model. Objective functional and the analysis of optimal control are given
in Section 3, where section 4 includes the numerical simulations. Finally, we conclude in
Section 5.

2. Mathematical Model

According to the disease transmission mechanism, a host can be Susceptible,Infective,
or Recovered. Susceptible individuals are those who are healthy and do not carry the
epidemic but can contract it from infective hosts, denoted by S;. Infective hosts carry the
contagion and are able to pass it on to another hosts, in this model we sub-divide the total
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Figure 1. Schematic presentation of SIR model
human infected , into sub-populations of infective class one individuals Iil, those infected

class two If, individuals with class three If’. Finally, recovered R;, hosts are those who
are no longer infective and have acquired immunity from future infection note that this
immunity is not necessarily everlasting and that the transition states is probabilistic, with
probabilities being determined by the observed characteristics of specific diseases.

In addition to the death , there are population movements among those three epidemio-
logical compartments, from time unit ¢ to time ¢+ 1; ¢ = 1,..., N — 1 thus, the infection
transmission is assumed to occur between individuals present in a given population and
is given by

[BI}S;, al?S; and I3 S;]

where « > 0,5 > 0 and v > 0 are constant parameters, « is the proportion of
contacts between a susceptible and an infective class 1, 5 is the proportion of contacts
between a susceptible and an infective class 2, is the proportion of contacts between
a susceptible and an infective class 3. we assume that every fraction of 3,~ are divided
respectively into 31, 32, f3and 1, 2, y3where 3; ,y; is the gain in the infective class I°.
In order to have a realistic model, we need to take into account that the movement of the
infected individuals I, I2, I® from a class to another one is subjected to delays. Thus, the
time delay is introduced in the system as follows : at time ¢ only a percentage A; of patien-
ted individuals I' that have been transmitted p time unit ago, that is, at time, i — p, when
the patiented condition is aggravated, they are removed from the infected class I'and
added to the infected class I2. In addition at time i only a percentage ) of patiented
individuals 72 that have been transmitted ¢ time unit ago, that is, at time,i — ¢, when he
passes to a more serious state of the disease, they are removed from the infected class
I? and added to the infected class I3. Our model is based, in addition, on the following
assumptions :

1) d is the natural mortality rate;

2) The death rates due to the infection are 6,62 and, s, for each class I', I? and
I3 respectively ;



3) Infective I’ recover their immunity and leave the infective compartments at rates
g1, g2 and g3, and go to the removed compartment R ;

4) Tt is reasonable to assume that 51 > By > fsand v1 > V2 > 73

Siv1 = S;—allS; — BI!S; —yI}S; — dS; [1]
Il = IN+ollSi+ BllS; + IS, — M1},

— (01 4+ g1 +d) I} (2]
Iy = AN+ BIlSi+ 7188 — I7,

— (02 + g2+ d) I} B3]
Iy o= I+ BsI7 + I} S+ MoI7

—(Os+gs+d) I} [4]
Riyn = Ri+gl} +goI? + gsI7 — dR; [5]

So Iy Ry are given

3. Model with Treatment and Vaccination

As a strategy of control, we choose a vaccination program and several treatment, so
into the model(1) we include a control v; that represents the density of susceptible indivi-
duals being vaccinated per time:. We assume that all susceptible vaccinates are transferred
directly to the removed class and into the model (2-3-4) we include a control (u; , u?, u ) which
is the control treatments of (I}, I2, I?) respectively. The model is given by the following
equations :

Siv1 = Si—allS; — BI2S; — yI}S; — e1v;S; — dS;

Il = IN+ollSi+ BI}S; + IS, — M1},
—(01+g1+4d) Iil — Ezu%[il

Iy = D+ MI,+BIlSi+ 7125 — MWI7,
— (02 + g2+ d) I? — e3ull?

By = LA Bl + sl Si+ Xy — (05 + g5 +d) I
—equll?

Riy1 = Ri+ g I} + goI? + g3I? 4+ 10;S; + equl I}

+esu?l? + equll? — dR;

Where the parameters{(e¢;€ {0,1} /i = 1,2,3,4)} are used to consider several treat-
ment strategies with vaccination to determine their effects on the spread of the infection.
Our goal is obviously to try to minimize the population of the infected group and the cost
of treatment, while increasing the population in the removed group. Our control function
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<1, u? <1, ud < 1, and

is assumed taking values between v,,q, < 1, mas maz

2 3 1
Usin >0, un 0 >0, Upyin > 0, Ui > 0.

3.1. Optimal Control problem.

Generally to minimize the number of sensitive and infected person, and maximize the
number of an individual recovered during an epidemic. We are interested in controlling
the population . Then, the problem is to minimize the objective functional given by

N -1
Jut i W)= T (5 0) + G () + G () + G (ud)?)
1=1
N
+ Z (Alle -I-AQIE +A3Ii3 —A4Ri)
=1

Where A; > 0,4 > 0, A3 > 0, Ay > 0,anda > 0,0 > 0,¢ > 0,d > 0
are the weight constants of control, the infected and the removed group respectively,
ul = (ud,..,ub_p)u? = (ud, ., vk )l = (ud, ..., u_1) andv; = (vg, ..., vn-1).
Our goal is to minimize the infected, while minimizing the cost of applying controls. In
other words, we are seeking an optimal control u}*, u?*, u23* and v} such that

J(u}*,vz‘,uf*,u‘?*) = min{J (u},vi,u?,u?) J(ub,u? ud) e U v; €V}

i Wi Mg

Where U and V are the control sets defined by
U= {umeasurable/u”™" < ¢ < u™% j=1,..,N —1,me (1,2,3)}
V = {vmeasurable/v™" < v; < v™% =1, .. N —1}

The sufficient condition for existence of an optimal control for the problem follows from
theorem 1 in [10, 11] . At the same time by using Pontryagin’s Maximum Principle[9]
we derive necessary conditions for our optimal control. For this purpose we define the
Hamiltonian as :

H(Q) = (Allzl + AQIE + Ag[? — A4R;

+ % ()2 + G (u))® + 5 (u)” + G (ud)?)

+ Cl,i—&-l [Sz — aIl-lSi — ,BIZQSZ — ’}/I?Si — 61’Uisi
—dSi] + C2,i41 [Izl +allS;— (01 +g1+4d) I}
—equi I} + BLIZS; + I}Si — M

+ <377',+1 [IZZ + )\1]1-17p + 52[1-25,' + ’YQIZ-BSZ‘ — )\212-27(1]
— (02 + g2 + ) I — e3u? I7]

+ Caji1 [I2 4 BsIZSi + ysI2Si + AoI2 )

— (05 + g3 + D) I} — eau ]

+ Gt [Ri + g3IP + g1 I} + g2I7 — dR;)
+equl I} + esull? + equd I} + e1v,5;

2% 3%

Theorem 1 (Necessary Conditions). Given an optimal control u}*, u?*, u3*,

lutions S*, I}*, I2*, I}*

P A e A

v} and so-



and R*,there exists (. ;, 1 = 1...N, fork =1,2,3,4,5, the adjoint variables satisfying
the following equations :

Al = —(C1,i+1 (1 —al} =4I —d) + BI? (C2yi+1 — C1,i41)
+ Coyiv1 (B1IZ + NI2) + G (Bod? +7212)
+ Cayiv1 (B3I +13I3) + 10 (G501 — Cl,i-‘,—l))

Ale; = — <A1 + (G241 — C1i+1) aSi + Co g1 (1 — (61 + d))
+ (Gsiv1 — Coit1) (e2ul + g1) )

Az = — (Az — C1,i+18Si + (2,641 515

+ (i1 (1 4+ B2S; — (624 d))

+ Ca,i41835i + (Git1 — Gaiv1) (e3u2 + g2) )

Als; = — (A3 = C1,i+17Si + 241715 + (3,i41725:

+ Cayit1 (1 +738; — (93 + 03 + d))

+ G541 (2aud + g3)

Alss = — < — A+ G40 (1 —d) >

Démonstration. With CI,N =0, CQ’N = Al, CS,N = A2,<4’N = A3, CS,N = —A4,. To

obtain the optimality conditions we take the variation with respect to control
(ui*m = 1,2, 3, and v;) and set it equal to zero

g;i = b} — Coitreal} + (siv1820 =0
gz; = ciui + 518317 — Gaip183l7 =0
SZ” = dyuj + <5ﬂ'+154113 - C4,i+1€4[? =0
gz = aiV; — C1,i+1615; + (541615 = 0

Then we obtain the optimal control pair

o — (e Il
ot = 2int 2_““‘”*1)52 Lii=0,.,N-1

. _ . 12
Wl = (€341 — C5,i41)E31; =0 N—1
(&




s (Caip1 — Goiv1)eal?

b = ; =0, N—1
v = (Cryit1 — C5,i+1)515i; P00, N—1
Q;

By the bounds in U and V' of the control, it is easy to obtain u]™* ;m = {1, 2,3} and
v} in the following form O

min (C1,i+1—C5,i+1)€1S: max
) a; }7 v }7

vi = min{maz{v

. : 1 —Cs 4 It
uzl* — mzn{maa:{umm, (<2=1+1 Cg,1+1)52 i }7umax}’
2% __ . min (CS,'i+1_C5,i+1)E3If2 maxr
u* = min{maz{u fb'}, umer}
3k s min (Ca,it1—Cs,iq1)eal’ mazx
u?* = min{mar{u™", SRR | g MaT
i=0,...N—1

4. Numerical simulation.

In this section we first present an iterative method for the numerical solution of the
optimality system. Next, we present numerical results obtained using Matlab.

4.1. Numerical simulation

We now present numerical simulations associated with the above mentioned optimal
control problem. To solve this system we wrote a code in MATLABT and simulated our
results using different data. We solve the optimality systems using an iterative method.
Where the state system with an initial guess is solved forward in time and then the adjoint
system is solved backward in time because of the transversality conditions. Afterwards,
we updated the optimal control values using the values of state and adjoint variables ob-
tained in the previous steps. Finally, we execute the previous steps till a tolerance criterion
is reached. we obtain this numerical simulations to illustrate our theoretical results using
data cited in table 1.

4.2 Numerical results

4.1.1. Without controls

figure2 : the following figures show the dynamic of the population without any control
strategy. We start with a population of 760 susceptible people, 50 infected ones
in the first stage, 10 ones in the second and no one in the last stage. We analyze
data over a period of 20 days, we remark that in the absence of control, the num-
ber of susceptible decrease exponentially to the benefit of infected people, thus the
number of infected in the first stage increase exponentially after 5 days, while the
number of infected in the second stage takes 12 days to show a remarkable growth,
and the number of infected in the third stage grow slowly, which is reasonable ac-
cording to our parameters and the dynamic of the disease. We remark also that the
growth of people Recovering their immunity as well as 5 and I5.



Notations Value Description(Units)

So 760 Initial susceptible population

1} 50 Initial infected population

I3 15 Initial infected population

3 0 Initial infected population

Ry 0 Initial immune population

« 0.0014 Transmission rate between S and I (day~!)

B B =pB1+ B2+ B3 =0.0016 Transmission rate between S and I%(day~!)

v 7Y =1+ +7v3=0004  Transmission rate between S and I3(day )

d 0.003 Natural death rate

g1 g1 =0.05 Recovery rate of I'(day~1)

go g2 = 0.04 Recovery rate of I%(day 1)

g3 g3 = 0.02 Recovery rate of I®(day 1)

A A =0.1, Probability of Transmission the infected in I' to I?at time p
Ao Ao = 0.03 Probability of Transmission the infected in I? to I attime q
(p,q) (1,4) Time of Transmission the infected in class to another
0;,i=1,2,3 0.005 The disease induced death rate (day~?!)

Tableau 1. Initial conditions and parameters values )
As a control strategy, we adopt a vaccination of susceptible people and a treatment

infected ones. In order to show the impact and thus the importance of each control, we
suggest 4 scenarios where we put our controls one by one. The following paragraphs
present the numerical results.

4.1.2. With controls

Figure3 : Now we discuss the first scenario where we put our first control which is the

vaccination. We remark that, in comparison with results without control,the number
of susceptible individuals decreases more rapidly, and the growth of infected people
within control is less than the other. The great benefit is on the number of recovered
people which is reasonable and remarkable due to the effect of vaccination program.

Figure4 : Atpresent, we put in treatment the infected people in the first stage of infection.

Figures show that the evolution of susceptible is the same as without control (see
Fig.2). The important difference is in the evolution of I; infected in the 1%!stage,
thus we remark that the number of infected individuals I; with control (solid curve)
and without control (dashed curve). It shows that in the presence of a control, the
number of infected individuals I; decreases greatly. The maximum number of in-
fected individuals in the case with control is about 350 and is about 150 in the case
without control ; moreover we see a small decrease in infected I5, and I3 as a conse-
quence of the decrease of the infection , the last Figure shows that the number of
people removed begins to grow as well as atl; ; then the efficiency of our strategy
in reducing the spread of infection.

FigureS : Here we put in treatment the I people, from this and from figures 2, there

are no changes in the evolution of S and /;in comparison with the cases without
control, which is reasonable. The benefit is in the number of people in the class 15,
there is a notable decrease of them and as a result, the number of infected people in



=== S without control

=== R without control
700 1

700

600

500

SG)
R()

300

200

100

2 4 6 8 0 12 4 16 18 2 2 4 6 8 0 12 14 16 18 2

Time(days) Time(days)
=== |1 without control === 2 without control
700 700
600 600
500 500
=400 = 400
=) o
300 300
200 200
100 100

L L
2 4 6 8 0 12 14 16 18 2 2 4 6 8 0 12 u 6 18 2

Time(days) Time(days)
0
600
500

= 400
@
300
200
100
2 4 6 8 0 12 14 16 18 2
Time(days)

Figure 2. The function S,1',1?, I, R without control. _
the class Isdecrease respectively. The number of recovered increase as well as the

last case.

Figure6 : Finally, we put in treatment the infected people in the 3'"stage, we can see
from figures that there are no changes in S, I, I and R, the effect of our control
is view in the number of class I3, there is a small decrease.

Figure7 : Finally, we combine all previous control strategies, we can see from the follo-
wing figures the great changes in all classes. The numbers S, 1, I5 and I3 decrease
notably, while the number of removed R increases.
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Figure 3. The function S, 1", I?, I°, R with control v
5. Conclusion

In this work we discussed an efficient numerical method based on optimal control to
study the several treatment strategies with vaccination in our discrete delayed SIR model,
on the spread of the infection. The numerical simulation of both the systems i.e with
control and without control, shows that the several strategies helps to reduce the number of
infected and susceptible individuals and increase the number of the removed individuals
greatly. The results obtained shows also that the effectiveness of vaccination campaign.
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