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Abstract

HIV/AIDS has significantly impacted universities, affecting young students through increased illness, mortality, and
absenteeism, as well as impacting institutional functioning and resources. Universities, particularly in regions with
high HIV prevalence, have had to develop strategies to address the epidemic, including prevention, care, and support
programs, as well as integrating HIV/AIDS education into the curriculum. In this work, bifurcation analysis and
multiobjective nonlinear model predictive control is performed on three HIV dynamic models, Bifurcation analysis
is a powerful mathematical tool used to deal with the nonlinear dynamics of any process. Several factors must be
considered, and multiple objectives must be met simultaneously. Bifurcation analysis and multiobjective nonlinear
model predictive control (MNLMPC) calculations are performed on three oncolytic dynamic models. The MATLAB
program MATCONT was used to perform the bifurcation analysis. The MNLMPC calculations were performed using
the optimization language PYOMO in conjunction with the state-of-the-art global optimization solvers IPOPT and
BARON. The bifurcation analysis revealed the existence of branch and limit points in the models. The branch and
limit points (which cause multiple steady-state solutions from a singular point) are very beneficial because they enable
the Multiobjective nonlinear model predictive control calculations to converge to the Utopia point ( the best possible

solution) in all the models.
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1. Background

Kirschne et al investigated the optimal control of the chemotherapy
of HIV [1]. Samanta, analyzed a nonautonomous HIV/AIDS
model [2]. Nyabadza et al developed a rigorous of an HIV/AIDS
model with public health information campaigns and individual
withdrawal [3]. Samanta conducted research on the permanence
and extinction of a nonautonomous HIV/AIDS epidemic model
with distributed time delay [4]. Waziri et al modelled HIV/AIDS
dynamics with treatment and vertical transmission,” Hattaf and N.
Yousfi, researched optimal treatments of HIV infection models [5-
7]. Lungu et al, modelled the HIV/Kaposi’s sarcoma coinfection
dynamics in areas of high HIV prevalence [8]. Huo and Feng
investigated the global stability for an HIV/AIDS epidemic model
with different latent stages and treatment [9]. Balasubramaniam
et al, showed the presence of Hop f bifurcations and periodic
solutions for delay differential model of HIV infection of CD4+

T-cells [10]. Silva and Torres developed a SICA compartmental
model in epidemiology applied to HIV/AIDS in Cape Verde [11].
Ali et. al developed an optimal control strategy of the HIV-1
epidemic model regarding a recombinant virus [12].

Aldila, developed a mathematical model for an HIV spread
control program with ART treatment [13]. Marsudi et.al performed
optimal control and sensitivity analysis of HIV model with public
health education campaign and antiretroviral therapy [14]. Ghosh
et al described a simple Sl-type model for HIV/AIDS with
media and self-imposed psychological fear [15]. Akudibillah
et al described optimal control techniques for HIV treatment
[16]. Lawi et al studied in vivo HIV dynamics under combined
antiretroviral treatment [17]. Ilahi, and Nurhalimah studied global
stability and sensitivity analysis of the SIA model for the AIDS
disease [18]. Saha and Samanta, conducted optimal control studies
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of HIV/AIDS prevention through PrEP and limited treatment
[19]. Widyaningsih et al developed a susceptible infected AIDS
treatment (SIAT) model [20]. Mayanja et al, modelled the HIV-
HCYV coinfection dynamics in the absence of therapy [21]. Rana
and Sharma, modelled and analyzed a Sl-type model for HIV/
AIDS [22]. Ayele et. al modelled the HIV/AIDS with optimal
control [23]. Marsudi et al performed optimal control of an HIV/
AIDS epidemic model with behavioral change and treatment
[24]. Cheneke et al performed bifurcation and stability analysis
of a HIV transmission model with optimal control [25]. Cheneke
et al performed single-objective optimal control with bifurcation
analysis of a HIV Model [26].

This work aims to perform bifurcation analysis and multiobjective
nonlinear control (MNLMPC) studies in three HIV models, which
are discussed in Akudibillah et al (model 1); Cheneke et al ( model
2), and Kirschne et al (model 3) [1,16,26]. The paper is organized
as follows. First, the model equations are presented, followed by
a discussion of the numerical techniques involving bifurcation
analysis and multiobjective nonlinear model predictive control
(MNLMPC). The results and discussion are then presented,
followed by the conclusions.

2. Model Description

2.1. Model 1

The variables S, iua;iul,iu2,iu3,iud,ida,idl,id 2,id3,id 4,it2,it3,it4
stands for susceptible individuals, infected undiagnosed acute,
infected undiagnosed stagel, infected undiagnosed stage 2, , in-
fected undiagnosed stage3, infected undiagnosed stage 4, infected
diagnosed acute, infected diagnosed stagel, infected diagnosed
stage 2, , infected diagnosed stage3, infected diagnosed stage 4,
or infected treated stage 2, infected treated stage3, infected treated
stage 4. The model equations are

%:b(nval)—,u(s)—/l(s)
d (iua) =2A(s)-(d +ra+ p)iua
dt
d(;;tl) =ra(iua)—(d +rl+ p)iul
d(ZZ) =rl(iul)—(d +r2+ p)iu2
W3) o )~ (d 13+ 3)i
iusd
d(;: ) =r3(iu3)—(d4+y4+p)iud
d(lda) _ d(iua)f(m +H)ida
dt
d(;jl) = ra(ida)+d(iul)—(i’1+/1)id1
d(;otlZ) = r1(id1)+d (iu2) + 7 (i12) (w2 + r2+ p)id2
@:rz(idz)+d(iu3)+r(i13)—(u3+r3+ﬂ+73)id3
d(;‘:4) =r3(id3)+d4(iud)+z(it4) - (ud-+ p+y4)id4

we 1
(i) _ 4 o
i =u2(ld2)+y3(lt3)—(r +[l)ll2
d(;f) = u3(id3) + y4(itd)—(c + i+ y3)ir3
$:u4(id4)—(r+y+y4+y4)it4

With
nval = s +iua+iul +iu2 +iu3+iud+ida+idl+id2 +id3 +id4 +it2 +it3+it4
A _ﬁa(iuaJré(ida))

‘= nval
e B1(iul+ & (id1))
nval
1ae B2(iu2+&(id2)+E(1-a)it2) (2)
N nval
e B3(iu3+E(id3)+&(1-a)it3)
N nval

A=Aa+ A1+ A2+ A3

The base parameter values are

b=0.0309; 1 = 0.0244; 74 = 0.9091; 3 = 0.9091; & = 0.960; & = 0.68;
Ba=0.656; B1=0.096; B2 = 0.654; f3 =0.248;r =0.03;ra =4.8;
r1=0.3235;72 = 0.6667;r3 = 0.1538; y3 = I; y4 = 1;da = 0;d =0.3333;
r=0.2; u2=02;u3=0.L;u4=0.1;d4=0.9;

2.2. Model 2

The variables s,w, iv, u, and a represent the susceptible population,
HIV untested population, Size of HIV tested pre-AIDS population
with transmissible virus, pre-AIDS population with untransmissible
virus, and AIDS population. The model equations are

L ()5 ((B) () ) -

B (1) s((Bo)+ (Bv)) ) (& 0w

2 _ ) k) ) (- )m) (1) ) )
&~ (1.0m)~((0+ )

= (1))~ (((sska) +5 + )a)

The base parameter values are
A =200; B, =0.9815; 5, =0.866;& =0.8; © =0.75;
1=0.021n=01¢=0160=05k=0.16=1Lu =0;u,=0

2.3. Model 3
In this model, the variables tv tv1, tv2, v represent the concentration
of uninfected CD4+ T Cells, the concentrations of latently infected
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and actively infectedCD4+ T cells, and the concentration of free
infectious virus particles.
The model equations are

d(v) _ [Lj —(pytv)+ r(tv)[l —[MB ~(k ()

1+v tmax

1
= (kl(v)tv) - (yT (tvl)) - (k2(tv1))
d(n2)

.
—

SE)
N—

= (kz(tVD)_(:uBtvz)

d(v
25 om) o

The base parameter values are

ty =0.02; 1, =024, =2.4;k1=2.4e—05;k2 =3e—03;7 =0.03;n =1200;
tmax=1.5e+03;5s =10;ul =1

3. Bifurcation Analysis

Bifurcation analysis is performed using the MATLAB software
MATCONT which locates branch points limit points and Hop f
bifurcation points [27,28]. Consider a set of ordinary differential
equations

% - f(xa) ®)

x e R" with a bifurcation parameter, be a. Since the gradient is

orthogonal to the tangent vector, The tangent z=|z,z,,2,,2,,....Z,,,]
must satisfy

Az=0 ©)
A is given by
A=[0f /ox |0f /0a] (10)

where 0f / Ox is the Jacobian matrix, For both limit and branch
points, the matrix [9f / 6x] must be singular. The n+1" component
of the tangent vector Z = 0 for a limit point (LP)and for a

branch point (BP) the matrix B{AT} must be singular. At a Hop
f bifurcation point,

det(2/.(x,0)@I,) =0 (an

@ indicates the bialternate product and / is the n-square identity
matrix. Hopf bifurcations cause limit cycles and should be
eliminated because limit cycles make optimization and control
tasks very difficult. More details can be found in Kuznetsov and

Govaerts [29-31].

4. Multiobjective Nonlinear Model Predictive Control (MN-
LMPC)

The procedure developed by Flores Tlacuahuaz et al is used for
performing the MNLMPC calculations Let the objective function

1=t
variables z q,(t,)G =1, 2..n) for a problem involving a set of
ODE [32] %~

%zF(x,u) (12)

Where ¢, is the final time value, and n the total number of objective
variables and u the control parameter.

First, the single objective optimal control problem independently

and individually optimizing each of the variables 2.4t is solved.
Leading to the values 4;. Then the multiobjectiveioptimal control
(MOOC) optimization problem that will be solved is

min(> (> q,) - )’

J=1 g

(13)

subject to ax =F(x,u);
dt

This will provide the values of u at various times. The first obtained
control value of u is implemented and the rest are discarded.
This procedure is repeated until the implemented and the first
obtained control values are the same or if the Utopia point where (

1=ty

2. 4,(t)=4; for all j) is obtained.

Pyomo is used for these calculations [33]. Here, the differential
equations are converted to a Nonlinear Program (NLP) using the
orthogonal collocation method The NLP is solved using IPOPT
and confirmed as a global solution with BARON [34,35]. Sridhar
proved that the MNLMPC calculations to converge to the Utopia
solution when the bifurcation analysis revealed the presence
of limit and branch points [36]. This was done by imposing the
singularity condition on the co-state equation [37]. This makes the
constrained problem an unconstrained optimization problem, and
the only solution is the Utopia solution. More details can be found
in Sridhar [36].

5. Results and Discussion

Inmodel 1, the bifurcation analysis revealed several limit points for
various bifurcation parameters. We provide an example of a limit
point when 7T is the bifurcation parameter. In this case the limit
point occurred at (s,iua;iul,iu2,iu3,iud,ida,idl,id2,id3,id4,it2,it3,it4,7)
values of (15300176172.914, 23558640.2, 166003336.701,
41517249.721 ,27348556.3828, 2294086.703, 1627579.549,
181492652.947, 79629149.219, 71504204.973, 12754317.507,
99171199.0158, 6328187.215, 597811.929, 0.935788 ) (Figure 1).
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Figure 1: Bifurcation Diagram for HIV model 1(indicating limit point)

For the MNLMPC calculations, 21“4(’ ). z’d““ ) Z””‘“ ) were min-
imized individually, and each mlnlmlzatlon y1e1ded a value of
0. The multiobjective optimal control problem will involve the
minimization of (Z iud(1,) -0y’ +(Ii id4(t,) - 0)° +(Ii it4t)-0y* subject to
the equations goverting Model 2. This led t6 a value of zero (the
Utopia solution) validating the analysis of Sridhar. The MNLMPC
control values of u2, u3, and u4 were (0.2844, 0.02983, 0.6467).

Figures 2-8 show the various MNLMPC profiles. Figure 7 shows
the control profiles (u2,u3,u4) exhibiting noise. The noise was
eliminated using the Savitzky-Golay filter to produce the smooth
control profiles (u2sg,u3sg,udsg) (Figure 8). In model 2, the

bifurcation analysis revealed both branch and limit points. With ul
as the bifurcation parameter, a branch point and limit point were
found at (s, w, iv, u, a, ul) values of ( 10000, 0, 0, 0, 0, 0.878605 )
and ( 10000.009866, -0.000241,-0.001604, 0, -0.000157,0.878605

). (Figure 9) For the MNLMPC calculations, ZW(” Z wit), Z“U)
were minimized individually, and each minimization ylelded
a value of 0. The multlobjectlve optimal control problem will

involve the minimization of <Z'V(t) 0 +(zw(t) 0 +(za(t) 0’
subject to the equations governlng Model 2. Th1s led to a Value of
zero (the Utopia solution) validating the analysis of Sridhar. The
MNLMPC control values of ul, u2, and u4 were 0.44 and 0.3249

o = a

[ = L)
L3

Figure 2: MNLMPC for HIV model 1(s vs t)
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Figure 3: MNLMPC for HIV model 1(iul, id1 vs t)
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Figure 4: MNLMPC for HIV model 1(iu2, id2, it2 vs t)
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Figure 5: MNLMPC for HIV model 1(iu3, id3, it3 vs t)
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Figure 6: MNLMPC for HIV model 1(iu4, id4, it4 vs t)
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Figure 7: MNLMPC for HIV model 1(u2, u3, u4 vs t; control profiles exhibit noise)
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Figure 8: MNLMPC for HIV model 1(u2sg, u3sg, udsg vs t; control profiles noise eliminated with Savitzky-Golay filter)

Figure 9: Bifurcation Diagram for Model 2

Figures 10-15 show the various MNLMPC profiles. Figure 14  Inmodel 3, with y, as the bifurcation parameter a branch point and
shows the control profiles (ul,u2) exhibiting noise. The noise was 2 limit points occurred at [#v, tv1, nv2, u, ] values of (1000, 0, 0, 0,
eliminated using the Savitzky-Golay filter to produce the smooth  0); (999.977873, 0, 0.033191, 0, 0) and (999.965686, 0, 0.051471,
control profiles (ulsg,u2sg) (Figure 15). 0, 0) (Figure 16).

s
‘o000 R

o 10 =20 30 a0 so
T

Figure 10: MNLMPC model 2 (s,w, vs t)
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z2s000
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Figure 11: MNLMPC model 2 (u,vs t)
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Figure 12: MNLMPC model 2 (iv vs t)

10

Figure 13: MNLMPC model 2 (a vs t)

t

Figure 14: MNLMPC model 2 (ul,u2 vs t)

Figure 15: MNLMPC model 2 (ulsg,u2sg vs t)
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Figure 16: Bifurcation Diagram for Model 3

For the MNLMPC calculations, ZM(I) Z v2(t;) were minimized
individually, and each m1n1m1zat10n ylelded a value of 0. The mul-
tlobjectlve opt1ma1 control problem will involve the minimization

of (Z ()= 0)" + (Z"’z(’) 0)" subject to the equations governing
Modeél 3. This led to a value of zero (the Utopia solution) validat-

ing the analysis of Sridhar. The MNLMPC control values of ul
was 0.7592.

Figures 17-20 show the various MNLMPC profiles. Figure 20
shows the control profile (ul) exhibiting noise. The noise was
eliminated using the Savitzky-Golay filter to produce the smooth
control profiles (ulsg) (also shown in Figure 20).
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T

Figure 17: MNLMPC model 2 (tv vs t)
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Figure 18: MNLMPC model 2 (v vs t)
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Figure 19: MNLMPC model 2 (tv1,tv2 vs t)
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Figure 20: MNLMPC model 2 (ul,ulsg vs t)

6. Conclusions

Bifurcation analysis and multiobjective nonlinear control (MN-
LMPC) studies in dynamic HIV models. The bifurcation analysis
revealed the existence of branch and limit points. The branch and
limit points (which cause multiple steady-state solutions from a
singular point) are very beneficial because they enable the Multi-
objective nonlinear model predictive control calculations to con-
verge to the Utopia point (the best possible solution) in the models.
A combination of bifurcation analysis and Multiobjective Nonlin-
ear Model Predictive Control( MNLMPC) for HIV models is the
main contribution of this paper.

Data Availability Statement
All data used is presented in the paper

Conflict of interest
The author, Dr. Lakshmi N Sridhar has no conflict of interest.

Acknowledgement
Dr. Sridhar thanks Dr. Carlos Ramirez and Dr. Suleiman for
encouraging him to write single-author papers

References

1. Kirschner, D., Lenhart, S., & Serbin, S. (1997). Optimal
control of the chemotherapy of HIV. Journal of mathematical
biology, 35(7), 775-792.

2. Samanta, G. P. (2010). Analysis of a nonautonomous
HIV/AIDS model. Mathematical modelling of natural
phenomena, 5(6), 70-95.

3. Nyabadza, F., Chiyaka, C., Mukandavire, Z., & Hove-
Musekwa, S. D. (2010). Analysis of an HIV/AIDS model
with public-health information campaigns and individual
withdrawal. Journal of Biological Systems, 18(02), 357-375.

4. Samanta, G. P. (2011). Permanence and extinction of
a nonautonomous HIV/AIDS epidemic model with
distributed time delay. Nonlinear Analysis: Real World
Applications, 12(2), 1163-1177.

Int J Clin Med Edu Res, 2025

Volume 4 | Issue 5| 9


https://doi.org/10.1007/s002850050076
https://doi.org/10.1007/s002850050076
https://doi.org/10.1007/s002850050076
https://doi.org/10.1051/mmnp/20105604
https://doi.org/10.1051/mmnp/20105604
https://doi.org/10.1051/mmnp/20105604
https://doi.org/10.1142/S0218339010003329
https://doi.org/10.1142/S0218339010003329
https://doi.org/10.1142/S0218339010003329
https://doi.org/10.1142/S0218339010003329
https://doi.org/10.1016/j.nonrwa.2010.09.010
https://doi.org/10.1016/j.nonrwa.2010.09.010
https://doi.org/10.1016/j.nonrwa.2010.09.010
https://doi.org/10.1016/j.nonrwa.2010.09.010

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Waziri, A. S., Massawe, E. S., & Makinde, O. D. (2012).
Mathematical modelling of HIV/AIDS dynamics with
treatment and vertical transmission. Appl. Math, 2(3), 77-89.

Hattaf, K., & Yousfi, N. (2012). Optimal control of a delayed
HIV infection model with immune response using an
efficient numerical method. International Scholarly Research
Notices, 2012(1), 215124,

Hattaf, K., & Yousfi, N. (2012). Two optimal treatments
of HIV infection model. World Journal of Modelling and
Simulation, 8(1), 27-36.

Lungu, E., Massaro, T. J., Ndelwa, E., Ainea, N., Chibaya,
S., & Malunguza, N. J. (2013). Mathematical modeling of the
HIV/Kaposi’s sarcoma coinfection dynamics in areas of high
HIV prevalence. Computational and Mathematical Methods
in Medicine, 2013(1), 753424.

Huo, H. F., & Feng, L. X. (2013). Global stability for an
HIV/AIDS epidemic model with different latent stages and
treatment. Applied Mathematical Modelling, 37(3), 1480-
1489.

Balasubramaniam, P., Prakash, M., Rihan, F. A., &
Lakshmanan, S. (2014). Hopf Bifurcation and Stability
of Periodic Solutions for Delay Differential Model of
HIV Infection of CD4+ T-cells. In Abstract and applied
analysis (Vol. 2014, No. 1, p. 838396). Hindawi Publishing
Corporation.

Silva, C. J., & Torres, D. F. (2017). A SICA compartmental
model in epidemiology with application to HIV/AIDS in Cape
Verde. Ecological complexity, 30, 70-75.

Ali, N., Zaman, G., & Alshomrani, A. S. (2017). Optimal
control strategy of HIV-1 epidemic model for recombinant
virus. Cogent Mathematics, 4(1), 1293468.

Maimunah, & Aldila, D. (2018, March). Mathematical
model for HIV spreads control program with ART treatment.
In Journal of physics: Conference series (Vol. 974, p. 012035).
IOP Publishing.

Marsudi, Hidayat, N., & Wibowo, R. B. E. (2018, October).
Optimal control and sensitivity analysis of HIV model with
public health education campaign and antiretroviral therapy.
In AIP Conference Proceedings (Vol. 2021, No. 1, p. 060033).
AIP Publishing LLC.

Ghosh, 1., Tiwari, P. K., Samanta, S., Elmojtaba, 1. M., Al-
Salti, N., & Chattopadhyay, J. (2018). A simple SI-type model
for HIV/AIDS with media and self-imposed psychological
fear. Mathematical biosciences, 306, 160-169.

Akudibillah, G., Pandey, A., & Medlock, J. (2018). Optimal
control for HIV treatment. Math. Biosci. Eng, 16(1), 373-396.
Mobisa, B., Lawi, G. O., & Nthiiri, J. K. (2018). Modelling
In Vivo HIV dynamics under combined antiretroviral
treatment. Journal of Applied Mathematics, 2018(1), 8276317.
[lahi, F., & Nurhalimah. (2019, August). Global stability and
sensitivity analysis of SIA model for AIDS disease. In Journal
of Physics: Conference Series (Vol. 1245, No. 1, p. 012047).
IOP Publishing.

Saha, S., & Samanta, G. P. (2019). Modelling and optimal
control of HIV/AIDS prevention through PrEP and
limited treatment. Physica A: Statistical Mechanics and its

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Applications, 516, 280-307.

Widyaningsih, P., Zahra, U. U., Kurniawan, V. Y., &
Saputro, D. R. S. (2019, March). Susceptible infected AIDS
treatment (SIAT) model. In /OP Conference Series: Earth
and Environmental Science (Vol. 243, No. 1, p. 012047). IOP
Publishing.

Mayanja, E., Luboobi, L. S., Kasozi, J., & Nsubuga, R. N.
(2020). Mathematical Modelling of HIV-HCV Coinfection
Dynamics in Absence of Therapy. Computational and
Mathematical methods in Medicine, 2020(1), 2106570.

Rana, P. S., & Sharma, N. (2020). Mathematical modeling and
stability analysis of a SI type model for HIV/AIDS. Journal of
Interdisciplinary Mathematics, 23(1), 257-273.

Ayele, T. K., Goufo, E. F. D., & Mugisha, S. (2021).
Mathematical modeling of HIV/AIDS with optimal control: a
case study in Ethiopia. Results in Physics, 26, 104263.
Marsudi, T., Suryanto, A., & Darti, I. (2021). Global stability
and optimal control of an HIV/AIDS epidemic model with
behavioral change and treatment. Engineering Letters, 29(2),
575-591.

Cheneke, K. R., Rao, K. P, & Edessa, G. K. (2021).
Bifurcation and stabillity analysis of HIV transmission model
with optimal control. JOURNAL of Mathematics, 2021(1),
7471290.

Cheneke, K. R. (2023). Optimal control and bifurcation
analysis of HIV model. Computational and Mathematical
Methods in Medicine, 2023(1), 4754426.

Dhooge, A., Govaerts, W., & Kuznetsov, Y. A. (2003).
MATCONT: a MATLAB package for numerical bifurcation
analysis of ODEs. ACM Transactions on Mathematical
Software (TOMS), 29(2), 141-164.

Dhooge, A., Govaerts, W., Kuznetsov, Y. A., Mestrom, W., &
Riet, A. M. (2003, March). Cl_matcont: a continuation toolbox
in Matlab. In Proceedings of the 2003 ACM symposium on
Applied computing (pp. 161-166).

Kuznetsov, Y. A. (1998). Elements of applied bifurcation
theory. New York, NY: Springer New York.

Kuznetsov,Y. A. (2009). Five lectures on numerical bifurcation
analysis. Utrecht University, N L.

Govaerts, W. J. (2000). Numerical methods for bifurcations
of dynamical equilibria. Society for Industrial and Applied
Mathematics.

Flores-Tlacuahuac, A., Morales, P., & Rivera-Toledo, M.
(2012). Multiobjective nonlinear model predictive control
of a class of chemical reactors. Industrial & Engineering
Chemistry Research, 51(17), 5891-5899.

Hart, W. E., Laird, C. D., Watson, J. P., Woodruff, D.
L., Hackebeil, G. A., Nicholson, B. L., & Siirola, J. D.
(2017). Pyomo-optimization modeling in python (Vol. 67, p.
277). Berlin: Springer.

Waichter, A., & Biegler, L. T. (2006). On the implementation
of an interior-point filter line-search algorithm for large-scale
nonlinear programming. Mathematical programming, 106(1),
25-57.

Tawarmalani, M., & Sahinidis, N. V. (2005). A polyhedral
branch-and-cut approach to global optimization. Mathematical

Int J Clin Med Edu Res, 2025

Volume 4 | Issue 5 | 10


https://www.researchgate.net/profile/Oluwole-Makinde/publication/285736541_Mathematical_Modelling_of_HIVAIDS_Dynamics_with_Treatment_and_Vertical_Transmission/links/58ee01ab458515c4aa52763a/Mathematical-Modelling-of-HIV-AIDS-Dynamics-with-Treatment-and-Vertical-Transmission.pdf
https://www.researchgate.net/profile/Oluwole-Makinde/publication/285736541_Mathematical_Modelling_of_HIVAIDS_Dynamics_with_Treatment_and_Vertical_Transmission/links/58ee01ab458515c4aa52763a/Mathematical-Modelling-of-HIV-AIDS-Dynamics-with-Treatment-and-Vertical-Transmission.pdf
https://www.researchgate.net/profile/Oluwole-Makinde/publication/285736541_Mathematical_Modelling_of_HIVAIDS_Dynamics_with_Treatment_and_Vertical_Transmission/links/58ee01ab458515c4aa52763a/Mathematical-Modelling-of-HIV-AIDS-Dynamics-with-Treatment-and-Vertical-Transmission.pdf
https://doi.org/10.5402/2012/215124
https://doi.org/10.5402/2012/215124
https://doi.org/10.5402/2012/215124
https://doi.org/10.5402/2012/215124
https://www.academia.edu/download/69470241/Two_optimal_treatments_of_HIV_infection_20210912-21859-sst0tm.pdf
https://www.academia.edu/download/69470241/Two_optimal_treatments_of_HIV_infection_20210912-21859-sst0tm.pdf
https://www.academia.edu/download/69470241/Two_optimal_treatments_of_HIV_infection_20210912-21859-sst0tm.pdf
https://doi.org/10.1155/2013/753424
https://doi.org/10.1155/2013/753424
https://doi.org/10.1155/2013/753424
https://doi.org/10.1155/2013/753424
https://doi.org/10.1155/2013/753424
https://doi.org/10.1016/j.apm.2012.04.013
https://doi.org/10.1016/j.apm.2012.04.013
https://doi.org/10.1016/j.apm.2012.04.013
https://doi.org/10.1016/j.apm.2012.04.013
https://doi.org/10.1155/2014/838396
https://doi.org/10.1155/2014/838396
https://doi.org/10.1155/2014/838396
https://doi.org/10.1155/2014/838396
https://doi.org/10.1155/2014/838396
https://doi.org/10.1155/2014/838396
https://doi.org/10.1016/j.ecocom.2016.12.001
https://doi.org/10.1016/j.ecocom.2016.12.001
https://doi.org/10.1016/j.ecocom.2016.12.001
https://doi.org/10.1080/23311835.2017.1293468
https://doi.org/10.1080/23311835.2017.1293468
https://doi.org/10.1080/23311835.2017.1293468
https://iopscience.iop.org/article/10.1088/1742-6596/974/1/012035/meta
https://iopscience.iop.org/article/10.1088/1742-6596/974/1/012035/meta
https://iopscience.iop.org/article/10.1088/1742-6596/974/1/012035/meta
https://iopscience.iop.org/article/10.1088/1742-6596/974/1/012035/meta
https://doi.org/10.1063/1.5062797
https://doi.org/10.1063/1.5062797
https://doi.org/10.1063/1.5062797
https://doi.org/10.1063/1.5062797
https://doi.org/10.1063/1.5062797
https://doi.org/10.1016/j.mbs.2018.09.014
https://doi.org/10.1016/j.mbs.2018.09.014
https://doi.org/10.1016/j.mbs.2018.09.014
https://doi.org/10.1016/j.mbs.2018.09.014
https://www.researchgate.net/profile/Abhishek-Pandey-58/publication/330063011_Optimal_control_for_HIV_treatment/links/5f07ef6b45851550509a1dae/Optimal-control-for-HIV-treatment.pdf
https://www.researchgate.net/profile/Abhishek-Pandey-58/publication/330063011_Optimal_control_for_HIV_treatment/links/5f07ef6b45851550509a1dae/Optimal-control-for-HIV-treatment.pdf
https://doi.org/10.1155/2018/8276317
https://doi.org/10.1155/2018/8276317
https://doi.org/10.1155/2018/8276317
https://iopscience.iop.org/article/10.1088/1742-6596/1245/1/012047/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1245/1/012047/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1245/1/012047/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1245/1/012047/meta
https://doi.org/10.1016/j.physa.2018.10.033
https://doi.org/10.1016/j.physa.2018.10.033
https://doi.org/10.1016/j.physa.2018.10.033
https://doi.org/10.1016/j.physa.2018.10.033
https://iopscience.iop.org/article/10.1088/1755-1315/243/1/012047/meta
https://iopscience.iop.org/article/10.1088/1755-1315/243/1/012047/meta
https://iopscience.iop.org/article/10.1088/1755-1315/243/1/012047/meta
https://iopscience.iop.org/article/10.1088/1755-1315/243/1/012047/meta
https://iopscience.iop.org/article/10.1088/1755-1315/243/1/012047/meta
https://doi.org/10.1155/2020/2106570
https://doi.org/10.1155/2020/2106570
https://doi.org/10.1155/2020/2106570
https://doi.org/10.1155/2020/2106570
https://doi.org/10.1080/09720502.2020.1721921
https://doi.org/10.1080/09720502.2020.1721921
https://doi.org/10.1080/09720502.2020.1721921
https://doi.org/10.1016/j.rinp.2021.104263
https://doi.org/10.1016/j.rinp.2021.104263
https://doi.org/10.1016/j.rinp.2021.104263
https://www.researchgate.net/profile/Marsudi-2/publication/354061460_Global_Stability_and_Optimal_Control_of_an_HIVAIDS_Epidemic_Model_with_Behavioral_Change_and_Treatment/links/61227139232f955865a18a58/Global-Stability-and-Optimal-Control-of-an-HIV-AIDS-Epidemic-Model-with-Behavioral-Change-and-Treatment.pdf
https://www.researchgate.net/profile/Marsudi-2/publication/354061460_Global_Stability_and_Optimal_Control_of_an_HIVAIDS_Epidemic_Model_with_Behavioral_Change_and_Treatment/links/61227139232f955865a18a58/Global-Stability-and-Optimal-Control-of-an-HIV-AIDS-Epidemic-Model-with-Behavioral-Change-and-Treatment.pdf
https://www.researchgate.net/profile/Marsudi-2/publication/354061460_Global_Stability_and_Optimal_Control_of_an_HIVAIDS_Epidemic_Model_with_Behavioral_Change_and_Treatment/links/61227139232f955865a18a58/Global-Stability-and-Optimal-Control-of-an-HIV-AIDS-Epidemic-Model-with-Behavioral-Change-and-Treatment.pdf
https://www.researchgate.net/profile/Marsudi-2/publication/354061460_Global_Stability_and_Optimal_Control_of_an_HIVAIDS_Epidemic_Model_with_Behavioral_Change_and_Treatment/links/61227139232f955865a18a58/Global-Stability-and-Optimal-Control-of-an-HIV-AIDS-Epidemic-Model-with-Behavioral-Change-and-Treatment.pdf
https://doi.org/10.1155/2021/7471290
https://doi.org/10.1155/2021/7471290
https://doi.org/10.1155/2021/7471290
https://doi.org/10.1155/2021/7471290
https://doi.org/10.1155/2023/4754426
https://doi.org/10.1155/2023/4754426
https://doi.org/10.1155/2023/4754426
https://doi.org/10.1145/779359.779362
https://doi.org/10.1145/779359.779362
https://doi.org/10.1145/779359.779362
https://doi.org/10.1145/779359.779362
https://doi.org/10.1145/952532.952567
https://doi.org/10.1145/952532.952567
https://doi.org/10.1145/952532.952567
https://doi.org/10.1145/952532.952567
https://doi.org/10.1007/978-0-387-22710-8_8
https://doi.org/10.1007/978-0-387-22710-8_8
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://pubs.acs.org/doi/abs/10.1021/ie201742e
https://doi.org/10.1007/978-3-319-58821-6
https://doi.org/10.1007/978-3-319-58821-6
https://doi.org/10.1007/978-3-319-58821-6
https://doi.org/10.1007/978-3-319-58821-6
https://doi.org/10.1007/s10107-004-0559-y
https://doi.org/10.1007/s10107-004-0559-y
https://doi.org/10.1007/s10107-004-0559-y
https://doi.org/10.1007/s10107-004-0559-y
https://doi.org/10.1007/s10107-005-0581-8
https://doi.org/10.1007/s10107-005-0581-8

programming, 103(2), 225-249.

36. Sridhar, L. N. (2024). Coupling Bifurcation Analysis and
Multiobjective Nonlinear Model Predictive Control. Austin
Chem Eng, 10(3), 1107.

37. Upreti, S.R.(2013). Optimal control for chemical engineers (p.
305). Taylor & Francis.

Copyright: ©2025 Lakshmi N Sridhar. This is an open-access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Int J Clin Med Edu Res, 2025 https://opastpublishers.com/ Volume 4 | Issue S | 11


https://doi.org/10.1007/s10107-005-0581-8
https://library.oapen.org/handle/20.500.12657/41676
https://library.oapen.org/handle/20.500.12657/41676
https://library.oapen.org/handle/20.500.12657/41676
https://library.oapen.org/handle/20.500.12657/41676
https://library.oapen.org/handle/20.500.12657/41676

