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AsstrRACT. Our co-infection model made it possible to study the dynamics of two viruses, diabetes and
Covid-19 with several strains of Covid-19, within a population. After determining our dynamic system, we
showed that it admits a unique solution in an invariant domain. We then calculated the basic reproduction
number, determined the stability of the equilibrium points. We established the conditions of extinction of
the co-infection within the population. Finally, to confirm our theoretical results, we carried out a numerical
simulation using matlab. Using numerical simulations, it was concluded that diabetic individuals who
suffered from Covid-19 would die significantly more than those whitout diabetes. Moreover, the number
of deaths is higher when there are many strains.
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1. INTRODUCTION

The last two decades have been marked by three major zoonotic epidemics caused by betacoron-
aviruses : SARS-CoV , MERS-CoV , and SARS-CoV-2 for the first time in China [1], [2], [3], [4], [5]-
As of March 15, 2020, there were an estimated 150,000 confirmed cases with nearly 6,000 deaths, and
these figures will quickly reach 2.4 million confirmed cases compared to 165,000 deaths worldwide [6].

Phylogenetic analyses have shown that SRS — CoV and SARS — CoV — 2 viruses are highly
related with a genomic nucleotide sequence identity of approximately 80%. In addition, they both use
angiotansin-converting enzyme 2 (ACE2) as a receptor for cell entry and infection ( [7]- [10]).
Coronaviruses have a spike (S) glycoprotein on their surface that forms a trimetric complex categorized
into two subunits, S1 and S2, separated by a protease cleavage site [11], [12] SARS — CoV — 2 is highly

transmissible. The reproduction number is a very determining epidemiological variable. Defined as
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the expected number of infectious cases generated by a single average case in a given fully susceptible
population, it is generally noted Ry.

It therefore characterizes the capacity of an infection to spread ( [13]- [15]) and [16]. Estimates of
the mortality rate of Covid-19 vary depending on the region between 4.5% and 16% in the ten most
affected countries [ 16]. This pandemic has caused enormous challenges to public health and the global
economy. According to the WHO, more than 768 million people worldwide have been infected with
covid — 19 as of July 27, 2023, with more than 69 million deaths [17].

This rapid expansion of the disease has prompted enormous researchers to set up epidemiological
models in order to provide assistance in decision-making with the aim of slowing down or even
eliminating its spread. Preliminary results of the work on Covid-19 already show that people who
suffer from underlying health problems or other factors of respiratory infections are exposed to higher
risks of complicated forms of the disease leading to their death. Thus, W. Choi showed according to a
study that nearly 12% of cases of infected individuals with comorbidity died 4 times more than patients
who did not have underlying conditions [18].

Similar results were obtained in Italy by G. Giangreco [7]. Individuals of all ages with the following
diseases are at risk of developing the most severe forms of COVID-19: chronic kidney disease, obesity,
serious heart diseases such as heart failure, coronary artery disease or cardiomyopathy, sickle cell
disease, type 2 diabetes, hypertension, and neurological diseases. The prevalence of type 2 diabetes
remains higher in patients with severe COVID-19 [19], [20]. According to estimates from WHO, more
than 42 million people suffer from diabetes worldwide with 1.5 million deaths per year and 18% of
deaths from covid — 19 are linked to diabetes [21], [22].

Based on health data collected in 13 African countries regarding comorbidities among Africans who
tested positive for Covid — 19, it appears that the virus is fatal with a rate of 10.2% among diabetics
compared to only 2.5% among non-diabetics. It has a result, the mortality rate is twice as high among
diabetics compared to other Covid — 19 patients with other comorbidities such as heart failure, coronary
artery disease, hypertension, diabetes [6], [23]. For the sake of simplicity and without losing sight of
the general case, we consider diabetes as a chronic disease in the development of models in our work.

The mathematical modeling of epidemiological diseases has attracted much attention in recent
years. A. Kouidere [24] proposed an optimal control strategy to determine the impact of complications
caused by diabetes. Most models that focus on COVID-19 emphasize the dynamics of transmission in a
population without considering the underlying conditions of patients and the diversity of viral strains.
F. Aruda and al. studied an optimal control model that simultaneously takes into consideration several
viral strains and reinfection due to a waning immunity in England and Amazonas, Brazil [25]. S. Y.

Tchoumi and al. studied a model with two COVID-19 strains with vaccination but without a comorbidity
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condition [26]. O. Khyar and al. as for them have studied the overall stability of the SEIR model with
two viral strains and two general incidence rates while [28].

Similarly, A. Omame and al. analyzed the mathematical model of the dynamics of C'ovid — 19 with
reinfection in order to assess the impact of previous comorbidity, diabetes mellitus on complications of
covid — 19 and were able to show that the peak of the disease decreases with increasing reinfection
among those who have recovered from a COVID-19 infection [29] . C. Yang and al. proposed a
model that integrates the impact of chronic health conditions in the host population, to study the
transmission dynamics of COVID-19, which takes into account two groups, depending on whether
they have underlying conditions or not, and which describes COVID-19 transmission in the United
States of America [30] .

S. Okyere and J. Ackora-Prah [19], as well as F. Ozkése and al. [31], studied a deterministic diabetes-
COVID-19 comorbidity model, Chang, Y. C and all a stochastic multi strain [27] . The results of S.
Okyere, after simulation based on statistical data from Ghana, in the period from March to September
2020, show that a greater number of people die when infected with both diabetes and COVID-19, and
that the lockdown control minimizes the mortality rate of diabetic individuals at best, while vaccination
provides them with immunity against COVID-19. Since the 2020s, seven strains of COVID-19 have
been identified [32], but few authors have focused on the case of co-infection, taking into account the
numerous strains.

This work is inspired by the SEIRCD model of S. Okyere and that of Chang Y. C. and al. [27] taking
into account the plurality of COVID-19 strains, which is structured as follows: First, we will have
an introduction, then the formulation of the multi-strain deterministic mathematical model with a
comorbidity of diabetes, followed by its analysis. In the fourth part of our work, we will conduct a
numerical study of the model, and the fifth part will be devoted to the study of deterministic controls,

and we will conclude.

2. FORMULATION OF A MATHEMATICAL MODEL

Let V = {1;2;3; ...;n} denote the set of strains of the disease virus within the population considered.
Let j € Vandt > 0. Apart from patient zero, all non-immune individuals are likely to contract
the disease. Let’s S(t) denote the set of individuals likely to contract the virus at time ¢ within the
population considered. Individuals who enter compartment S(¢) have had contact either with those in
I;(t) or Cj(t). All individuals having contact with strain j of the virus take a time before noticing the
signs of the disease which is called the incubation period and are said to be exposed. E(t) is the set of
individuals exposed to the virus within the population considered. These are the individuals who are
tested positive for the virus and who show symptoms of the disease or not after the incubation period.

We denote by I;(t) the set of individuals infected by the j strain of the virus within the population
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considered. It is the set of individuals tested positive symptomatic or asymptomatic cured, i.e. having
had a negative test afterwards. R(t) is the set of individuals recovered from Covid-19, D(t) is the set
of individuals suffering from diabetes and C(t) is the set of diabetic individuals infected by the virus
strain within the population considered. If N (t) is the set of the population studied, we obtain the

following system:

Bt ar) - sEDEED)s0) — (ut 2)S(0) (21)
D~ 281 4700~ LT D) — (5,4 ) D1 22)
WO _ pCOLO) (5(1) + D) — (u + H)E() (23)
A _ i B(t) = (s + 7 + 1)L (1) (24)
°o (1= a)OB(t) — (1 + b +7)C(0) (25)
o _ S5 li(t) — (6 + mR() (2:6)

N(t)=  S(t)+E(t)+ X7 I;(t) + R(t) + C(t) + D(t) (2.7)

with ¢ = Y7 ¢; and the initial condition following: S(0) = Sy; E(0) = Eo; 1;(0) = I,0; R(0) = Ro;
D(O) = Dy; C(O) =y Vj evV.

The different parameters are described in the following table:

TabLE 1. Table of parameters.

Prarameters Description Values

Q Proportion of the population studied 28.452

« Fraction of exposed individuals who became infected Covid-19 0.3

15} Covid-19 tranmission rate 0.9

J Rate of individuals who lost their immunity 0.011

1 Natural mortality rate 0.4252912 x 1074
~ Rate of diabetics cured of Covid-19 ﬁ

©; Rate of infection by strain j of exposed individuals [0.127,0.527]
01 Death rate from Covid-19 among diabetics 0.0144

A Rate of diabetics who become susceptible 0.2

92 Death rate from diabetes 0.05

v Rate of individuals cured of strain j of Covid-19 (35 3]

1 Mortality rate due to strain j 6.83 x 107°

The diagram that represents the transmission dynamic is as follows:
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FiGure 1. Transmission diagram of the model.

3. ANALYSIS OF THE MATHEMATICAL MODEL

In this part, we will discuss the calculation of the invariant region, of the basic reproduction number
and the study of the locally asymptotic stability of the equilibrium points of the mathematical model.
The biological validity of the mathematical model (2.1) — (2.7) depends on the following elements: the

solution of the dynamic system is positive and bounded at any given time ¢.

3.1. Existence and uniqueness of the solution in an invariant domain. The following results show
that the system is well-posed from the epi- semiological and mathematical in a feasible domain U

defined by:
Q
U={(S;D;E;1;;C;R) e R}; N < L ey (3.1)

Theorem 3.1. (Positivity) Given the following initial conditions: S(0) = Sy > 0; E(0) = Eg > 0; [;(0) =
Iip>0; I5(0) = I20 > 0;...; [,(0) = I, 0 > 0;

R(0) = Ry > 0; D(0) = Do > 0; C(0) = Cy > 0and all ty > 0 then for

t € [0;to], there exists a domain U in which the solution (S; D; E; I; C; R) of the differential system (2.1) — (2.6)
belongs.

Proof. Assuming all parameters of the system (2.1) — (2.7) to be positive, we can establish the following
inequalities:
ds(t)

“dt > —[B(

C+30

N )+ 1+ AlS(¢)
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dD(t)

T > —[6(

CE2AL) | s slni

dE(t)

“a > —(n+p)E()

dl;(t)
dt

> —(uj+v+ WL VieV

d(flit) > —(y+up+6)C()

MO~ —(u+ )R

After solving, we obtain:

S(t) > Soegvp[—ﬁ/(cw_‘%:%)tdt —(u+MNt] >0

D(t) > Doexp[—ﬁ/(%)tdt —(+ A2+ 062)t] >0

E(t) > Epexp[—(p+ ¢)t] > 0

1(t) > Lgeapl—(u; + 75 + )t > 0 € V

C(t) > Coexp[—(y+ p+ 01)t] > 0

R(t) > Roexp|—(n+0)t] >0

We then conclude that (S; D; E; I; C; R) € RS O

Theorem 3.2. (Bornitude) For any function S(t), E(t),C(t),D(t), R(t),I;(t);
system (2.1) — (2.7), there exist positive constants Ryr, Sar, Eni, Coai, D, Ing such that:

lim supS(t) < Sy

t——+o0

lim supE(t) <

t—+o00

lim supC(t) < Cy

t——+o0

lim supD(t) < Dys

t——+o0

lim supR(t) <m

t——+o0

lim supl;(t) < Sy; VjeV;tel0;t] et to>0.

t—+00

Vj € V of the differential
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Proof. We have:

dN(t) _ dS(1) N dE(t) N " dI;(t) N dR(t) N dC(t) N dD(t)

2
dt dt dt - dt dt dt dt (3-2)
We then deduce that
dN(t .
dt() =Q— uN(t) = 6:D(t) — > p;I;(t)
1
Which gives us
dN(t
®) < Q—puN(t) (3.3)
dt
After solving (3.3) we obtain respectively
N(t) < Noe ™ + (1 — eht) (34)
W
and
—ut, §2
N(t) < Noe " + m (3.5)
We subsequently obtain that
N(t) < lim supNoe " + @ = & si Ny < e (3.6)

T totoo pooop p
Setting Ryp = Sy = Ey = Cy = Dy = Iy = %, we can thus conclude,hat all possible solutions of
(2.1) — (2.6) are bounded and positive in the set U and the domain U is positively invariant for the model
(2.1) — (2.6). Indeed, if N(0) > % either the solutions of (2.1) — (2.6) are either in U with finite values, or N (t)
approach asymptotically % Oh . So U attracts the solutions of (2.1) — (2.6). O

Theorem 3.3. (Existence and unicity) With the initial conditions S(0) = Sp > 0; E(0) = Ep > 0; I;(0) =
Iip>0;13(0) =Io0>0;..;1,(0) = In0 > 0; R(0) = Ry > 0; D(0) = Dy > 0, C(0) = Cy > 0and ty > 0,
then for the differential system (2.1) — (2.7) admits a positive solution (S(t); D(t); E(t); Ij(t); C(t); R(t)) for
alljeVandallt € R

. Proof. Let us rewrite (2.1) — (2.6) as follows:

X(t) = f(t, X (1)) (3.7)
S®) Q-+ SR(t) - B(EER)S (1) — (u+ N)S(H)
D(®) AS(t) +4C(8) — BEEZLYD(r) — (8, + u)D(t)
with X (t) = ]jj@) and f(t, X(t)) = BIEELL)(S(1) + D() — (u+ 6)B(t)
L®) ap; E(t) — (pg + 5 + p)1;(t)
c() (1= )OB(t) — (j+ b1 +7)C()
R(t) YLy (0) — (6 -+ ()

jev jev
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Since f is differentiable and its first derivative is continuous, then it is locally Lipschitzian in
RS . By the fundamental theorem of existence and uniqueness , the differential system (2.1) — (2.6)

admits a unique bounded and positive solution in /.

3.2. Stability of equilibrium points. In the resolution of the differential system (2.1) — (2.6), we obtain
two equilibrium points:
(1) The disease-free equilibrium point X, which is the solution of the system

(2.1) — (2.6) in steady state where there are no individuals with COVID-19 within
EV=0,1)=0,19=0;..;I°=0; RO =0; C° = 0.

A(d2 + 1) (02 + )2
D = and S° = :
(02 + ) [1(A + 02 + p) + Ada] (X + 82 + 1) + A2
Which then gives us
0 _ ((52 +M)Q )‘(52+M)Q ;0;0;0;0).

VU 02 + 1) + M2 (02 + W)X + 02 + 1) + AOo]

(2) The endemic equilibrium point X; = (S*;D*, E*; 1 0% R*) obtaineed by takin secound

member of the system equal to zero. Which then gives us:

. 5, R+ Q _
BC ST L)/N+ A+
. AS* 4 C*

T BC T L)/N vyt
. BCT+ I /N(S* + DY)

B —
p+ ¢ _—
M‘E’7+51, M-i—’Yj—i-,uj’
. _ apiET
Ir = VieV
TR

3.2.1. The basic reproduction number. The basic reproduction number denoted Ry is defined as the
number of secondary infections appearing in a sensitive area of the population from an infected
individual. We will now determine the basic reproduction number for the system (2.1) — (2.6). Itisa
threshold in epidemiology which allows to predict or evaluate control strategies. The uninfected and
infected classes are respectively (S, D, R) and (E, Ij, C) with j € V' . The vectors of new infections and
transfers between compartments are similarly respectively defined by

BIERS () + D) (n+ 51 i) B
F = ap; E and V = [ (u; + 75 + p)I;

(1—a) X7 ¢iE iev (B+o+mC )

We then use the P.V.D. Driessche method [33] to calculate the basic reproduction number Ry. The

vectors of new infections and transfers between compartments are defined respectively by:

0 BS"+DY)  H(S°+D)

OF N N

Ox; == e 0 0
(1—a)X Ty 0 0

JjeVv



Asia Pac. J. Math. 2026 13:47 9of 18

pt 20 e 0 0
and W _ V= 0 0
or; My + v+
0 0 w401+ iev
with Ty = E,Ij,C.
0 B(5°4+D°%) B(8°4+-D°)
N(ptpit+yi)  N(ptoi+7)
-1 _ ap;
FV= = ;HrZ{]L ©; 0 0
(1—a)> T e; 0 0
[y 1<j<n

The basic reproduction number Ry is Rg = maa:{R?} with

20— \/ B(S"+ D)1 - ) T} g B(S° + D)ay;
I N(p+ 01+ + 22T w5) N4+ 7) (427 #5)

3.2.2. Local stability of equilibrium points. The following theorems state the conditions necessary for the

VieV (3.8)

state of equi- free is established.

(1) 1. Local stability of the disease-free steady state

Theorem 3.4. The disease-free steady state
A+ 02 4+ ) + X" (02 + p) [u( A+ 02 + i) + Xdo] " 7 7
of the system (2.1) — (2.6) is locally asymptotically stable if and only if Ry < 1.

Proof. The Jacobian matrix associated with the system (2.1) — (2.6) at the disease-free equilibrium

point is given by:

Jii 0 0 ~85 -85 b
)\1 J22 0 *% Y — % 0
J J- o B(S+D) B(S+D) 0
Ties = 31 32 p—¢ - N - N (3.9)
0 0 ap; —p; = — M 0 0
0 0 (Q1-—a)d>Te 0 —p—01— 7 0
|00 0 i 0 —H =) jev
with
C+3Y"I C+>Y 11, C+>Y 11, C+>1
Jum BCETI) g BCETIL)  BCETI) g BCEEIL)
The Jacobian matrix in the absence of disease is:
[ BS° B |
—p=A 0 0 S A g
0 0
A —p=b 0 S AR A G
B(S°+D%)  B(8°+D%)
0 0 —p— 0
o = S N (3.10)
0 0 aQ; J55 0 0
0 0 (1 — Oé)qb 0 J55 0
0 0 0 j 0 —pu—9
L i =] jev
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(2)

with
Jaa = —py — v —p; Jss = —p— 01—

Let us now determine the eigenvalues of the disease-free Jacobian matrix. The first is given by —(u + 9).

The others are those of the following matrix:

~(u+A) 0 0 -5 -5
0 0
A —(p+d) 0 —£ v- 2%
Jo = 0 0 (it ¢) W W (3.11)
0 0 apj  —(uj++ ) 0
i 0 0 (1*0&)¢ 0 J55 Ljev

Jss = —(p+ 01+ 1)

The characteristic polynomial of this matrix is given:
P(X) = (X% + A1 X + Ao)(X3 + B2 X? + B1 X + By) with
Ay = A+ 00+ 2u;
Ao = p(p+ A+ 2) + Moo,
By = (1 + @)1+ ptj +75) (+ 01 +7)(1 = RE);
Bi=pj+v+v+d+¢+3u

By = (1 6) 11+ + 61+ +20) + :

(1 + ) o + (1 — a)p)Rj
o1+ p+ ) (g 5 + )1 — .
(0 s 35+ )l apj(p+ 01 47) + (1 — a)p(p + pj + ;)
We have Ag > 0, A1 > 0, By > 0, By > 0and By > 0. In addition,
BBy — By = (n+ ) (1t +vi +01+v+ 0 +3u) (15 +v5 + 61 +v+2u) +

(1j 75+ 01+ 7+ ¢+ 3p) (401 +7) (1 + 75 + 1) — ,
(ki +7 + 0 +7+ ¢ +3u)(ag; + (1 —a)p)Ry
+ @) (401 + ) (1 +5 +
(M ¢)(M 1 7)(:“’] Y5 :U’)[ O‘SOj(M+6l ""7) + (1 IR a)¢(,u_|_'uj ""Vj)
si Ro < 1 and if we designate by X1 and X5 the roots of X% + A1 X + Ao, we have:

X1—|—X2:—A1<0611’ldX1X2:A0>0

+1-RE% >0

According to the Routh-Hurwitz [ 34] stability criterion all eigenvalues of the matrix Jo have negative

real parts. Therefore X is stable. [
2. Local stability of the endemic equilibrium state

Theorem 3.5. The endemic equilibrium state
N = (8" D" E*; I7;C*; R”) of the system(2.1) — (2.6) is locally asymptotically stable if and only if
Ro > 1.

Proof. Assume that the endemic equilibrium state exists and assume that Ry > 1. Let the candidate

Lyapunov function L [35] be defined by
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L(S,D,E,I;,C,R) = (S — §* — S*Ing) + (D — S* — D*In) + (E — E* — E*Inf) + (I; —
I7 — I]*ln%i) +(C-C*"— C*ln%) + (R — R* — R*In{L) with 1 < j < n. The differential of L is

given by
. — (S*SS*)S+(D})D*)DJF(E;EE*)E#(%)I}+(C*CC*)C*+(R;%R*)Rwith 1 < j < n. Which
gives the following:

9L = (S0 +0R - LS — (1+2)8] + (P AS +4C — B D — (6, + ) D) +
(EZE) BRI (S + D) — (u+ $)E)] + (U D)o B — (g 7 + i) L] + () [(1 - a) 6 E —
(1 + 01+ 7)C] + (B ST — (6 + wB = (550 + 0R — fEE(S — 8%) — (u+
NS = 8 — (BEFLS" + (u+ XS] + (Z)S +4C — 5EEL(D - D7) — (5 +
W)(D — D*) — (B D 4 (8 + ) D)) + (B[R (S + D) — (n + 6)(E — EBY) —
(1 + OB + (U)o B — (g + 5 + ) (L = 1) = (g + 7 + wI] + (S~ a)oF —
(4 61 +7)(C = C%) = (p+ 01+ NC*] + (BFE) T vy — (6 + p)(R — R) — (3 + p) R’]
= IR (ORI x) - O (O gy gy - CE g g) -
i) = CER (g 6y ) = B (54 ) + Q4 6R — (BRI 4 4 2)S* — (B2 4
Sa+ i+ Aa) D* + AS+~C+ B (S 4+ D) — (4 ¢) B* +ap, E — (ujﬂjm)fwu a)pE —
(M+51+7)C*+Zmﬂj—(5+u)3—(Q+5R)%+(BC+Z“+M+A) + (B
6y +p) By + (M+¢)ET*2+(Mj+7j+u)%+(ﬂ+5l+’7)7+(5+) —(MS+0) 2 -
BC+21 (S+D) oaij%—(l—a)d)EC >0 wzth1<]<n
LetsposeA1:Q+5R+a<ij+agojE+(1— )¢E+/\S+7C+ﬁc+21 (S+D)+21%I+
(Bl “ruH)SQ (BT 4634 1) B2 (i 0) Bt - (g 43+ 10) 5 (61 +7) S+
(6 + ) B and Ag = SV (gl 4y ) D0 (gl +52+M)+w(ﬂ+
¢)+(ij{*) (g + 5+ 1) + L (814 7) + EFLG 4 )+ (BEZAL 4+ 0)S* +
<5%+5Q+N>D* et OB+ (4549 0k + (n 81+ 10+ 0 R+ (@
SRS + (S +10) 5+ LR (S + D)V B+ ag EE — (1- a)0ES + X 0wl %

We therefore obtain

= Ay — Ay . Since all parameters of the system (2.1) — (2.6) are all positive, it goes without saying
that % < 0if and only Ay < Ay and % = 0 when Ay = Aq. This implies ‘3—’; = 0 if and only
S=5"D=D"E=FE"C=C"R=R"etlj =17Vj e V. Accodrding to the La Salle invariannce
principle [36], the endemic equilibrium state is therefore globally asymptotically stable. O]

4. CONTROLLABILITY OF THE MATHEMATICAL MODEL

Control measures can significantly mitigate the transmission and control of the Covid-19 disease.
We introduce two preventive control measures into model (1.1) — (1.6) which are: u; which represents

confinement and us vaccination. Regarding confinement, it will be a question of reducing population
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movements as much as possible. In this case, the interactions between susceptible individuals, sus-
ceptible diabetics, infected with covid-19 and infected diabetics must be reduced as much as possible.
To take confinement into account in our model, we will replace the parameter 3 by (1 — u1)3. By

incorporating these two controls into our model, we obtain the following state equation:

dflff) = Q4 0R() — (1 — )BT S (1) — (n+ N)S(E) — uaS(t) (41)
d?zit) = AS(t) +7C(t) = (1 =) B(ER)D(E) = (82 + w)D(t) — u2D(t) (42)
LAV (1~ u)BEREL)(S(8) + D(t)) — (n+ )E() (43)
e _ Qs B(E) = (1 + 3+ 11;(1) (44)
d(;g’f) _ (1= )OE() — (1 + 61 +7)C(1) (4.5)
S S (8) = (3 + p)R() (48)

4.1. Analysis of the optimal control model. In this part our objective is to minimize the cost function
defined over a limited time interval ¢; . The function that minimizes the number of susceptible cases S,
the number of diabetic cases D, the number of infected cases I; , the number of infected diabetic cases

C and the number of exposed cases E is defined over the finite time interval [0; ¢ ] by:
ty 1
J(ul, UQ) = /(; [Cls(t) + CQE(t) + Cng (t) + C4C(t) + C5D(t) + 5([)111,% + bQU%)]dt (47)

c1, ¢z, c3, ¢4, and c5 are weight functions that contribute to balancing the different factors while b; and
by measure the relative costs of the intervention strategies associated with u; and uy respectively and
t; denotes the control time limit. The necessary and sufficient conditions for the existence of optimal
control are established by the Pontryagin maximum principle [17]. Our objective is to minimize the
cost function (4.7) i.e. to find the controls u] and 3 such as

Juf,ug) = min (). (48)
the controls are taken from the set U defined by
U = {ui(t),u2(t)/0 < ui(t),ua(t) < 1,0 < t < ty} which is subject to the constraints of the system
(4.1) — (4.6). The necessary requirementsmet for a control to be optimal are those of the Pontrya-
gin maximum principle [17] which consists in transforming the problem (4.1) — (4.6) into a prob-
lem of pointwise minimization of a Hamiltonian H with respect to the controls u;(t) and uy(t) with
H(y,u1(t),uz(t),Tj,t) = hoS(t) + hiD(t) + ho E(t) + hsl;(t) + haC(t) + %(blu% + bou3)
+ To{Q+ 0R(E) — (1 — un) B(F)S(8) — (u+ N)S(2) — uaS(1)}
+Tp{AS(t) +7C (1) — (1 — un) B(EZ)D(t) — (82 + w) D(t) — uaD(1)}
+Tp{(1 —u)B(EFL) (S(8) + D(t) — (1 + 0)E(t)}
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+ L {ag E(t) — (15 + 5 + ) (0)}

+Te{(1 = a)oE(t) — (n+ 01 +7)C(1)}

+ TR{T L (t) — (6 + p)R(E)}

wherey = (S,D, E,I;,C,R) and 'y, k € {S, D, E, I, C, R} representing the adjoint variables obtained
by a differentiation of the Hamiltonian function with respect to the compartment variables S, D, E, I;,
C, R. Which gives T's = T's((1 — u1)B(E220) 4 4+ A+ ug) + TpA — T (1 — up) B(EE211) — g
p=Tp((1 —u)B(THE) + 65+ o+ un) = Tp(l —un) B(C) — 1y

I'p=Tg(u+¢)E(t) - Trap; —To(l — )¢ — hy

Iy, =Tr(pj+7 +p) +Ts(l— u) B2 4+ Tp(1 - up) 28 —Tp(1 —uy)pSEPE _py
T'e=To(u+v+601) +Ts(1 — )2 4 Tp(1 — w)B2E —Tp(1 — uy)g2EPH g,
I'r=Tgr(+p)

Taking into account the transversality condition

Ls(ty) =Tp(ty) =TEe(ty) =T (ty) =Tc(ty) = Tr(ty) = 0 we obtain respectively the optimal control
and the optimality condition defined by :

% = 0and gTi = 0 from where

~byuy — TsA(EEA)S (1) — (T ) D (1) + TpB(C 3 5)(S(1) + D(t) = 0

—bouy +I'sS(t) +I'pD(t) =0

which gives

_ res( TR 504D -Ts8( TR s()-rps( TR Dot
e b (4.9)
Uy = FSS(t)Z;FDD(t)
And we subsequently obtain
C+Y 1 I A O+
wt = min(1, maz(0; Pgf(—x 1 )(S(t)+D(t))blﬂ( - )(FsS(t)+FDD))) (w.10)

IsSH+T'pD(t) )
b

uy = min(1, maz(0;
Thus, the equation of state, the adjoint system , the characterization of the optimal control and the
transversality condition constitute an optimality system. In the following, we will do the numerical

simulation of the optimal control.

4.2. Numerical simulation of the optimal control model. In this part, we are dealing with the numer-
ical simulation of the solution of the optimality system taking into account the initial conditions for the
different values of the equation of state. To do this, we use Matlab 2016b to make the numerical simula-
tion of the equation of state constrained by the adjoint equation system as well as the transversality
condition and the characterization equation of the optimal control. We will use the Runge- Kutta order
4 scheme. The model highlighted the contribution of intervention measures in mitigating multi-strain

COVID-19 in a diabetic and non-diabetic population using two intervention measures as controls. In
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order to establish a comparison between the results of the numerical simulations, we will only consider

the Alpha, Delta and Omicron variants.

(1) Model without control measures

»

Susoeptibles population (1)

|

Diabetic-Covid population C (t)

The strategies are optimal and the results are as follows:

52107
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Ficure 2. Population without control

Figure 2 shows that among non-diabetic individuals, there are more individuals infected

with a single variant than those infected with two or three variants at a time. In contrast,

diabetics are more susceptible to higher infection with all three strains at a time. In both cases,

the disease peaks after 60 days. The following figure illustrates the death cases according to

the number of covid strains and without control measures.

Desed population
% e a8

%10°

One variant L 10° Two variants Three variants
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e 4 n e A a o o w
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Time (days)
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Time(days)

Ficure 3. Deceded population without control

The curves in Figure 3 show that there are significantly more deaths in the case of coinfection

after 60 days of illness. In addition, more deaths are recorded when the number of variants is

high in diabetic individuals.
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(2) Model with control measure

In this, case we consider the controls u;(¢) = 0.03; uz(t) = 0.95. The results obtained are as follow:
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The following figure illustrates the cases of death according to the number of strains of covid and

with two control measures.
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Ficure 5. Deceded population with control

Figure 2 shows that these controls help reduce the number of individuals exposed by the strain

and other strains have maintained populations decreasing. Similarly, these two controls have enabled

populations to decrease considerably, while the number of diabetics has also increased.

5. ConcLusioN

In this article, we studied a deterministic control problem which describes the transmission of

different strains of covid19 in a population with diabetics. After showing that the system admits a

unique positive solution, the stability of the equilibrium points was confirmed by numerical simulation
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our theoretical results. For the numerical simulation, we considered only three Alpha, Beta and Gamma
strains. It appears that co-infection leads to more deaths. So, diabetic individuals suffering from covid

are more exposed to death than non-diabetics.
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