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Abstract: In this paper, we propose a six-dimensional nonlinear system of differential equations for
the human immunodeficiency virus (HIV) including the B-cell functions with a general nonlinear
incidence rate. The compartment of infected cells was subdivided into three classes representing the
latently infected cells, the short-lived productively infected cells, and the long-lived productively
infected cells. The basic reproduction number was established, and the local and global stability of
the equilibria of the model were studied. A sensitivity analysis with respect to the model parameters
was undertaken. Based on this study, an optimal strategy is proposed to decrease the number of
infected cells. Finally, some numerical simulations are presented to illustrate the theoretical findings.
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1. Introduction

check for The human immunodeficiency virus (HIV) is a retrovirus that infects humans and is

updates responsible for acquired immunodeficiency syndrome (AIDS), which is a kind of weakness
Citation: Alsahafi, S.; Woodcock, S. of the immune system that makes it vulnerable to different opportunistic infections. Trans-
Exploring HIV Dynamics and an mitted by several bodily fluids, AIDS is today considered as a pandemic, having caused
Optimal Control Strategy. the death of approximately 32 million people between 1981 when AIDS cases were first
Mathematics 2022, 10, 749. https:// identified and 2018. Worldwide, it is estimated that around 1% of people aged 15 to 49 are
dot.org/10.3390/math10050749 HIV positive, mainly in sub-Saharan Africa. Although there are antiretroviral treatments
Academic Editor: Mikhail Kolev that fight HIV and delay the onset of AIDS, thereby reducing mortality, there is currently

no definitive treatment nor vaccine. The most effective control method therefore remains
prevention, which involves, in particular, protected sex and knowledge of one’s serological
status to avoid infecting others [1].

Historically, mathematics (in this context, we refer in particular to mathematical
Publisher’s Note: MDPIstays neutral  modeling and analysis) has been used to better understand the dynamics of the transmission
with regard to jurisdictional claims in - of infectious diseases and to learn how to control them. This application of mathematics
published maps and institutional affil-  dates back to the work of Daniel Bernoulli, who used mathematical and statistical methods
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fations. to study the potential impact of the smallpox vaccine in 1760 [2]. In the 1920s, Sir Ronald
Ross, a physician by training, used mathematical modeling to propose effective methods of
malaria control. In particular, he showed that the disease can be eradicated if the mosquito

population is kept below a certain threshold, a discovery that won him the Nobel Prize in
medicine. More recently, mathematics has helped shape effective public health policies
against the spread of emerging and re-emerging diseases that pose a significant threat to
public health, such as HIV/AIDS, influenza (e.g., the recent pandemics of bird flu and
swine flu), malaria, severe acute respiratory syndrome (SARS) and tuberculosis.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https:/ / Mathematical modeling enables public health workers to compare, plan, execute,
creativecommons.org,/licenses/by/ evaluate, and optimize different programs for detection, prevention, therapy, and control.
40/). It also helps identify trends and make general forecasts. For example, we try to predict
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the number of cases of infection, the death rate, the number of people who will need to
be hospitalized, the speed of spread, the peak of infection, when the disease will end,
the percentage of the population that needs to be vaccinated, and how to prioritize the
use of limited resources, such as the limited stocks of Tamiflu at the start of the swine flu
pandemic in 2009.

Deterministic dynamic models, whether based on differential or partial differential
equations, are easy to simulate [3]. Their flexibility allows the exploration of a wide
variety of scenarios, while many theoretical and numerical tools allow them to be used for
analytical purposes (finding a formula to express the reproduction number according to the
other parameters present) and statistics (parameter adjustment, sensitivity analysis). More
generally, they constitute a parsimonious means (therefore, calibratable with a minimum
of data) for understanding the non-trivial behavior of epidemic trajectories, which result
from nonlinear interactions between the densities of the different clinico-epidemiological
compartments [4-9]. Despite their structural simplicity, meta-modeling work suggests that
these models, which implicitly average many aspects of the phenomenon (transition rate
between compartments, spatial distribution), generate robust and conservative results from
a public health point of view, confirming their usefulness, if only at the start of an epidemic.
Mathematical modeling can be used for proposing, comparing, and evaluating various
optimal strategies [4].

The aim of this article was to explain the use of mathematics both to model the spread
of a disease and to evaluate strategies to limit its spread. We propose a mathematical model
including the B-cell functions for HIV dynamics with a general nonlinear incidence rate.
The infected compartment was subdivided into three classes, namely the latently infected
class, the short-lived productively infected class, and the long-lived productively infected
class. The proposed mathematical model admits at least one equilibrium point and, at most,
two equilibrium points depending on the basic reproduction number, R, values. The local
and global stability of both equilibrium points were investigated with respect to the basic
reproduction number, Rg. A sensitivity analysis of Ry with respect to the parameters of
the model was conducted. We concluded that the generation rate of the uninfected cells, g,
plays the most vital role in controlling the stability aspects of the proposed model. Thus, we
formulated an optimal strategy using a time-varying control function, o(t). The theoretical
findings were validated using some numerical results.

2. Mathematical Model for HIV Dynamics

In this paper, we investigated the generalization of the dynamic mechanistic model
given in [10]. In this context, dynamic mechanistic models are models based on a system of
differential equations, which are widely used in pharmacokinetics/pharmacodynamics,
where they are called compartmental models because they describe the diffusion of
molecules through different compartments of the body. They are also used in ecology,
where we refer to prey—predator models, and also for the modeling of epidemics in a
population. In the context of HIV infection, they have been met with great success due to
their use in estimating the half-life of infected cells and of the virion, and they have made
it possible to demonstrate the intense turnover of lymphocyte cells and of the virus [11].
Briefly, it is a question of starting from a biological model supposedly known and of using
the pathophysiological mechanism to specify the mathematical equations. For example,
HIV has been shown to primarily infect CD4" T lymphocytes. The latter, when infected,
produce virions.

Let the variables U, L, I, O, P, and C describe the uninfected cells, the latently infected
cells, the short-lived productively infected cells, the long-lived productively infected cells,
the free virions, and the B cells, respectively. The change in the number or concentration of
CD4" T lymphocytes (dU) over a small time interval (dt) is a function of a constant (rate
of de novo cell production g), the rate of cell death (m,) proportional to the number of
cells present (U), and the number of infected cells that leave this “compartment” to join
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the compartment of infected cells (L, I, O). The number of infected cells is distributed into
three compartments depending on the type of infected cell (L, I, O).

The number of infected cells is, therefore, a function of the number of target cells, the
number of circulating virions (P), and the incidence rate of infection (f(P)U), also called
infectivity. The incidence rate of infection is very important for understanding the dynamics
of the system. The variation in the number of virions (dP) per unit of time depends on
the number of virions produced (m; M I + m,M,0), the clearance m,, of the virus, and the
neutralized part of the HIV particles, x PC.

U=0— (w;+wy+ws)f(P)U —myU,

I = wlf(P)U — (T’I’ll +V)L,
f:wzf(P)U+vL—miI, 1
O = ws f(P)U — myO, M)

P = m;MyI + moM,0 — m,P — xPC,
C =¢eP —m.C —vPC.

The B cell immune response is assumed to be proportional to the free virions’ popula-
tion (eP). The B cell impairment rate is assumed to be proportional to the contact with the
free virions’ population (vPC, where v is a positive constant).

The model’s parameters are positive and are given hereafter as in Table 1.

Table 1. Model’s parameters.

Parameter Description
w1 Incidence rate between P and L
wo Incidence rate between P and I
w3 Incidence rate between P and O
0 Generation rate of U
™y, My, W, Natural mortality rates
My, My, M
v Conversion rate from the L compartment to the I compartment
M; Generated HIV in the lifetime of the short-lived productively
infected cells
M, Generated HIV in the lifetime of the long-lived productively
infected cells
€ B cell immune rate (proportional to the free virions” quantity)
xPC Neutralization rate of HIV particles
vPC B cell impairment rate

(w1 4+ wy + w3) f(P)U is the incidence rate of infection. Note that the incidence rate,
f,increases if the free viruses increase and there is no infection in the absence of the virus;

thus, the function f satisfies the following assumption.

Assumption 1. f is an increasing concave continuous function satisfying f(0) = 0.

Lemma 1. 1.

then h}(P)
f(P) < Pf'(0).

= f'(P) — f'(0) < 0 since

f/(P)P < f(P) < f’(O)P VP € Ry;

R0

Proof. 1. For P € Ry, let hy(P) = f(P) —
function, then f'(P) > 0 and f”(P) < 0. Therefore, 1} (P) =
hi(P) > h1(0) = 0 or also f(P) > Pf'(P). Similarly, let hp(P) = f(P) — Pf'(0),
f is concave. Then, hy(P) < hp(0) = 0 and

) <0, VP,P* €R,.

Pf'(P). Since f is a concave increasing
—Pf"(P) > 0 and
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p "(P)P - f(P
2. For P,P* € Ry, let h3(P) = J%, hy(P) = M < 0; thus, the
function h3 is decreasing. If the function, f, is increasing, then the quantity

(hg(p) - hg(P*)) (f(P) — f(P*)) is negative. Thus,

(a(P) = hs(P*)) (£(P) = £(P*)) 55— s

_ KPS
P f(P*) pP*

(@ _f(P)
FP)S(

IN

0.
This completes the proof. [
2.1. Basic Results

m
Let w = wy + wo + w3, my = min(my, m;, m;, m,) and mp = min(Tp,mc).

Lemma 2. The set:

r— {(U,L,I,O,P,C) €RS;U+L+1+0< n%,zw%cg Q(miMl+m°M2>}
1

mitip

is a positively invariant attractor of all solutions of Model (1).
Proof. To prove that the set RS, is positively invariant by the model (1), we have:
Uly=o=2¢>0,
L =0 = wi1f(P)U =0,
I |]=0 = (sz(P)U—i—]/L >0,
O lo—o = wsf(P)U >0,
P |p—o = Mym;I + Mam,0 > 0,
C |c=o =¢P > 0.

It remains to prove that the solutions are bounded. Let Ty () = U(t) + L(t) + I(t) + O(t) —

mi and Tp(t) = P(t) + %C(t). From Equation (1), we obtain:
1

Ti(t) = 0 — (myU(t) + myL(t) + m;I(t) + meO(t)) <= —m Ty (t).

Hence, Ty (t) < Ty(0)e™", then U(t) + L(t) + I(t) + O(t) < m% + (u(o) L L(0) +
1(0) +O(0) — ﬁ)e—w.
nmq

Similarly,

, mp mp my

T(t) = mMI+m,MyO + 2—€£P —mpP — 2—8mCC — xPC— Z—SUPC
— Myl + myMyO — 2 p — ’%”mcc — xPC — %”vpc

i

< mMil + meMpO — jp —~ g:mcc ?
< mMyI + myMp0 — 7”13 - 27:ch
< miM1I 4+ myMpO — myTo(t)
< E(Tl’lﬂ\/h + moMz) — szz(t).

Hence, Tp(t) < e~ (TZ(O) - ﬁ(miMl + moMz)) + ﬁ(miMl + myMy), then:
112 112
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m m
() < e—mat )= —2 (m, € (m
P(£) + 5P C(1) < e (P(0) + 52 C(0) = & (miy 4 7o Ma) ) + (M + 1o M),
Now if:
U(0) +L(0) + 1(0) +O(0) < -
1
then
U(H) + L(t) + I(t) + Ot) < mﬂ
1
and if: 0
|4 < .
P(0) + 5-C(0) < = (miMy + moMa)
then:

then I' is positively invariant for System (1). O

2.2. Existence and Uniqueness of Equilibrium Points

Ry, or the basic reproduction number, indicates the average number of new cases
of a disease that a single infected and contagious person will generate on average in a
population without any immunity (people without immunity are called susceptible people).
If Ro remains less than one, the pathogen will infect fewer than one person, on average, per
case and eventually become extinct. On the other hand, if R is greater than one, it means
that the pathogen will succeed in infecting more hosts, causing an epidemic. Ry, therefore,
depends on our knowledge of the pathogen, but also on the choice of the modelers. This
explains the variety of values for the same disease or even for the same epidemic. The rate
of reproduction also depends on the times and societies in which the epidemic occurs. Thus,
the Ry of one of the most contagious diseases and the best known to man, measles, has
long been estimated between 12 and 18 on the basis of data acquired during the American
epidemic between 1912 and 1928 and the British epidemic between 1944 and 1979.

By using the next-generation matrix method [3,12], we calculated the basic reproduc-
tion number, R (see Appendix A for details):

_ of'(0) | vMyw; of'(0)
Ro = (Myws+ Mows) 1y 1My + (my +v) mymy
(Mywy 4 Mpws) (m; +v) + vMyw; of'(0)

(my +v)my My

Lemma3. ¢ Once Ry < 1, then the model (1) admits a unique equilibrium point given by
@
Ey = (—,0,0,0,0,0).
e )
* Once Ro > 1, then the model (1) admits two equilibrium points Eg
and EX = (U*,L*, I*, 0%, P*, C*).

Proof. Let E = (U, L, 1,0, P,C) be any equilibrium point of the model (1) satisfying:

0=0—-wf(P)U—-m,U,
0=wif(P)U— (m+v)L,

0= CL)2f(P)U‘|-1/L —m;l,

0= an,f(P)u — moO,

0 = Mym;I + Mam,O —mp,P — xPC,
0=¢eP—m.C—vPC.

®)

By solving Equation (3), we obtain a steady state given by the HIV-free steady state
Ey = (mi,O, 0,0,0,0). Moreover, we have:
u
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0 w
u = — - —f(pP)u
2 fp) )
o€
_ e w(ml+v)(mpP+mc+vp)
My m, ((lez + Mpws)(m; +v) + VM1w1)
0eP?
ws(my+v)(myP + ———
0O = 3( ! )( P mc—i—vP) )
My ((lez + Mpws) (m; +v) + lewl) W
0eP?
. wy (my +v) —|—w1vo _ (w2(m’ +v) —HUW) (mpP—f— me + vP)
(U3(ml + V) my ((Ml(ﬂQ —+ M2w3)(ml + 1/) + VMlCU])
0eP?
P4+ S
Lo Moy _ “1 (m’” * me + UP)
w3 (my +v) ((M1w2+M2w3)(ml +v) —|—1/M1w1>
eP
cC = ——.
me + vP
Now, based on the fourth equation of System (3), we have:
0 = wsf(P)U—m,0
0eP?
w(m;+v)|m,P+ ———
_ waf(P)<Q_ (m +)(meP + 55 p) )
Mu o, ((lez + Mows) (my +v) + Vlel) (5)

0eP? )
me + vP

((lez + M2w3)(ml + 1/) + VMﬂ/J])

CU3(ml + 1/) (mpP +

Then, P = 0 is a solution that gives U = mi andL=1=0 =P =C =0, and this is
u

the HIV-free steady state Ey = (mi, 0,0,0,0,0).
Now, suppose that P # 0, and divide the Equation (5) by P; we obtain:

eP?
f(P)< Q w(ml+v)(mpp+mf+vp) )
w34 — —
p Mu -, ((M1w2 + Mpws)(m; +v) + VM1w1>
P ©)
ws(m; +v) (mp + P vP)

— =0.
((M1(,U2 + MzaJ3)(Wll + 1/) + VM1(,U1)

By defining the function:

e 2
fP)( @ w(ml+v)<mpP+mevP>
P = wll ( - : )
my mu((lez +M2603)(m] +V) +1/M1(U1)

@)

P
mCQi vP)

((M1w2 + Mpws)(m; +v) + lewl)

ws(m; +v) (mp +

7
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then we obtain:

. w3 (m; +v)m
lim ¢(P) = '(0)-2 — 4
Pg?* g( ) wsf ( )mu (leZ + Mzcd3)(ml + 1/) + vMiw;

— w3 (my +v)my ‘
= (Miyeon & Mocwos) (my £v) F vy R0~ 1) > 0if Ro > 1.

Let Py be the solution of the equation:

0eP?
e w(mz+V)<mpP+7mc+Up) .

Mu ((lez + Mpws)(m; +v) + lewl)

which is equivalent to:
0 ((Mla)z + Myws)(m; +v) + lewl) (me +vP) = w(m; +v) (mp(mc +vP)P + QSPZ).

We then obtain:

aP?4+bP+c=0 (8)
where:
a = w(m+v) (mpv + QS) > w(m; +v)mpv,
b = w(m+v)mym, — Q((lez + Mpws)(m; +v) + vM1w1)v,
c = —Q((M1w2 + Mpws)(m; +v) + vM1w1>mC.
Then:
A = b —dac

2
{w(ml +v)myme — Q((M1a)2 + Myws)(m; +v) + lea)l)v}
+4w(m +v)myve ((M1w2 + Myws)(m; +v) + lewl) me

IN

2
{w(ml +v)mpme + @ ((lez + Myws)(m; +v) + lewl) v}

Equation (8) admits a unique positive solution given by Py = %%f. Now, we
have:
0ePo
w3z(m; +v) (mp + 7)
+ vP
g(P) = — S <o.
((leZ + Mpws)(m; +v) + I/lel)
The derivative of the function g is given by:
w(m —|—1/)(m P—|—Lpz)
J(P) = w;vwm;fuw<e_ T e op )
p My mu((lez + Mpws)(m; +v) +1/M1w1>

0e(2mcP + vP?)
(me 4+ vP)? )

C%ﬂm< ot +9)(my +
p my ((lez + M2w3) (ml + 1/) + Ulel)
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o€,
(me + vP)?

((lez + MZCU3) (ml + 1/) + VMl(U]) .

eP?
w(m;+v) (mpP + %)
By Lemma 1 and since U = L _ Me U > 0, then
My, ((M]CUQ + Mpws)(m; +v) + lewl)
¢'(P) < 0, and thus, g is a decreasing function. Then, the existence and uniqueness of
P* € (0, Py) such that g(P*) = 0, therefore,

w(m;+v) (mPP* + 7Q€(P*)2 )

U — o me + vP*
Mu oy, ((M1w2 + Mpws) (m; +v) + lewl)
0e(P*)?
D
o — wsm +v) (D" + e + o)
my ((lez + Mpws)(m; +v) + lewl)
* Q‘C'(P*)z 9
. (wz(ml +v)+ w1v> (mpP + e+ 0P vP*) )

7

my ((lez + M2w3)(ml + 1/) + I/lel)
0e(P*)? )
m. + vP*
((M1w2 + Mpws)(m; +v) + Vlel)
eP*
me + vP*’

w1 (mpP* +

L* =

*

Then, the persistence equilibrium point E* = (U*,L*, I*,0*, P*,C*) exists once Ry >
1. O

2.3. Local Stability

The linearization method is a valid method only locally around an operating point
(usually a regular point), and therefore, this method cannot be used to define global
behavior. In addition, during linearization, the nonlinear effects are then considered as
disturbing and, therefore, neglected. However, the dynamics brought by these nonlinear
effects are richer than the linear systems. For example, unlike linear systems that have
only one point of equilibrium, nonlinear systems can have multiple points of equilibrium.
Moreover, such systems can be the seat of oscillations (limit cycles) characterized by their
amplitude and their frequency whatever the initial conditions and without the contribution
of external excitation, whereas a linear system, to oscillate, must present a pair of poles on
the imaginary axis, a very fragile condition with regard to disturbances and modeling errors.
One can also note other phenomena in the nonlinear systems (bifurcations), phenomena that
represent a variation of the evolution of the system in terms of the number of equilibrium
points, of the stability when one or more parameters of the model vary.

In this section, we shall study the local behavior of our system (1) using the lineariza-
tion method through the Jacobian matrix. Note that the value with respect to the unit of
Ry is very significant in concluding if the endemic persists or not. Hereafter, we give the
results concerning the local stability of the equilibrium points Eg and E*. The proofs are
given in Appendix B.

Theorem 1. If Ry < 1, then the trivial equilibrium point Ey is locally asymptotically stable.

Proof. See Appendix B. O
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Theorem 2. The infected steady state E* is locally asymptotically stable once Ry > 1.

Proof. See Appendix B. O

3. Global Stability
Define G to be the function G(z) = z — 1 — Inz and the constant:

(lez + M2w3)(ml + 1/) + vMjwq

AT ) +wa + )
Note that
o T
A (e mt) = | e (- u)

Theorem 3. The trivial equilibrium point Ey is globally asymptotically stable once Rg < 1.

Proof. Suppose that Ry < 1, and define the Lyapunov function £o(U, L,I,0,P,C):

M
Lo(U,L,1,0,P,C) = AL G(U/-2) + %L 4+ M+ MO+ P+ %(1 ~ Ro)C.

Tnu mu ml v

Clearly, £o(U,L,1,0,P,C) > O0forallU,L,I,0,P,C > 0and Eo(mg 0,0,0,0,0) = 0.

7
u

The derivative of £ along Model (1) is:

dt m, U m;+v
+Mi (waf(PYU +vL = mT) + M (w3 f (P)U = mo0)

+MymiI + Mant,O — mpP — xPC + %(1 ~ Ro)(eP — mcC — vPC)
_ 0 - - e
= A<1 muU> (Q muU) Aw< muu)f(P)U

v (M-
—0—(ml oy +M1wz—|—M2w3)f(P)U (X+ ; (1 Ro))PC
iy,
_mpROP - (1 - Ro)c

_ A(l— 0 )(Q—muU)—i—(le2+M2w3)(ml+V)+UM1w1f(P)Q

(m +v)

c

ny,
) m
~(x+ 2 Ro) ) PC = 1, RoP — (1= Ro)C
My 0 \?  vMyw; + (Mjw; + Maws) (m; +v)
= Muafu-2) + =
u my (m; +v) my

myU m
—mpROP—<X+Tp(1—R0))PC— e

€
2

_ M _ 9

B uA< mu)

vMiwi + (Mywy + Maws) (i +v) @ f(P) |,

(my +v)my m,Ry P

(e g e

My _&2
u my

(1-Ro)C

+mp7€0

IN
|
|

dlo - _ A(l—Q> (Q—wf(P)U—muU)—i- ML (wlf(P)U—(ml+v)L)
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(my +v)my muRo

~(x+ P2 - Rg) ) PC - (1 - Rg)C

2

_ M Q) MY 1 _ _ Mpte

= uA(U mu) (x+ el Ro) ) PC (1 Ro)C.
dLy

If Rg < 1,then — < Oforall U,L,I,0,P,C > 0. Let Wy = {(U,L,[,0,P,C) :

dt
dLo _ 0}. It can be easily shown that Wy = {Ey}. Using LaSalle’s invariance principle [13]

(see [14-19] for some examples), one deduces that Ey is globally asymptotically stable once
Ro<1l 0O

Theorem 4. By considering System (1), if Rg > 1, then E* is globally asymptotically stable.

Proof. Let a function £L*(U, L, I,O, P, C) be defined as:

\ B LU vMy ., L ey 1 e
£*(U,L,1,0,P,C) = AU G(g*)+ml+vL G(13) + Mil'G(3) + MO"G(57)
* X _ (*)2

Clearly, £*(U,L,1,0,P,C) > OforallU,L,I,0,P,C > 0and £*(U*,L*, I*,0*, P*,C¥)
= 0. Calculating % along the trajectories of (1) and using the fact that 0 = mU* + (w;
+wy + ws) f(P*)U*, we obtain:

acr
dt

= A(lu*> (Q myU — wf(P) )
—i—n:l]\fv <1 L*> (wlf( wu — (m; + v)L)
+M; (1 - II> (wzf(P)U +vL— mil) + M, (1 - %*) (wgf(P)U - moO)
T (1 - I;) (m-Mﬂ + 1moMaO — m,P — ch)

(C—C¥) (sP — meC — vPC)

(e—v C)
_ (1) U — m U+ w(F(P)U* — F(P)U))
Vlel Vlel L*
p
ml—l—vf( u my+v L
I I
+Mywy f(P)U + vM L — m;MiI — lezf(P)UT — VMlLT + m; M1 I*

= f(P)U — vMyL + vM; L*

*

O
—|—M2w3f(P)U — myM>0 — Mz(dgf(P)U6 + moM,O*

* *

P
+m;M11 + myM0 — mpP — xPC — miMllf — moMZOF
scr X _(c_c* _
FAPCH+ e (C - C )(sp (mc—i-vP)C)

_ muA<1 - u*) (U — U) + Aw (1 - le1> (F(PYU* — F(P)U)

— (P)LI +vML* + lezf(P)U

+ mpP*

O*
Us
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* *

P P
+moMO* —m,P — xPC — ml-Mll? — moMQO? +myP* + xP*C

+

(e—vC*)(

X__(c- C*)(sP — (me + up)c)

u*

muA(l -0 )

n (Myws + Mpws) (m; + v) + vMiw,

B VM]C()l Lf

—Mawsf(P)

(my +v)
f(P)U +vML* — lezf(P)u

* I*

- L— M I*

ml—i-v L ! i UM] *I +m1M1 )
P

U% + moMpO* —myP — xPC — ml-M11? — moMzO?

Now, since:
Vlel * * *
—f(PY)U" =vM, L7,
" +1/f( ) (24451
miMll* = lezf(P*)U* +1/M1L*,
Mzwgf(P*)u* = mOMzO*,
mpP* + xP*C* = m;MI* + m,M,O%,
eP* = m.C* 4+ vP*C*,
then:
acr

dt

u

ViVl
+——f(PHYU*+ M PYu*+ M PYu* +
(m;+1/)f( ) 1w2f( ) 2w3f( ) (ml Ty
u= u* vMjwq *

u
-M PHYU*— — M PHYU*— — ————f (P U*—
Vlel L* * I*
- —f(P L* — PYU— — L— M T
"+ v Lf( U +vM; Miwy f( )UI vM; 7 + m;M;
* P* *
—M2w3f(P)U% +moM0* —m,P — xPC — ml-Mll? — mOMZO?
+m;M1I* + m,MpO* + xP*C — xP*C*

+(87CUC*)(*C —c¥) (eP — (me + vP)c)

muA<1 — lil) (u* - U) + M1w2f(P*)ll* + moMzo* + UMlL*
(P) ur

u*
mul\,\gl — ) (U* — U) + lezf(P*)ll* + Mzéd3f(P*)u*
VM1(4J1

+M1w2f( )U*+moM20*J{(( )

P*
R R ()
—TTZOMQO*E — I/MlL*uf — MlL* f + I/M1L* — Ml(/JZf(P

u L f(Pu*
I f(p)u o*

(s = ey 7+ sy

lezf(P )U U

)f(P)U*

*

I
U~

—vML— i + Mla)zf(P*)U* + VMlL* - moMZO* — + moMzO*

f(PU* O
I P* I P* *
x(me+ vP)

(e — vC*)
U*

*
—%A(U— U*)2+1/M1L*(3— w_Lfeu L

oy (U TFPU P f(P)
+Mywa f(PF)U (Z*ﬁ If(Pr)u*  PI* +f(P*))

p
mOMZOF + (mp + xC)(P* —

P)

(C—C*)(C—C) — nTC(C —C¥) ((mc + 0P)P* — (me + vP*)P)
LI*  P*I  f(P)

u Lf(PHu* L*I PI* f(P*))
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L, U Of(PU PO f(P)
HmMR0" (2= 7 = of(Pyur PO f(P*>>
+(my + xC)(P* = P) - ’M@— cy
— (€= ) ((me + vP)P* — (e + vP")P)
= M- - Mt oy
(= U* Lf(P)U LI* PI Pf(PY)
+vM;L (5—H—W_E_W_W>
eaons P (4 G — e H - S T
(g U OS(PU PO PAPY
+1m,MpO (4— u  of(pHur  Po* P*f(P)> .
+(VM1L* + My f(P)U" + m0M20*> (J{((PP*)) " gfj(‘l(jpg - 2>
(mp+ XO)(P* = P) = =(C =€) ((me + vP)P* — (e +0P*)P)
(= U L'f(P)U LI* PI Pf(PY)
—|—1/M1L (5_U_Lf(f*)lli_m_1)l:_1”f(lj*>
+Myw f(P*)U* (4 - uﬁ 1% - zljzlf_( ij;]((I(JP;)
AR~ o)
—|—(m,M11 +moMp0 )(f(P*) B ﬁ) (1 o f(P) )
Based on the rule:
1 iai >4 - ai, (10)
nis i=1

*

and the Lemma 1, we obtain £ (u,L,1,0,pP,C) < 0forall UL,I,0,P,C > 0 and

dt
dé (u,L,1,0,pP,C) = 0 if and only if (U,L,1,0,P,C) = (U*,L*, I*,0*, P*,C*). From

LaSalle’s invariance principle [13], we deduce the global stability of E* (see [15,20,21] for
other applications). O

4. Sensitivity Analysis of R

All diseases progress over time. This evolution is described in the disease’s mathe-
matical modeling by variables and parameters. In this evolution, it turns out that certain
parameters influence its propagation more than others. The sensitivity analysis of Model
(1) was carried out in order to estimate the impact of the variation of certain parameters
on the model predictions [22-24]. If the index describing the impact of a parameter on the
model predictions is positive, then an increase of the value of the parameter induces an
increase of Ry, and if the index is negative, then an increase of the value of the parameter
induces a decrease of R [24].

To find the parameters that most influence the spread of the disease, we calculated the
sensitivity indices as follows.

Definition 1. (see [22,23]) The sensitivity index of Ry, depending differentially on a parameter o,
is given by:

Ro BRO (%
K Rol”
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For instance, Y, ° = 1 implies a decrease or increase in o, which then decreases or increases R
accordingly. Thus, o is the most sensitive parameter.

Proposition 1. Recall that R is given by:

(Myws + Mows) (my + v) + vMiws of'(0)

o= (my + v)my y

Ro depends on several parameters. The sensitivity of R to each one of the given parameters is
given by the following sensitivity indices:

Proof. This follows immediately from Definition 1. [

From Table 2, it is clear that the parameters ¢, M1, My, w1y, w2, w3, and v are positive
and, hence, play a vital role in controlling the stability aspects of the system. Note that the
dependence of R on m;, m,, and m, is negative and, hence, has an adverse influence on
the system.

Table 2. Sensitivity of Ry.

Parameter Sensitivity Index of Ry Sign
. Yg,zo _ 88720 y % 1 +ve

MY Ry s e ) s <
“1 YZ%O B % 8 % ~ (Myjws + Mzal’/;;/l(l’:l-i- v) + vMyw; <1 e
wy YR = 3752 X % ~ (Myws + &42160“;2)((”;11':1;)) +vMiwy <1 e
ws YZ%U - ?977(5: 8 7%:’) B (Myw, + ]\]2422533)((77’;11111//)) +vMywy <! ™

v v = % x RLO - (Myw, + MZW3)(77’:111A-/IF11(/3121/+ vMywi (m; +v) <! e

™ Y"?’O - ?97"21? 8 % T (m1m41— v) (Mjw; + Mzazl;/l(i;‘l)lJr v) +vMiw; - -
m VI = G =1

The sensitivity analysis obtained in Table 2 can be simulated as in Figure 1 in terms of
the behavior of R with respect to the parameters of the model. Note that R increases with
respect to the parameters o, M1, My, w1, wr, w3, and v; however, it decreases with respect to
the parameters m;, m,, and m,,.
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Figure 1. Behavior of Ry.

5. Optimal Strategy

In this section, we propose an optimal strategy by considering a non-constant, but
variable recruitment rate ¢(t) of uninfected cells to be the control function. This choice was
motivated by the sensitivity analysis, since the parameter, o, is the parameter playing the
most vital role in controlling the stability aspects of the proposed model.

Assume, moreover, that f is a bounded globally Lipschitz function with f = sup f(P)
P>0
as the upper bound and Ly is the Lipschitz constant. The set of the control variables, P,q, is

given by:
P.q = {o(t) : 0 < omin < 0(t) < 0max, 0 <t < T, o(t) is Lebesgue measurable}.

The goal is to look for the control variable o(t) and the associated state variables U(t), L(t),
I(t), O(t), P(t), and C(t) minimizing the objective function:

[1%)

1@ = [ (wr(L) + 1)+ 0(0) + 2g(1)) ar

The choice of appropriate positive constants, a1 and ap, permits the infected population
and the cost of the control to be minimized. We used the standard results [25] to prove the
existence and uniqueness of both the optimal control and optimal states.

Existence and Uniqueness
For¢ = (U,L,1,0,P,C )t, the form of the model (1) takes a more suitable form:

¢ = A+ F(¢p) = G(¢) (11)
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—my 0 0 0 0 0
0 —(m—+v) 0 0 0 0
o 0 v —m; 0 0 0
where A = 0 0 0 Cm, 0 0
0 0 Mlmi Mzmo —mp 0
0 0 0 0 € —m
¢ —wf(P)U
wlf(P)U
worf(P)U
and F(¢) = wzﬁl’gu
—xPC
—vPC

Proposition 2. The continuous function, G, is uniformly Lipschitz.

Proof. The continuous function, F, is uniformly Lipschitz once:

[F@) — F@)ll, = 20|f(P)U = F(P)W| + (x +0)|P1C = PoCo|
= 20|f(P) (U1 — W) + (f(P) = f(P2) U

+(x+ U)‘Pl(cl —G) + (P - Pz)Cz‘

2W(f|U1 — U] + Ly|Py — P2|U2)

+(x + U)(P1|C1 — G|+ G|P - P2|)

20 (fIth — U] + Ly Py~ P )

o(m;My + moMj) ICy - G
myni

zQ(miA/rféllznoMz) P, — Py

- m;M my M
2fw|U1—U2|+(X+U)Q( M+ 1o My)
mimyp

Q 2e o(miMy +moMa)7
+[2Lfm—lw+ (x+0)— [Py =Pl

mimyp
Me||¢1 — ¢2 |,

IN

IN

+(x+v)

+(x+v)

IN

|C1 — G

IA

where:

o(m;My + moMp)

2¢ o(miM; + moM2)}>'

MF = max (wa, (x+v) , {ZLfmilw()(—l— v)

mimz my mymy
Since,
1491 = Aga |y < [|Al1[l1 = ¢2], (12)
where [|A]|, = supy_ ”HAXXH”l is the matrix norm of A where || - |, is the vector norm.
:
Therefore,
[G(¢1) = G(¢2) ||, < Mgl|¢r — ¢2|; (13)

here Mg = max(Mp, ||A H) It is easy, now, to deduce that the continuous function, G, is
uniformly Lipschitz. [

Since the function, G, is a uniformly Lipschitz continuous function, then System (11)
admits a unique solution.
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Pontryagin’s maximum principle [25-27] permits the derivation of some necessary
conditions to calculate the optimal control and states. The expression of the Hamiltonian is
given by:

H = ai(L+1+0)+ 202 4 MU+ Aok + A3l + 240 + AsP + A6C
= L+ 1+0)+ 3¢ +Mi(e—wf(P)U —myll)

(@ f(PYU — () +v)L) + As(wa f(PYU + VL — mi])
+A4(w3f(P)U — m,0) 4 As(Mym;I + MmO — mpP — xPC)
+A¢(eP —m.C — vPC).

(14)

For a given optimal control, ¢*, we derive the adjoint states A1, Ay, A3, A4, A5, and Ag
related to the states U, L, I, O, P, and C as the following:

oH

M = g = MWf(P)+mu) — iAo f (P) — wads f(P) — wsdaf (P),

Ay = f—IZI = —ap+A(m+v)— Azv,

e —galf = —ay +miAz —m;MjAs,

Ay = _E%I = —ay +meAy —myMpAs,

As = %; = Mwf'(P)U — Aywi f'(P)U — Azwa f'(P)U — Agws f'(P)U
+As(mp 4+ xC) — A(e — vC),

Ag = —g—lg = Ag(me +vP) + xAsP.

where A;(T) =0withi=1,---,6 are the final conditions.
The slope of the Hamiltonian is given by:

oH
% = w0 + Aq. (15)

. oH o . .
The root of the equation — = 0 for anon-trivial interval of time has to be between its

de
upper and lower bounds. Thus, the control expression is given by:
A

. A
o(t) = A g ay #0 and  Omin < e} < Omax-
Vo) 1%}

Thus, the control characterization is:

If %IZ < 0att, then 0" () = Omax;

If aaIZ > 0 att, then 0*(t) = Omin;

oH M
If T 0, then o(t) = 0

A
such that ay # 0 and @min < —071 < Omax-
2

6. Numerical Results and Conclusions

For the numerical simulations, we considered a nonlinear incidence rate of the form
f

P =
f(P) k+pP _
been widely used to describe the transmission rate of diseases. f and k are two constants.
Note that the continuous function f is globally Lipschitz with a Lipschitz constant f/k.

named the Monod function (also Holling’s type II). This form of function has
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The parameter values given in Table 3 were used for all numerical investigations presented
in this section.

Table 3. Parameters’ values used for the numerical investigations.

Parameter w1 ws ws my my m; m, mp, m
Value 0.25 0.45 0.3 1 1 34 24 04 14
Parameter v M M, € X v f

Value 1.5 0.1 0.2 2.5 0.9 0.2 8 2

6.1. Direct Problem
For ¢ = 10, then R = 10 > 1, the trajectory of the model (1) converges to E* (Figure 2).

4 T T T T 4
35 —o—hq.u.lhbmuu point 35
~—o— Initial value
. ‘_\ 4
25 25
] 2 2 \
15 1.5
1 1
0.5 0.5
0 t 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10

Figure 2. Behaviors for ¢ = 10 and then Rg = 10 > 1.

Similarly, for ¢ = 2, then Rg = 2 > 1, the trajectory of the model (1) converges to
E* (Figure 3). Thus, the global stability of the equilibrium point E* is when Ry > 1. This
confirms the findings of Theorem 2.

—e— Equilibrium point
~o— Initial value

Figure 3. Behaviors for ¢ = 2 and then Ry =2 > 1.

For ¢ = 0.8, then Ry = 0.8 < 1, the trajectory of the model (1) converges to
Ey = (0.8,0,0,0,0,0) (Figure 4). Thus, the global stability of the equilibrium point

Ep = (i, 0,0,0,0,0) is when Ry < 1. This confirms the findings of Theorem 1.

my
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4 T T T T 4
3 —.—h(:[ll.llll)rl\u.u point 35
~o— Initial value
, \ .
25 25
] 2 2
1.5 1.5
1 1
0.5 0.5 ;/
0 0 —
0 2 4 6 8 10 12 14 16 0 10 20 30 40 50

Figure 4. Behaviors for ¢ = 0.8 and then Ry = 0.8 < 1.
6.2. Control Problem

The control problem was resolved using an improved Gauss-Seidel-like implicit
numerical scheme (for more details, please see Appendix C). We used the same parameter
values as the ones used for Figure 2 (where E* is GAS) considering a variable ¢ such that
0(0) = 25 and with the bounds ™" = 0 and ¢™®* = 50.

Figures 5-7 show the plotted behaviors of ¢ (right), U(t), L(t), I(t), O(t), P(t), and
C(t) (left) for different values of a; and w5.

10 25
—U()
] — L)
8 —1I(t) 20
7 —0()
—P(t)
g c s P
-+~
5 —
QU
4 10
3
2 \/\/\/\_’—_—— 5
1
0 L—A —_— 0
0 20 40 60 80 100 0 20 40 60 80 100
t t

Figure 5. vy = 1,ap = 0.1.

20

5 T8
+~
N—
4 Q
10
3
2 ] .
X 12.72 5
Y 0.766531
d o ) :
0 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Figure 6. xy = 2,ap = 0.1.
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9 30
—U(t)
i —L() 25
7 I(t)
—O0(t)
6 —P(t) 20
. C(t) o
— 15
4 Q
3 \ 10
IN=
0

5 10 15 20 25 30 0 5 10 15 20 25 30

Figure 7. a1 = 5,47 = 0.1

7. Conclusions

The human immunodeficiency virus (HIV) is the pathogen responsible for acquired
immunodeficiency syndrome (AIDS). Mathematical modeling enables public health work-
ers to compare, plan, execute, evaluate, and optimize different programs for detection,
prevention, therapy, and control. This also helps identify trends and make general forecasts.
In this paper, we considered a mathematical 6D dynamic model for HIV transmission with
a general incidence rate. The analysis of the local and global stability of the equilibrium
points permitted us to conclude that the infected steady state (E*) is globally asymptotically
stable once R > 1 and the disease-free steady state (Ey) is globally asymptotically stable
once Ry < 1. The sensitivity analysis was carried out for the proposed model. Based
on this analysis, an optimal strategy was formulated where the goal was to minimize the
number of infected cells. The theoretical findings were validated by some numerical results.
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Appendix A. The Basic Reproduction Number

In this section, we shall calculate the value of R that is used for the rest of the paper.
Diekmann et al. [3] were the first to propose a practical method to calculate the basic
reproduction number, Ry, named the next-generation matrix method. van den Driessche
and Watmough [12] elaborated on this technique.
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0 0 0 wlf’(o)mi 0
u
v 0 wf(0)L 0
In our case, F = né” and
! 0 0 0 w3f’(0)m— 0
u
0 Mlmi Mzmo 0 0
0 0 0 € 0
(m+v) 0 0 0 O
0 mi 0 0 O
V= 0 0 my 0 0 |.Weobtained det(V) = mymompmc(m;+v) > 0
0 0 0 m O
0 0 0 0 m
and, therefore,
! 0 0 0
(m;+v) )
0 — 0 0 0
m; 1
vil= 0 0o — 0 0
My .
0 0 0 o 0
P
0 0 0 0 i
mc
Then, the next-generation matrix:
/
mynp
v o af'0)
) (m;+v) Myt
Fv— =
0 0o o wsf0)
mymy
0 My M 0 0
0 o 0o — o
My

!
mym
v x owa f'(0) 0
(m; +v) mym
P = |, Ly e
0 M, M, —X 0
0 0 0 £ x
mp
!
nqym
v owaf'(0)
= —X| (m+v) mym
!
0 0 owsf'(0)
My
0 M, M,  —X
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! /

v o f0 o o SO

. mu”f(ﬁo) X v mun/’l(po)

= w _—
0o -x @ 3 + (m+v)| 0 =X gwsf
mump mump
M; M, -X M; M, X
! / /
1y my mymy (m;+v) 1y, 1My

! !
- X2<—X3+(M1w2+M2w3)Qf Oy | vMior of (0)).
My (my +v) mymy

Therefore, the spectral radius representing the basic reproduction number is:

2f(0) | vMir of (0

mymy — (my +v) mymy,

(Miwa + Maws) (my +v) + vMywi of'(0)
(my +v)my My

Ro (Myw; + Maws

Appendix B

Proof. For Theorem 1, at each point (U, L, 1,0, P,C), the Jacobian matrix of the linear
approximation of System (1) is given by:

—wf(P) —my 0 0 0 — (w1 +wr+ws3)f (P)U 0
wif(P) —(m+v) 0 0 wif'(P)U 0
= wy f(P) v —m; 0 wo f'(P)U 0
B w3 f(P) 0 0 —1m, wsf' (P)U 0
0 0 Mym; Mpm, —my — xC —xP
0 0 0 0 e—vC —me — vP
Therefore, the Jacobian matrix at the trivial steady state Ej is:
—m, 0 0 0 —wmi £(0) 0
u
0 —(m+v) 0 0 %f’(o) 0
u
)
h=| 0 v —m; 0 m—f JZO
0 0 0 -m LCr) o
my
0 0 Mlmi Mzmo —my 0
0 0 0 0 € —mM,
Jo admits six eigenvalues. The first two eigenvalues are given by X; = —m,, < 0 and
Xy = —m, < 0. The other four eigenvalues are the roots of:
—(m; +v+X) 0 0 %f’(o)
U
w20
—(m: + X iy
P(X) = ' (i + X) 0 [y £
0 0 —m+X) 2f(0)
u
0 Mym; Mom, —(mp + X)
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where:

as
az

a

a0

—(m; +X) 0 S f1(0)
—(my +v+X) 0 —(my + X) “’3fo( 0)
Mim; Mom, (mp +X)
0 0 S f1(0)
V0 (et X) “,ijf (0)
Mym; Mom, —(nl;p +X)
—(m;+ X) 0 R f(0)
—(m +v+X) 0 — (1o + X) ‘”3Qf/( 0)
Mim; Mpm, (mp +X)

—vMym;(mo + X)X £/(0)
u

—(m + v+ X) [ = (mi 4+ X) ((mo + X) (my + X) = Mamo 2 £1(0) )

My 28 g £ X)f'(0)] — vMymi(mo + X) S LE £1(0)

ny
(Wll +v+ X) [(ml + X) ( X2 + (Tf’lo + mp)X + momypy — MZmo%f/(O))

w
—Mlm,- 20
my

£1(0)X = Mymimo =25 f(0)] — vMymmy "2 £(0)

M u

—lemic;;le’(O)X

u

(my + v+ X) | X3 + (m; +mg + mp) X

+mim, (mp — (Myws + Mzwg)mif’(o))

u

+ (mi(mo + myp) + mem, — (Mymjwy + Mzmow3)mif/(o)) X

u

—uMymim, 2 £1(0) — vMym; 28 £(0) X
mu mu

X+ {13X3 + ﬂzXz +a X +ag

mp+v+m;+mo+mp >0,
(my +v)(m; +mo +mp)

+ (mi(mo + mp) + Moy — (Mym;wy + MZmOWS)m&f%O))'
u
Moty — (Mymiw; + Momews + lem,-wl)mif’(O)
u
+(m; +v) (mi(mo +mp) +momy, — (Mymjw, + Mzmows)gf/(o)»

—lemimoc:lef’(O) + (m; 4+ v)m;my, (mp (Miw;y + Maws) @ f’(O))

u M

vMyw1 + (m; +v)(Myws + Maws) if’(O))
mpy(m; +v) my

(my +v)mimom, (1 -

(my +v)mimom, (1 — RO).
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By a simple, but long calculus, we can prove that for Ry < 1, we have:
as > 0,aza; — ay > 0,a3(azay — azag) — 11% > 0,a9 > 0.

Then, by using the Routh—-Hurwitz criteria [28,29], the eigenvalues have negative
real parts. Then, the trivial steady state Ey is locally asymptotically stable once Ry < 1;
however, it is a saddle point once Ry > 1.

For Theorem 2, the value of the Jacobian matrix at the infected equilibrium point E*
is:

—wf(P*)—my 0 0 0 —wf'(P*)U* 0
wlf(P*) —(ml + V) 0 0 wlf’(P*)U* 0
o wy f(P¥) v —m; 0 wy f'(P*)U* 0
w3 f(P*) 0 0 —-m, wsf (P*)U* 0
0 0 Mym; Mym, —my — xC* —xP*
0 0 0 0 e —vC* —me — vP*
The eigenvalues of [* are the roots of:
—wf(P*) —my — X 0 0 0 —wf! (PU* 0
w1 f(P*) —(m+v+X) 0 0 w f'(P*)U* 0
Pr(X) = wy f(P*) v —m; — X 0 wy f'(P*)U* 0
wsf(P*) 0 0 —mo— X wsf (PX)U* 0
0 0 Mym; Myom, —my —xC* =X —xP*
0 0 0 0 e —vC* —me —vP* — X
—(my+X)  —(m+X)  —(mi+X) —(me+X) 0 0
wif(P*)  —(m+v+X) 0 0 w f(PF)U* 0
_ waf(P*) v —m; — X 0 wy f'(P*)U* 0
B wsf (P*) 0 0 —my — X ws f'(P*)U* 0
0 0 Mym; Mpm, —mp —xC* =X —xP*
0 0 0 0 e —vC* —me —vP* = X
—(m;+v +X) 0 0 wi f'(P*)U* 0
v —m; — X 0 wy f'(P*)U* 0
= —(my+X) 0 0 —my—X  wsf (P*)U* 0
0 Mim; Mymy,  —mp — xC* =X —xP*
0 0 0 e —vC* —me — vP* — X
w1 f(P*) 0 0 wy f'(P*)U* 0
wrf(P*) —m;—X 0 wy f'(P*)U* 0
+(m; + X)| wsf(P*) 0 —mo— X  waf (P*)U* 0
0 Mym; Mpm, —mp —xC* =X —xP*
0 0 0 e —vC* —me. —vP* =X
w f(P*)  —(m+v+X) 0 w f(P)U* 0
wy f(P*) v 0 wy f(PH)U* 0
7(m,v+X) w3f(P*) 0 —my — X (U3f/(P*)U* 0
0 0 Mym,  —mp —xC* =X —xP*
0 0 0 e —vC* —me — vP* — X
w1 f(P*) —(m+v+X) 0 wi f (PH)U* 0
wrf (P*) v -mi =X wf (PHU 0
+(mo + X)| wsf(P*) 0 0 wsf'(P*)U* 0
0 0 Mym;  —mp —xC* - X —xP*
0 0 0 e —vC* —me — vP* — X

= (my+ X)(my 4 v+ X) (m; + X) (mo + X) ( (mp + xC* + X)(mc + vP* + X) + xP*(e - vC*))
—Mymows f' (P*)U*(my, + X)(m; + v+ X) (m; + X) (me + vP* + X)
—Mymjw, f' (P*)U* (my, + X) (my + v + X) (m, + X) (me + vP* 4+ X)
+Mymyvewor f (P)U* (my + X) (mo + X) (me + vP* 4+ X)
wr f(P*)(my + X) (m; + X) (o + X) (1 + XC* + X) (me + vP* + X) + xP* (¢ — vC™))
Fawp f(P)(m; + X) (my + v + X) (mo + X) ((m,, + XC* + X) (me + vP* + X) + xP*(e — vC*))
+vw f(P*) (m; + X) (my + X) ((mp + XC* + X) (me + vP* + X) + xP*(e — UC*))
s f(P*) (o + X) (my + v+ X) (m; + X) ((mp + XC* + X) (me + vP* + X) + XP*(e = vC") )

)

(
)
(
+vewa f(P*) (mo + X) (m; + X) ((mp + xC* + X) (me + vP* + X) + xP* (¢ — vC"))
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= —f/(P*)U*(my + X)(mc + vP* + X)
<M2m0w3(m, + v+ X)(m; + X) + Mymjwp (my + v + X) (m + X) + Mymvewn (mo + X))
(g + X) (1 4+ v+ X) + @1 f(P) (1 + X) + (w3 + w3) f(P) (my + v+ X) + v(wr +ws) f(PY))
(mo + X) (m; + X) ((mp + xC* 4+ X) (m¢ + vP* + X) + xP*(e — vC*)).

By using the Maple software, we write the characteristic polynomial P*(X) in the
form P*(X) = X® + asX® + ay X* + a3 X3 + apX? + a1 X + ag and prove that the roots of P*
(eigenvalues) have negative real parts by the Routh-Hurwitz criteria [28,29]. The steady
state, E*, is then locally asymptotically stable if Ry > 1. This completes the proof. [

Appendix C The Numerical Scheme Used
N-1
Let us subdivide the interval of time [0, T] such that [0,T] = |J [tu, tu1], tn =

n=0

ndt, dt =T/N.

Let U",L",I",0", P",C", A}, A}, A}, A}, AR, A, and ¢" be an approximation of U(t),
L(t), I(t), O(t), P(t), C(t), A1(t), Aa(t), As(t), Aa(t), A5(t), Ae(t), and the control o(t) at
the time #,. U°, L%, 1°,0°, PO, O, A(l),/\g, Ag, Ag,/\g, /\2, and QO are the initial values. UN, LN,
IN, ON, pN CN, /\f], /\12\], /\é\’, /\i\], /\15\], /\16\], and QN are their values at the final time T.
An improvement of the Gauss-Seidel-like implicit scheme associated with a first-order
backward difference scheme was applied as follows:

utt —un

———— = 0" — (w1 + Wy + w3) f(PHU L — m, U1,
Ln+1 _ I

- = wlf(P")U"'H _ (ml —|—1/)L"+1,

1n+1 —_ "

[ — w2f(Pn)un+1 + VLn-l—l _ miln-l-l/

o+l — or

= Waf(PHUT — 0N,

pr+t— pn

— Mlmiln“ + Mzmoon-i-l _ mppn+1 _ Xpn-&-lcnl
— 8Pn-i—l _ mCCn—O—l _ Upn—&-lcn-i-l,

S =AM T (@ w0+ @) (P 4 my)
—F(P Y (W AN + AT+ wa AN,

=22 — a4 Aé\F”*l(ml +v)— v)\é\[*”,

= —nq + mi)\gl_”_l — miMl/\é\]_”,

4 = —ua; + mo/\fl\]*”*1 — moMz/\é\]*”,
/\an _ /\anfl
T = AT @1+ W+ ws) (P UM

—f/(Pn'H)Un'H (Aé\f—n—lwl + Aé\]_n_lwz + Ai\]—n—lw3)
FAYT T (my 4+ xCMHL) =AY (e — vCHL,
/\an _ /\anfl
6 6
dt

_ X)\éV—ﬂ—lle-H +Aé\f—n—1 (mc ~|»UP”+1).

Hence, we applied the Algorithm A1 given hereafter.
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Algorithm A1: An improvement of the Gauss—Seidel-like implicit scheme asso-
ciated with a first-order backward difference scheme
1 UY « U(0),L° + L(0),1° < 1(0),0° +— 0(0), P? + P(0),C° +— C(0), AN +- 0, AY +
0, AY « 0, AN « 0,AN +— 0,AN <0, % + 0(0),
2: forn=0to N —1do

I Ut — u" +dto"
1+ dt((w1 +wy + w3)f(P") +my)’
L L" + dtwy f(P)U" !
1+dt(my+v) 7
e & +dt(w2f(P")U”H JranJrl)
1+ dtm; !
ont1 - 0"+ dtw3f(P”)U”+1
1+ dtm,
pri1 _ P dt(Mym I+ M2m00”+1)
1+ dt(mp + xC") ’
wi1 . C'dtept Tl
~ 1+dt(me + vPrtl)’
AN-n-1 _ AT dtf (P (0 A) " + wp A T 4 wsA ) )
1 N 1+ dt((w1 + wy + w3) f(PPH) 4+ my,) ’
ANn AT (e vARTT)
2 1+dt(m; +v) ’
AN-n-1 _ )\é\lin +dt(ag + miMlAé\jfn)
3 1+ dtm,; ’
AN-n-1 _ )\N +dt(ag + moMZ/\N ”)
4 1+ dtm,
AN-n—1 _ /\é\’_" +dtf’ (P”H)U”H(—(wl + wy + w3)AN_”_1 + wl/\é\’_”_l)
> - L+dt(e +m o+ xC1)
ANT 4 dtf (P U (wp A T 4 wa AN T+ dEAN T (e — vC )
1+ dt(mp + xC"+1)
AN-n-1 _ Ag " —dtyAY T pntt
-~ 1+dt(me +oPrtl)
)LN_n_l
Q"+1 + max (min (—1 o Qmax> ’ Qmin> .

end
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