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Abstract HIV/AIDS prevalence continues to be on increase in populations around the globe especially in sub-
Saharan Africa with limited resources and inadequate public health awareness campaign services. A nonlinear
mathematical model that incorporates the use of condom, vaccination, treatment, restriction of free movement in
the presence of public health awareness campaign on the population. The awareness education causes a change
in behaviour of the aware HIV susceptible individuals resulting to a total of seven compartments. Quantitative
analyses of the model including those of the basic properties are presented. The effective reproduction number
of the model is determined and stability equilibria analyzed. The disease free equilibrium pint of the model is
shown to be locally asymptotically stable when its corresponding effective reproduction number is less than
unity. Using the Lyapunov function of the Goh-Volterra type, we also proved that the endemic equilibrium point
is globally asymptotically stable when its corresponding reproduction number is greater than unity. We finally
validated our quantitative analyses with numerical simulation of the model implemented in maplel7.

Keywords mathematical model, HIVV/AIDS, effective reproduction number, equilibria

1. Introduction
Human immunodeficiency virus, HIV is the virus that leads to acquired immunodeficiency syndrome or AIDS if
not treated. Unlike some other viruses, the human body cannot get rid of HIVV completely, even with treatment
[1, 2]. These authorities therefore opined that once an individual gets HIV, he/she has it for life.
A number of symptoms associated with the flu may be the first to arise as early signs of HIV, which include:
chills, diarrhoea that lasts for more than a week, extreme and unexplained tiredness, fatigue, fever/ recurring
fever or profuse night sweats, mouth ulcers, muscle aches, rapid weight loss, rash, prolonged swelling of the
lymph glands in the armpits, groin, or neck, sore throat, pneumonia, swollen lymph nodes, sores of the mouth,
sores of the anus, sores of the genitals [3]. AIDS is a pandemic, a disease which is present over a large area and
is actively spreading [4]. The disease has had a great impact on the society both as illness and as a source of
social and physical discrimination in the society and even in work place. The disease has significant economic
impacts. There are so many misconceptions about HIVV/AIDS such as the belief that it can be transmitted by
non-sexual contact, which is a false belief [5].
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A lot of mathematical models on the dynamics of HIV/AIDS, where several authors used different control
measures such as condom, vaccination, anti-retroviral drugs, behavioural change, public awareness campaign,
abstinence from pre-marital sex, faithfulness among the married partners, among others in checking the menace
of this pandemic as can be found in the reported literature [6-12].

The main purpose of this work is to study the impact of public awareness campaign, vaccination, condom,
restriction of free movement of young people and treatment on transmission of HIV/AIDS by formulating and
analyzing a new mathematical model that extends and complements the ones in the previous paragraph. The
remaining part of this paper is organized as follows; section 2 presents the model formulation, section 3 presents
the model analysis using concept of stability theory of nonlinear differential system while in section 4,
numerical simulation and discussion of results are stated. Section 5 concludes the research work.

2. Model Formulation and Analysis

We construct a nonlinear mathematical HIV/AIDS model with total human population N(t) at time ¢ is divided
into seven compartments namely; susceptible classS(t), vaccinated classS,(t), vaccinated class that uses
condom Swvc(t), vaccinated, restricted who also use condom class S, (t), exposed class S, (t), infectious
population I(t), infectious individuals on treatment I, (t). the total population is

N() = S() + Sy (8) + Sy (8) + Sper (£) + Spe () +1(8) + 1 (1) 1)

The fraction of susceptible class moves to the vaccinated class, S,(t) by a4, as a result of public campaign
enlightmeent. Individuals in the vaccinated class, S, (t) move to the vaccinated and condom usage class S, (t)
at a rate (1 — ¢), individuals from the S,.(t) leave this class for S,..(t) at a rate q, while a; proportion of
individuals move from the S,,.(t) class to the susceptible class, a certain quantity A(1 — e;) from S,,.(t) moves
to S, (t) class. A proportion of individuals from S, (t) is recruited into the S, (t) class at the rate (1 — e).
Certain individuals are recruited into the infected treated class I(t) by p, from the S, (t) class. A proportion
(1 —y) leaves the class I(t) for I,(t). Those in the infectious treated class I, (¢t) can remain healthy and hard
working living a normal life, if he/she is faithful to the therapeutic dose, but will leave the class through the
diseased induced death rate, d, with the effect of withdrawal from the drug.

Basic assumptions of the model
Table 1: Parameter description, values and source of values

Parameter description Parameter Value Source
Recruitment level into the susceptible class b 100,000 [13]
Rate at which susceptible population is vaccinated a 0.01 [14]
vaccine efficacy ) 0.25 Assumed
The campaign which leads to behavioural change in | ¢ 0<c<1 [14]
individuals

Rate at which individuals who are in the condom- a 0.01 [15]

vaccinated class move back to the susceptible class
as they lose immunity due to vaccination

Rate at which individuals who are in the vaccinated- | g 0<q=<1 [16]
condom class move to the class of the vaccinated,
restricted that use condom

Effectiveness of vaccination, usage of condom and e 0<e<l1 [15]

restriction of free movement

Rate of exposure to the infectious individuals o 0.025 [14]

Efficacy of vaccine/condom e 0<e <1 [15]

Rate at which the infected are given treatment 1—y 0.1 [15]

Death rate due to infection for those in the AIDS d, 0.18 [17]

class

Natural death (per capita death rate) u 0.02 [18]
o=

£
(a;
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The following assumptions were made while formulating the model
1. Individuals are only recruited into the susceptible class
Once one has stopped receiving treatment he/she will surely die of the disease.
Vaccination is given to the uninfected population only
The studied population varies with time and is homogeneous.
Birth rate and death rate are not the same.
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Figure 1: Contact of HIV/AIDS by those who are; vaccinated, use condom, receive treatment and also restricted
from free movement in the presence of effective public health awareness campaign

The corresponding model equations are as follows —~

Z—f= b+ a,S,, —a;cS —uS

ds,

dt =S — (1 - (p)Sv — US,

dSyc

d_t = (1 - (P)S,; - (1 - el)lsvc - alsvc - quc - .usvc

dSycr

d—t = qsvc - (1 - e)/lsvcr - :uSvcr > (2)
dSye

dr = (1 - 61)15176 + (1 - e)lsvcr — P2Spe — USpe

d_t= P2Sve — (1 _V)I —ul

dl

d_tt=(1_)/)1_d21t_ﬂlt _/

A= "1:“ + "2;215 + "351\311“9 , effective contact rate of the susceptible individuals.
2
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2.1 Invariant Region.

Theorem (1): The solutions of the model (2) are feasible for all ¢ > 0 if they enter the invariant region, Q.
Proof:

We shall let Q = (S,S,,Syc, Sper» Sves I, I;) € R, be any solution of the system, (2) with non-negative initial
conditions. From (2) we have that;

N+uN<b
Hence solving the inequality above, we obtain;
N < §+ (N — s)e-ﬂf 3)

Applying the inequality theorem by [19] on differential equations to (3) yields the following results
0<N< E ast - o

We shall let = s , where kp is the carrying capacity as the total population approaches kp, therefore, the feasible

solution of the model enters the region,
Q = (S'SU'SUC’S‘UCT’SUG'I’IL’)ER7+ }

$>0,5,>0,8,>0S,,>0S,>01>0,1, >0 N S;bT 4)

At this region, the model is well posed and biologically feasible in the region, Q. If N < :’7 then every solution

with the initial condition in the region, Q, will remain in it at any time, t > 0.
When > Z , then the population will reduce to kp.

2.2 Positivity of Solution
Theorem (2): The positivity shall be determined from the proof.

Let

Q= JiS(O), 5,(0),5,:(0), S, (0),S,.(0),1(0),1,(0) =0 } €R’, , then the
solution set {S(t),S,,(t),Sw(t),Svcr(t),Sve(t),I(t),It(t)} of the
systems of equation (2) is positive forall t > 0

Proof:

From the first of (2) we have that;

Z—‘: =b+a;S,. —a;cS —uS

That is

b+ aS,, —a;cS —puS = —(a;c+w)s

We therefore can say that;

d?s > —(ayc+p)dt

Integrating;

InS = —(ajc+wt+C

Where C is the constant of integration,

S(t) — e—(a1c+u)tec

Therefore, applying initial conditions we have;

S(t) = S(0)e~(ctm)t > 0 (5)

Since (ac+u) =0

The solution is therefore positive at any time ¢t = 0

Similarly it can be shown that;

S,(t) = S,(0)e~ =9+t > 0 5 (t) > S,.(0)e~((A-eitartatu)t > o

Suer () 2 Syer (0)e (74 2 0,5, (1) 2 5,0 (0)e @24 > 0

I(t) = 1(0) e~(A=141)t > 0, [,(t) > I,(0)e~(@2*mt > 0 for all ¢ > 0. Proof completes.

We have also determined that the model (2) is positive and invariant in the region, QeR” .. The above theorem
is important because it guarantees that the model is well posed and biologically feasible in the region Q since

J=
%5
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population cannot be negative. Thus for any starting non-negative initial conditions, the trajectory lies in Q.
Therefore, the system is both mathematically and epidemiologically well-posed, [20]. Thus it is significant to
consider the dynamics of the flow by the model (2) in Q.

3. Existence of Equilibria and stability analysis

The disease free equilibrium (DFE) and the endemic equilibrium (EE) points are the two non-negative equilibria
of the system (2) is found.

3.1 DFE and Effective reproduction number

The model (2) has DFE obtained to be;

b
E=(5S, SveSver»Sve, L L) = (;, 0,0,0,0,0,0) (6)

The linear stability of E can be analyzed by the threshold R, called the reproduction number which is defined as
the average number of secondary infections generated by a single infected individual in a totally susceptible
population. This is determined using the next generation method on system (2) as used in [21] in the form of
matrices F (non-negative) and V (non-singular). Where F denote infection terms and V' the transition term at E.
Thus

{(d—e)+d—e)nie1E {(—e))+(1—e)nzenl {(1—e1)+(1—e)inzezl;
N N N
F = 0 0 0
0 0 0
(p2 + 1) 0 0
V= —p2 A-y)+u 0
0 -1-y) d, +

{(1—e1)+(1—e)Hnie1+p2(n2e2+n3e3y)

(p2+)[1+(=1+y —p){1+(d2+1)}]
The threshold quantity R, is now the effective reproduction number of the system (2) for the control of
HIV/AIDS using the control strategies as vaccination, public campaign awareness campaign and the restriction
in free movement and treatment. The R, is therefore, the average number of new infections generated by a
single infected individual into a susceptible population in the presence of vaccination, public campaign
awareness campaign, the restriction of free movement and treatment.
The endemic equilibrium point of the system (2) denoted by E* is expressed in terms of R, as

B AA.b B 4,Bb . BbB,
* AAyA, —BB,a, AAyA —BBya, =~ AdyA —BB,a,

R, = p(FV_l) =

*
v

. BquO . (qA3 +AZBI)BbBO
S ver = — S e = —
A2 (AAOA[1 BBOal) A2 (/J[AOA1 BBOal)A4
= BbBOp2 (qA3+A2Bl) P BbASBOPZ(qA3+AZBl)
= Vi =
A2A432 (AAOA1 —BBOal) A2A4A6B2 (AAOA1 _BBOal)
Where;

Ay=aic+u, A=A-p)+pu A ={1—-e)l+a;+q+u} A, ={(1 —e)d +pu},

Az ={1-e)A, Ay =p,+u,As=1-y,Ag=dy + 1, By =1—¢, B, = {(1—e)A,
_ _ _ n1&1ES npexls n3ezleS
B2 - (1 )/) + u, A - N + N N
So the endemic state exists since R, > 1. This means that the disease is present throughout in the population

PN
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3.2 Global Stability of The Endemic Equilibrium, E*

Theorem (3): if R, > 1 then the endemic equilibrium of the model (2) is globally asymptotically stable and
unstable otherwise.

Proof:

We construct the Lyapunov function, to establish the global stability of the endemic equilibrium, E* of the
system as follows;

* * * * * L R * * S* * * Sl);

V(S » Svs Sver Sver ,Sver L s Lt) = (S -s =S log?) + (Sv — Sy~ Sy lOg;) + (Svc — Spc — Spe lOg ) + (Svcr -
* * Sper
Sver ™~ Sver lOg—C) +
(Spe — Spe log ) +({—-i"—i log—) + (i, —if —if logi—‘) (7
t
Evaluating the derlvatlves of V directly along the solution path of (7), we have,
av s+s*\ ds spt+sy) dsy Sve+Spe\ dsye Sver +Sver \ dSver
= ) ar () T (o) e (o) 5
Spe+Spe \ dSve i+i") di ig+if dip

() S+ () (595 ®
But from(2.1), we have that,
Therefore substituting, we get;

w_ (S+S ) {b+ a;s,. — (arc + p)s} + (SUH;) tares = (A= @) + s,

dt
+ (Suc+SVC) {(1 _ (p)S — ((1 — el)ﬂ, +a+q+ ﬂ)svc}

S

+ (m) {qsvc - ((1 - e)l + .u)svcr} +

Sver

+ (S_ve +5ve) {(1 —e)Asyc + (1 — e)Asyer — (P2 + W)Spe}

Sve

+(E) oo = (A =1 + Wi} + (59 (1 = i = (@ + Wi} ©)

We therefore solved to obtaln'

(s+s%)?
E =b+ al(svc + Svc) + {b + al(svc + Svc)} -== (alc + H)

+aic(s+s )+S—a1c(s +s )—@((1 — (p) +uw
51;5 (Svc+51§c)2
+(1_(p)(5v +Sv)+ (1—(P)(Sv+5v) T((l _el)+a1 +Q+H)

* ver (Sver +Sper )2
+q(spc +550) + EQ(SW + Spe) — T((l —e)Ad+ )
+{(1 - el)l(svc + Sljc) + (1 - e)l(svcr + S;ar)}
Sve {(1 - el)/l(svc + Svc) + (1 - e)/l(s,,cr + Svcr)} - (Sve+5ve) (P + ,u)

+p2(5ve + Sve) + TPZ(Sve + Sve) - g((l - V) + /'l)

Lk L aR\2
+(A =P+ )+ LA =)+ i) = (dy + ) (10)
t t
Hence, collecting the positive and negative terms from (10), we have the following expression;
v — —
—=X-Y (11)
Where,

X=b+a;(syc+s5.)+ S?{b + ay(sye + 550+ age(s +s%)

+§—:alc(s +s)+ (1 —@)(s, +5s2)+ %(1 —@)(sy +55)

+4(soc + 55c) + (S0 + Sic)
+{(1 - el)l(svc + S;c) + (1 - e)l(svcr + S;cr)}
Sve {(1 - 61)/1(51,0 + Svc) + (1 - e)l(svcr + Svcr)}
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+Sﬂ{(1 - 61)2.(5,,6 + S;c) + (1 - e))'(svcr + S;cr)}

Sve

+p2(5ve + S;e) + %pz(sve + S;e) + (1 - Y)(l + i*) +i_i(1 - Y)(l + i*) (12)
*\2 *\2 * 2 * 2
Y = — [(S+§ ) (alc + #) + (Sv‘:jv) ((1 _ (p) + 'u) + (Svc::cvc) ((1 _ el)/1 + a, + q + ,Ll) + (SWTS:::CT) ((1 —
ed+u+tsve+sver2svep2+u+i+ix2i1 —y+u+it+it2itd2+u A3)

If (12) < (13)

Then, 'jl—': will be negative definite

Meaning that, ‘;—Z <0

That is,

av . . PR
P Oifand only if s = s%,5, = S, Syc = Sper»Sper = Soer»Spe = Spe, L =151 = iz

Thus the largest compact invariant set,
[{5%, S5, Sucrs Sucrs Suer il } € Q,Z—I: = 0] is the singleton set E* and where E* is the endemic equilibrium point.
Then by Lassalle invariant principle, if <Y , then E* will be globally asymptotically stable in Q [22].

4. Numerical Simulation of analytical results and Discussions

Some numerical solutions of the model is for different initial population sizes is presented using various values
of the parameters stated in table 1 and to validate that those solutions are in agreement with the qualitative
behaviours of the model. To study the behaviour of the model Eq. (2) numerically, Homotopy perturbation
method (HPM) is used as in [22]. Parameters used in the simulation are summarised in tablel. This is to
illustrate some of the theoretical results arrived at in the paper. The HIV/AIDS transmission model system
Eqg.(2) was studied to investigate the impact of public health awareness campaign, vaccination, condom,
treatment and restriction of free movement especially among our young people using parameter values in tablel
and the following initial conditions;

S$(0) = 100,000, S,(0) = 30,00, S,.(0) = 20,00, S, (0) = 5,00, S,,.(0) = 2,500,1(0) = 800, I.(0) = 400

[ERIE
1% I0f S
Propordod
of
IRIE

1] o it} 40 an
Time | pedrr

Figure 4.1: Graph of the General Population with Time

This graph shows a very significant increase in the number of those presenting themselves to be vaccinated. The
second highest grown population being the vaccinated, condom usage and those restricted in their free
movement. The growths of these two populations show that the public health campaign is very effective. This is
true because the exposed population, the infected population and the susceptible population all finding it
difficult to rise. This is even the reason why the population on treatment is also low since there is low exposure
to the virus leading to low infection.
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Figure 4.2: Effect of Restriction of Free Movement in the Population on Exposed Class with Time
Figure 3.2 explains the fact that the rate of restriction of free movement in the population will definitely affect
the exposure rate of the population to HIV/AIDS. With all other parameters being the same with different values
(@ = 0.10,g = 0.25,q9 = 0.50) in the restriction of free movement, there is clear difference in the number of
those to be exposed. The higher the sensitization of the public on the need to possibly restrict movements of our
children, the better the control/fight against the dreaded HIV/AIDS.

e=0.41
—=0.10
+ o= oe=020

0 ' 10 ' 20 ' 30 ' 40 ' 50
Time | woary
Figure 4.3: Effect of Efficiency of Vaccine, Condom and Restriction of Free Movement on the Exposed
Population with Time

The figure 3.3 shows variation of the exposed population at different values of efficiency of the vaccines,
condom and restriction of free movement e = 0.40,e = 0.20 and e = 0.10. It is seen that as efficiency rates
decreases, the rate at which the population will becomes exposed to the virus increases with time. This means
that if vaccines, condom and restriction of free movement are very efficient with high potency, the less the
exposure rate of the population.
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Figure 4.4: Graph of Different Values of Restriction of Free Movement on the Exposed Population with Time
This graph indicates that the more the discipline of restriction of free movement is accepted in the population,
the less the population will be exposed to the virus. This is practically demonstrated in the graph where the rate
of restriction of free movement is varied with corresponding variation in the exposure rates to HIV/AIDS. The
restriction of free movement values used in the graph is ¥ = 0.40, ¥ = 0.20 and ¥ = 0.10 while every other
parameter value remains the same.
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Figure 4.5: graph of comparison of the VC(t), VCR(t) and V(t) populations with time
Figure 4.5 shows that more the public will accept to be vaccinated than being vaccinated and also using condom
due to the stigma attached to condom and its usage. The VCR (t) class grows least here since a good number of
those who are vaccinated will claim that they do not need to be restricted in their movement any longer.
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Figure 4.6: Variation of Efficiency of Condom, Vaccines and Restriction of Free Movement on Infected
Population with Time
The figure 4.7 shows that, with high efficiency level of vaccines, condom and restriction of free movement with
high potency, the better the fight against HIVV/AIDS. The efficiency values used in the graph are e = 0.45, e =
0.25 and e = 0.10 . Low efficiency leads to high infection and vice versa.

12000
0 ]
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Time | redrer |
Figure 4.7: Variation of Campaign on Infected Population on Treatment with Time
With different campaign values for the need for therapy shows the difference in the number of truckers and sex
workers that will accept the therapy. With the campaign values as € = 0.40,C = 0.30 and C = 0.10, the curves
for treatment behave positive towards treatment. This means that with high level of sensitization, more infected

people will go for therapy.

4. Conclusion

The results from the study indicate that, the most effective way to control the virus/disease, HIVV/AIDS within
the population is through the use very effective public health awareness campaign such as; organized training
most especially at transit towns, radio, flyers, televisions, churches, mosques, schools, town criers and all
official and unofficial gatherings on the need for the public to abide in the culture of always using condom
whenever engaging in sexual act, go for screening to ascertain their true status and for daily pills where
necessary, avail themselves for vaccination when ever its available. Guardians and or parents should resist their
children from free movement most especially at odd hours/joints. The public should be educated on the
consequences of contracting/transmitting the virus. Government, NGOs, groups, health workers and individuals
should make screening centers, ART and even HIV/AIDS preventative vaccines available/accessible/affordable
P

(a;
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for the general public. If there is positive attitudinal change in respect to these strategies, then HIVV/AIDS will be
a thing of the past in no distant time.
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