UNDER PEER REVI EW

Original Research Article

Modelling the Novel Coronavirus (COVID-19)

Transmission Dynamics with Qualitative
Analysis: A Case Study of Nigeria.

Abstract

The novel coronavirus pandemic continues despite series of control
measures implemented to contain the disease. It is, therefore, perti-
nent to study how the various proposed control measures can be effec-
tively synergized in order to stem the alarming spread of the disease
and its attendant consequences. Here, a deterministic model for the
transmission dynamics of the disease, which incorporates the impacts
of the various implemented control measures, is presented. Based on
the proposed model, the disease’s basic reproduction number (Ry) was
derived and the equilibrium solutions were determined. It was shown
that whenever Ry < 1, the model has only the disease-free equilibrium
which is globally stable while in circumstances where Ry > 1, there
exists an endemic equilibrium which is globally asymptotically stable.
When this latter equilibrium state exists, the former becomes unsta-
ble. In addition, the model parameters were estimated using Nigeria’s
demographic and COVID-19 surveillance data. The model is solved
numerically and simulated for different scenarios of the disease out-
break. The results show that strict adherence to social distancing and
other preventive protocols is the key to containing the disease. More-
over, when these protocols are combined with effective contact tracing
cum timely detection of newly infected individuals, it could help drive
the disease incidence and prevalence towards extinction within a rel-
atively short time.
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1 Introduction

The coronavirus disease (COVID-19) is an infectious disease caused by the re-
cently discovered coronavirus which belongs to a family of viruses that cause
illnesses in humans and animals. More importantly, these viruses are common
causes of respiratory infections [16]. Moreover, the latest coronavirus disease
(COVID-19) outbreak was first reported in Wuhan City, Hubei Province,
China on the 31st December, 2019. The disease has infected over fourteen
million people around the world and it has resulted in over half a million
deaths as at 20th July, 2020 [16]. The disease pathogens primarily target the
human respiratory system with symptoms including fever, cough, shortness
of breath, loss of taste and sense of smell. These symptoms are similar to
that of flu (influenza) or the common cold. The virus is transmitted through
direct contact with respiratory droplets of an infected person usually gen-
erated through talking, coughing, and sneezing. Also, it is transmitted by
touching surfaces contaminated with the virus and using the same hand to
touch one’s nose, mouth, or face. In addition, recent evidences portray that
the disease could be contacted by inhaling air contaminated with the virus.
Furthermore, it was observed that the COVID-19 virus can survive on open
surfaces for several hours, though simple disinfectants can be used to get rid
of it.

Currently, there are series of researches on COVID-19 concerning how
it spreads and effective measures to contain it. For instance, Li et al.[10]
described the disease as a pandemic that did not have a curative vaccine
yet. However, findings from their study suggest that precautionary mea-
sures like quarantine and observatory procedures be adopted to forestall the
disease spread. Although, countries around the world have put in place a
range of public health and social measures to suppress or stop community
transmission of the disease. Nevertheless, the World Health Organisation
(WHO) published a document to provide an overview of public health and
social measures that could be adopted to curtail the spread of the disease
while it also proposes strategies to limit any possible harm resulting from the
recommended interventions [16].

In a recent study, Adegboye et al.[1] estimated the early transmissibility
of COVID-19 via time-varying reproduction number based on the Bayesian
method that incorporates uncertainty in the distribution of serial interval
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and adjusted for disease importation. The reproduction number for each day
of the outbreak was estimated using a three-weekly period while adjusting
for imported cases. It was noted that COVID-19 cases in Nigeria have been
remarkably lower than expected. Also, Okhuese[13] showed that there is
a chance of decline in the number of secondary infections when the ratio
between the incidence rate in the population and the total number of infected
population quarantined with observatory procedure decreases over time. In
another study, Kucharski et al.[8] assumed that the latent period of COVID-
19 is equal to the incubation period and that all infected individuals will
eventually become symptomatic. They found that the decline in the number
of recovered humans is independent of whether the transmission occurs in
first or second half of the disease incubation period.

Al-Hussein et al.[3] considered a generalized SEIR model to simulate the

spread of COVID-19 and forecast the future behavior of the outbreak. The
seven compartmental dynamical model describes the state of the epidemic in
Iraq. The best fitting for the real cumulative quarantined cases, recovered
cases and death cases were obtained with the model parameters estimated
using particle swarm optimization (PSO) algorithm. The country’s trend of
the ongoing disease and the disease epidemic inflection point were determined
while the basic reproduction number, the expected cumulative number of the
quarantined, exposed and infectious cases were obtained.
Zhao et al.[18] observed that early outbreak data obtained from Wuhan,
China largely followed the exponential growth. They estimated that the
mean Ry for the disease ranges from 2.24 to 3.58, though they found that
changes in reporting rate substantially affected estimates of Ry. Similarly,
in a review recently conducted by Liu et al.[11], it was found that the esti-
mated mean of Ry for COVID-19 is around 3.28, with a median of 2.79 and
interquartile range (IQR) of 1.16. However, they stated that their estimate
of Ry is much higher than the WHO estimate of 1.95. They mentioned that
the disparity in their estimated value of Ry as compared to that of the WHO
could be due to the estimation method used as well as the validity of the
underlying assumptions.

In another related study, Cakir and Savas[5] asserted that the course of
the pandemic might show a very fast change in the negative direction based
on the results of their mathematical model, if recommended precautions were
not thoroughly adhered to or the suggested measures were not effectively
implemented. Therefore, they opined that imbibing individual precautionary
and social measures would play a vital role in determining the course of
the pandemic. Thus, personal hygiene, social isolation, strengthening the
immune system by natural and healthy nutrition, socially support, mass
testing and taking care of the aged ones were recommended as measures to
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check the spread of the disease.

In general, a number of preventive and control measures have been pro-
posed to contain and, possibly, stop the spread of COVID-19. Mathematical
modelling and predictions vis-a-vis their significance to epidemic prevention
and control measures have been carried out by some researchers (See[7], [10]).
Bulchandani et al.[4] suggested that when the disease characteristics were fa-
vorable and smartphone usage high enough, smart phones could be deployed
for the contact tracing phase. They found that as the usage decreases, there
could be a novel contact tracing phase transition to an epidemic phase. Also,
Rothana and Byrareddy|[14] proposed a simple branching-process model for
COVID-19 which showed that disease immunity was possible regardless of
the proportion of non-symptomatic transmission. They opined that person-
to-person spread of COVID-19 infections led to the isolation of patients that
were subsequently administered a variety of treatments. As such, they sug-
gested that special attention and efforts to protect or reduce transmission
should be applied in susceptible populations including children, health care
providers, and elderly people.

The foregoing notwithstanding, the coronavirus epidemic trend in Nigeria
is not remarkably different from that in most other countries. As at the 20th
of July 2020, there have been over thirty-six thousand confirmed cases of the
disease which have resulted in over seven hundred and eighty deaths while the
disease spread is still on the increase ([12]). There is obviously the need for
more intensive research on coronavirus in order to identify effective ways to
contain its spread while the world awaits the development of potent vaccines
against the virus.

This paper considers a deterministic model for the transmission dynamics
of coronavirus disease with the impacts of implemented control measures.
It is structured as follows: In section two, we present the proposed model
and demonstrate that it is well posed. In section three, we carry out the
qualitative analysis of the model. In section four, we numerically solve the
model and simulate results for different scenarios of the disease outbreak
while we also discuss findings from the simulations.

2 Proposed Mathematical Model

We propose a deterministic dynamic model for the spread of COVID-19. The
model divides the population under consideration into five mutually exclu-
sive compartments, namely Susceptible S(t), Exposed FE(t), Infected I(t) ,
Hospitalized H(t), and Recovered R(t) compartments. The susceptible com-
partment is comprised of individuals who can be infected with the disease if
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sufficiently exposed to the infection without taking adequate protective mea-
sures; the exposed compartment is made up of individuals who have been
infected with the disease, though they do not exhibit the symptoms of the
infection but can transmit the disease to others; the infected compartment
is made up of individuals who have been infected and show symptoms of the
infection; the hospitalized compartment comprises of individuals who have
been confirmed to be infected by the disease based on standard test and
are admitted in designated isolation centres under the care of trained medi-
cal personnel; the recovered compartment has individuals who have recovered
from the infection and now possess temporary immunity against re-infection.

Thus, the proposed model for the transmission dynamics of corona-virus
infection is as given below:

ds

dE

P (1 —u)(B1E + BoH + B31)S — upE — pE — puFE,

dl

= PE—usl =yl = (u+ &), (2.1)
dH

T U5 + uzl —ugH — (pu+61)H,

% = v +uH—-wR—puR

It is salient to note that the total population N(t) satisfies the equation

AN
CY N N — 6 H — 6,1
dt a ! 2

Moreover, the parameters of the model are defined in Table 2.1 below.
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‘ Parameter ‘ Description ‘ Value
A recruitment rate into S class 0.0107 [15]
o natural death rate 0.00005 [16]
01 COVID-19 induced -death rate for quarantined individuals 0.07 [12]
02 COVID-19 induced -death rate for infected individuals not quaurantined 0.14 [12]
51 transmission rate of the disease for contacts with individuals in E class. 0.0098 [12]
Ba transmission rate of the disease for contacts with individuals in @) class. 0.0196 [12]
Bs transmission rate of the disease for contacts with individuals in I class. 0.0294 [12]
p progression rate from E class into I class. 0.155 [16]
v recovery rate of individuals in the I class. 0.2 [12],[16]
w temporary immunity waning rate for individuals in the R class. 0.05, Estimate
Uy rate of effectiveness of the implemented control measures [0, 0.9], Estimate
Ug success rate of the contact tracing and testing on individuals in the E class | [0, 0.9], Estimate
Uus successful detection rate of symptomatic infected individuals [0, 0.9], Estimate
Uy medical care success rate for hospitalized individuals [0, 0.9], Estimate

Table 2.1: Description of parameters used in the model.

Note that tlim N(t) < % However, under the dynamics described by (2.1),
—00
the region €2 defined by

A
Qz&&ELHJQGMjS+E+I+H+R§;}

is positively invariant.

It is important to note that 6, < dq9; [1 < P < O3 us < uz; v < uy
for obvious epidemiological reasons while 0 < u; < 1 for ¢ = 1, ..,4, since no
control measure or treatment can record 100% success rate.

Lemma 1 The region Ri is positively-invariant for the model (2.1), i.e.,
the model predicts non-negative values for the state variables at any time.

Proof 1 Lett; = sup{t >0[S >0, E>0, [ >0, H>0, R>0, €[0,¢]}.
Based on equation (2.1), we have

as
dt

— =N+ wR— (A(t) + n)S,

where  A(t) = (1 —wy) (51 E + ol + B3H).

This is same as

s
aﬂ%Mﬂ+m52A+wR

and this implies that

i (su) exp (ut -/ twm)) — (A+wR)exp (ut v t A(T)dT) |

6
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Thus,

S(t)) exp (utl + /O ) A(T)dT) _5(0) = /0 " (AtwR(W)) exp (w + /0 ’ A(e)de) )
Hence,

S(t) = SO exp (~ (pm+ i Arr)

+exp (— (,ut1 + fotl )\(T)dT)) X JI(A + wR(1))) exp (,u@/) - fow A(e)de) dvp
> 0
(2.2)
Similarly, we can show that E(t) > 0, I(t) > 0, H(t) > 0, and R(t) > 0.
This completes the proof.

The above lemma is salient to show that the model variables are contin-
uously biologically meaningful, since population size can not be negative.

Lemma 2 The region §2 is an attractor and it attracts all solutions starting
in the interior of the positive orthant R?..

Proof 2 We use the non-negativity of the model state variables established
in the preceding lemma and

dN
— =A—uN —6,H — 021
dt % 1 24,
for initial conditions in R’ and t > 0, to obtain % < A — uN. This implies
that
dN A A
E(Ne“t) < Ae** = N(t)e" — N(0) < ;(e“t -1)< ;e“t.
So for allt > 0,
A
N(t) < N0)e ™™ + —. (2.3)

14
If (S*, E*, I*, H*, R*) is an Q limit point of an orbit in R’., then there is
a subsequence t; — oo such that

lim (S(t,), E(t;), I(t:), H(t;), R(t;)) = (S*, B*, I*, H*, R*).

1—»00
Hence,
ImN(t;))=N"=S*"+E*"+I"+ H + R".
11— 00
So, evaluating equation (2.3) at t = t; and substituting into the limit as

i — 00; we have that N* < % while (S*, E*, I*, H*, R*) € Q.

7



UNDER PEER REVI EW

Therefore, for any initial starting point (Sy, Eo, Iy, Ho, Ro) € R%, the
trajectory of solutions lies in 2. Hence, the system is both mathematically
and epidemiologically well-posed.

3 Qualitative Analysis

3.1 Steady States

The steady states of the model are obtained by setting each of the left-
hand side expressions of the system of differential equations (2.1) to zero and
solving the resulting system of equations simultaneously to such that we have
the following.

e the disease-free equilibrium solution:
* A * * * *
€ = (S =— FE=0,I"=0,H=0,R :0>;
i

e the endemic equilibrium solution:

(%

52:<s - Y B = 5 (Ro—1),I" = PY (R —1),

 Bryz + Bapus + Parusy + Bapz ~ Duy
(3.1)

H* — U(pU3 + u2y) (RO o 1)7 R* — PuU3U4 + pY< + U2U4Yy (RO I 1)
Dxyz Dzxyz

(3.2)

where v = p4+w; x =p+p+ug y=p+v+0d+us; 2= p+ 01 + ug;

D = (Bryz + Bapus + Bousy + Bapz) (vryz — w(pusus + pyz + ustay)) ;

and AlL
Ry — (1 —u) (& n Ba(pus + yus) " @) ‘
v x Yz xy

3.2 Basic Reproduction Number

The basic reproduction number (Rg) is the average number of secondary
infections arising from an infectious individual when introduced into a popu-
lation where all are susceptible to the infection. In order to derive the basic
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reproduction number for our model with respect to the disease, we adopt the
Next Generation Matrix approach [6].

So, let X be the infected classes of the model system of differential equa-
tions (2.1), that is, X = (E(t), I(t), H(t)). The basic reproduction number is
usually the spectral radius of the next generation matrix £V ! of the model
system as obtained below.

dE(t)

fimo=| "a Viell,3) (3.3)

where f; is the rate of appearance of new infections in compartment ¢ and
v; is the rate of transfer of individuals into compartment ¢. This implies that

(1 —uwi)(B1E + BoH + B51)S

fi= 0 (3.4)
0
and
us b + pE + puk
v; = —pE +usl + 41+ (u+6)I . (3.5)

—UQE — U3] + U4H + (M + (51)H
The Jacobian of f at the DFE is defined as

ofi(t) 0fi(t) Ofi(t)
OE() 0I(t) OH()
| 9h(1) 9f(t) Ofa(t)
F=\%e0 o100 oH@) (3:6)
Ofs(t) 0fs(t) Ofs(t)
OB() OI(t) OH()
So,
(1 —ul)ﬁlS (1 —Ul) 535 (1 —ul)ﬁgS
F= 0 0 0 . (3.7)

0 0 0
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Similarly, the Jacobian of v at DFE denoted by V' is defined as:

Qui(t) dui(t) dui(t)
OE(t) OI(t) OH(t) P 0 .
| Owa(t)  Oua(t) Ouwa(t) | B
"=l oEw ery eH |~ p ytustpto 0
dus(t) Ous(t) Ous(t) — Uy s s+ p1+ 6
OB(t) 0I(t) OH(t)
(3.8)
This implies that
(u+p+uy)™ 0 0
V= (u+p+m)(wp+u3+u+51) (7 +usz + @+ 51)_1 0

p#u2+pus+y uz+uguz+usdy ug -1
(utptuz)(Y+us+u+o1) (uatp+o1)  (y+uz+u+or)(ua+utor) (ug + po+ 61)

(3.9)
Hence, the basic reproduction number (Ry) is obtained as the dominant
eigenvalue in the next generation matrix G = FV 1. Therefore, Ry is as

stated
R, = A= wm) (ﬁ | Bolpus +yua) @)

1 x ryz xy
while z,y, and z are as defined in the preceding subsection.

3.3 Stability Analysis

Theorem 1 The model (2.1) has the disease free equilibrium (e1) as its only
equilibrium solution whenever Ro < 1 and it 1s globally asymptotically stable

(GAS).
Proof 3 Suppose Rg < 1, then the model has only the disease-free equilib-

rium (1) as its only equilibrium. So, we only need to show that (1) is GAS.
Let us consider a Lyapunov function V of the form below:

V(S,E,I,H,R) = C,E + CoI + CsH. (3.10)

10
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On the differentiation of V with respect to t in (3.10), we have :

% - ClE/+CQI,+CgH/
= Ci((1 —w)(B1E+ BoH + B31)S — ugE — pE — puE)
+ Co(pE — usl —~vI — (pu+ 92)1)
+ C3(U2E + U3] - U4H - (,u + (51)H),
< G _Ul)(ﬁlE—i‘ﬁzH-i-ﬁsf)(%) —ugE — pE — pk)

+ Co(pE — uzl — I — (p+ 62)1)
+ Cs(us B+ ugl —usH — (u+ 61)H); Taking S = S* = %,

< (Cl(l — ul)(%)ﬂl + CQP + CgUg — Cl<,u + 1% + UQ)) FE
+(C1(1 - Ul)(%)ﬁz — Cs(p +uyg + 51)) H
+ (Cr(1 = w)(B)Bs + Caus = Calp+ 7 + s + 62) ) I,

_ _ A(—u1)(B3(ua+061+p)+P2us)
< (Ro—1)E, where Ci =1, Cy = u(qulU4f51)4(M+1’7+ﬁ;3+522)3 ’
and Cy = S0=w)be.

p(ptug+o1)

(3.11)

In view of the foregoing, it is imperative to note that V' = 0 only when

E = 0. Moreover, the substitution of E =0, I =0, H=0, and R =0 into

the model system of equations indicates that S — % as t — oo. Hence, the

mazimum invariant set in {(S, E, I, H, R) € Q|V' < 0} is a sinleton set

{e1}. Based on LaSalle’s invariance principle [9], €1 is globally asymptotically
stable whenever Ry < 1.

It is worthy of note that when Ry = 1, the model will still have only the
disease-free equilibrium, though it will loose its asymptotic stability and be
neutrally stable.

Theorem 2 If Ry > 1, then the model (2.1) has an endemic equilibrium eo
(in addition to the disease free equilibrium) and it is globally asymptotically
stable.

Proof 4 Suppose Ry > 1, then there exists the Endemic equilibrium e,
which is different from the disease-free equilibrium. Then, there is the need
to show that it is GAS. In order to establish global stability of 5 , we shall
consider a Lyapunov function V(S, E, I, H, R) of the form below:

V=-((S=S")P+(E-E")?+ (I -1+ (H—-H")?+ (R— R")?).

(3.12)

| —

11
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It worth mentioning that at the endemic equilibrium point, the following set
of equations hold:

A+ wR™ = (1 —w)(BiE™ + BoH™ + B3I**)S™ + uS*™,
(1 = w)(BLE™ + BoH™ + B3I™*)S*™ = (ug + p+ p)E™,
pE* = (uz+yl + p+ 02) I,
U B+ us ™ = (ug + p+ 61)H™,
VI fugH™ = (4 w)R™.

(3.13)
So, taking the derivative of V with respect to t gives

% = (S —8")S' + (B — E*)E' + (I — I")I' + (H — H*)H' + (R— R™)R..
(3.14)
Substituting (2.1)) into (3.14) as appropriate, we get
ay "
il (S —=S*) A+ wR— (1 —uy)(B1E + BoH + 531)S — pS)

(B = E7) (1 —w)(Bi £+ BoH + B31)S — ugl — pE — pE)
(L = I")(pE — (us + v + (n+ 02)1)
(H — H*)(ugE + ugl — (uqg + p+ 61)H)
(R— R*)(yI + usH —wR — uR).
(3.15)
In addition, using the endemic equilibrium relations in (3.13) as appro-
priate in (3.15) yields

D < (= (L~ w) BB+ BHT A+ BI)S + uS”

—(I = uy) (B B+ BoH + p31)S — MS)

+ (B = E™)((u2 + p+ p) E* — (ug + p+ p) E) (3.16)
+ (L= I")((us + v + p+ 02) 1™ = (ug + v + pp+ 62) 1)

+ (H = H™)((ug + p+ 00) H™ — (ug + p+ 01) H)

+ (R—=R™)((w+p)R* — (w+p)R).

On simplifying (3.16), we obtain

12
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O < (0 w) (BB~ B)+ B(H — H) 4 51— D) ) (S — 57
— (ug +p+ p)(E — E7)? — (ug + v+ p+ 62) (I — I**)?
— (us+ p+01)(H — H*)? = (w + p) (R — R™)?,
< 0, if Ro > 1, while g9 exists and
E*>FE I"™>1, H* > H, R*™ > R.
(3.17)
We can infer from the preceding equations (3.16) that V' = 0 only at
9. Hence, every solution to the model system of equations (2.1) with initial
conditions in ) tends to €9 ast — oo if Ry > 1 . Therefore, the endemic
equilibrium 4 1s globally asymptotically stable if Ry > 1 going by the LaSalle’s
invariance principle [9].

4 Numerical Results and Discussion

4.1 Estimation of Parameters

The average new recruitment per unit time (A) into the susceptible popu-
lation was estimated using the annual increase in Nigeria’s population from
year 2000-2015. Nigeria’s average annual population increase is estimated
to be 3.922 million per year [15]. Thus, the daily new recruitment will be
A= % = 0.0107.

In order to estimate the daily death rate of Nigerians, we used the average
life expectancy of Nigerians which is estimated as %(53 + 56) = 54.5 years
and the concept that an individual losses the reciprocal of its life expectancy
every day. This implies that 1 = g=—=——= = 0.00005 [17].

Using the half-life concept, we estimate the disease progression rate (p)
into the symptomatic infected compartment based on the fact that about
a fifth of asymptomatic infected individuals become symptomatic infected
while it takes a maximum of 14 days for this transition to take place. So,
p= —ﬁln(O.Z) = 0.155 [16].

We estimated the natural recovery rate () based on the fact that about
80% of infected individuals recover without treatment while an average of
about a quarter infected individuals recover on daily basis [16, 12]. Thus,
v=0.8 x0.25 =0.2.

The disease-induced death rate (;) is estimated from the Nigeria COVID-
19 epidemiological data of 79 consecutive days [16]. So, we estimate it as

0 = % X ln% = 0.07. In addition, we assumed that those COVID-19

13
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infected individuals who were not hospitalized are twice likely to die due to
the infection. Hence, d, = 2 x 0.07 = 0.14.

Similarly, the disease transmission rate due to the exposed individuals
(B1) is estimated using the Nigeria COVID-19 prevalence epidemiological
data of 79 consecutive days [16]. So, we estimated 63, = % X ln% =
0.0588. Thus, 5; = 0.0098. Also, we assume that the hospitalized infected
individuals are twice likely to transmit the disease when compared to asymp-
tomatic infected individuals while the undetected symptomatically infected
individuals are three times likely to transmit the disease when compared to
asymptomatic infected individuals. Hence, we estimate 5, = 2 x 5; = 0.0196
and 3 = 3 x 1 = 0.0294.

The disease waning rate w is taken conservatively to be 0.005, since the
outbreak is unprecedented in human history. It is worth mentioning that
this term is incorporated based on recent reports of cases of re-infection by
the disease after recovery in some countries. We assumed that it will take

about six months before an earlier infected person could be re-infected.

4.2 Initial Condition of the Model

The proposed model was solved numerically using the Runge-Kunta fourth
order scheme executed with MATLAB codes. We adopted the Nigerian coro-
navirus surveillance data for the 17th May, 2020. We assumed the total
number of people tested for the virus as at the date as initial cohort for the
disease spread through which the entire country might eventually become
susceptible. So, we take the initial conditions for each of the compartments
as S(0) = 28193, £(0) = 1394, 1(0) = 4183, H(0) = 4183, R(0) = 1594 with
model parameter values as estimated in the preceding section while we sim-
ulate different scenarios of the disease outbreak.

4.3 Results and Discussion

The numerical solution of the model (2.1) is obtained by using MATLAB
with initial conditions and parameter values as stated earlier.

14
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Figure 4.1: Population of each Model Compartment against Time with and
without Control

Figure 4.1(a) shows that the introduction of the control measures, u;, ug, us
and uy, leads to an increase in the number of individuals that are susceptible
to the disease. This is expected because the implementation of these ef-
fective control measures reduces the number of susceptibles getting infected
with disease while equally increasing the number of individuals recovering

15
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from the disease. Thus, resulting in a significant increase in the number of
individuals in the susceptible class as against the case when there is no con-
trol measure in place. As for this latter scenario, more of the susceptibles get
infected while less of those who get infected recover due to higher mortality
in such instances. So, less recovered individuals eventually become suscep-
tible again after loosing their temporary immunity. Hence, the susceptible
population in this latter case will be less when compared to a scenario with
control measures in place.

In Figure 4.1(b), the uncontrolled scenario shows a steady increase in
the number of humans that are exposed to COVID-19. However, the curve
starts falling after attaining a peak, possibly due to natural progression of
individuals in this class into the symptomatic stage of the infection. Thus, a
steady decrease is observed as the number of individuals in the class dwindle.
On the other hand, the controlled scenario shows that the exposed class
population experience a very sharp fall (without any rise) with time as it
rapidly approaches zero within a very short period of time. This portrays
that this fall could not have been due to disease progression alone, but also as
a result of the complemented impacts of the implemented control measures.

The uncontrolled scenario in Figure 4.1(c) shows an initial decrease and
then a sudden rise in the population of symptomatic infected individuals with
COVID-19 disease; thereafter there is a steady decrease in the class popula-
tion over time. The initial decrease could be due to high mortality among
the earlier infected individuals, while the sudden rise is possibly because the
disease has spread rapidly before people get to know how best to protect
themselves against it. On the contrary, the symptomatic infected class pop-
ulation continues to fall over time under the control scenario which could be
due to impacts of the series of implemented control and preventive measures
like ban on public gatherings, ban on interstate travels, minimization of work
period, temporary closure of educational institutions, adherence to personal
hygiene (hand washing and sanitizing), complying with social distancing,
etc. Obviously, with all these measures, the number of new cases of the dis-
ease would reduce continuously over time while the number of symptomatic
infected individuals would continue to fall too.

Figure 4.1(d) shows a steady decrease in the number of humans that
are hospitalized due to COVID-19 infection in various designated isolation
centres. As depicted in the plots, the scenario with control shows the hos-
pitalized class population rapidly approaching zero within a relatively short
time while in the uncontrolled scenarios, it approaches zero at a slower rate,
taking much longer time.

Figure 4.1(e) shows that the recovered class population peak attained
under the uncontrolled scenario is higher than that of the controlled scenario
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while the rate at which the population falls afterward is much rapid in the
latter than in the former. This could be due to the fact that lesser people
get infected in the presence of disease control measures. So, only the few
infected would need to recover while their recovery will be hastened since
they would be under the care of medical experts.
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0 50 100 150 200 250 300
t (days)

u4=0, ul=u2=u3=0
u4=0.1, ul=u2=u3=0

0
u4=1.0, ul=u2=u3=0

R(t) (thousnads)
@

0 50 100 150 200 250 300
t (days)

(c) Effects of Varying Control Mea-
sure uq on the Recovered Population

Figure 4.2: Effects of Varying Control Measures us, usz and uy on the Infected,
Hospitalized and Recovered Population

Figure 4.2(a) shows that an increase in the success rate of contact tracing
and testing of individuals in the exposed class (uz) from 0 — 1 leads to a
decrease in the number of individuals that are symptomatic infected with
the disease. Moreover, the implication of this result is that if strategies
can be put in place to effectively trace contacts of asymptomatic infected
individuals for timely detection and isolation of the infected ones, there would
be a remarkable reduction in the new cases of the disease. This is particularly
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important because there are apprehensions that this class of individuals is
possibly the group fueling the spread of the disease. Hence, control strategies
that address effective contact tracing and timely detection of asymptomatic
infected individuals would help to flatten the disease curve within a short
period of time and bring it under control.

Figure 4.2(b) shows that an increase in the successful detection rate of
symptomatic infected individuals (u3) from 0 — 1 leads to an increase in the
number of humans that are hospitalized due to COVID-19. This increase is
rapid at the initial stage uz = 0 — 0.5. Thereafter, a steady increase is ob-
served from uz = 0.5 — 1. The number of hospitalized individuals eventually
approaches zero after about 200 days. In this case, majority of the hospital-
ized infected patients would have recovered while a few may eventually die
in the process, thus justifying the population tending to zero afterwards.

Figure 4.2(c) shows that an increase in the success rate of medical care
for hospitalized individuals (u4) from 0—1 leads to an increase in the number
of people that recover from COVID-19. This increase is rapid at the initial
stage uy = 0 — 0.1. This shows the advantage of being placed in isolation
under the watch of medical experts. Thereafter, a steady increase is observed
from uy = 0.1 — 1. The recovered class population eventually starts to fall
approaching zero after about 200 days which could be attributed to the
waning of temporary immunity enjoyed by individuals in the recovery class
after about six months.
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Figure 4.3: Effectiveness of different combinations of control measures on
disease prevalence and new cases

Figure 4.3(a) shows the effects of varying combinations of the effective-
ness of the different control measures (u; —uy). The results indicate that the
preventive control measure, uq, is the most effective control measure (among
the existing ones) in curtailing the spread of the disease. Hence, decision
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makers and government agencies should give priority to COVID-19 disease
control and preventive protocols implementation in their strive to contain the
pandemic. Moreover, highly effective implementation of the preventive pro-
tocols, when combined with minimal level of effectiveness of other measures,
would help drive the disease prevalence towards extinction faster as compared
to when any other control measure is given preference in the combination.

Figure 4.3(b) indicates that highly effective preventive control measures,
when combined with some other measures with low level effectiveness, would
be most effective in rapidly reducing the new cases of the disease. Thus,
emphasis should be on ensuring that people comply with safety and preven-
tive protocols, particularly in public places while the other control measures,
hitherto implemented, should equally be sustained.

5 Concluding Remarks

In this paper, a deterministic model for the transmission dynamics of the the
novel coronavirus disease outbreak was presented. The model was shown to
be mathematically and epidemiologically well-posed. The equilibrium solu-
tions were obtained and the basic reproduction number of the disease was de-
rived. The model parameter values were estimated from the Nigeria’s demo-
graphic and coronavirus surveillance data. The model was solved numerically
based on the Runge-Kunta order four scheme using MATLAB codes. The
numerical simulations of the results from the proposed model show that the
implementation of effective preventive and control measures complemented
with timely detection of infected individuals (both asymptomatic and symp-
tomatic cases) through contact tracing and medical testing would help the
country to quickly flatten the disease incidence and prevalence curve. This
will bring the epidemic under control within a relatively short period of time.
In addition, disease testing facilities should be scaled up as currently being
done and they need to remain functional while every individual exposed to
the infection should be promptly tested. Moreover, the detected infected in-
dividuals must be adequately managed (medically and materially) to ensure
that each of them do not infect any additional person before recovering from
the infection. These measures may be cost-intensive at the outset but it will
be very economical and worthwhile in the long run.

It is therefore recommended that WHO, NCDC, government agencies,
medical personnel, community and religious leaders as well as individuals
should all play their parts in the fight against COVID-19. That way, the
battle can be won completely within the shortest possible time.
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