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Abstract. The novel coronavirus (COVID-19) pandemic was originated from the Wuhan city of China at the end

of December, 2019. The virus has spread to 216 countries and territories around the globe. The outbreak of this

sever acute respiratory syndrome (Covid-19) killed 757,727 with, 21,092,096 cases as of August 14,2020. In

this paper, we propose an SPIuIcR deterministic mathematical model which contain protected class to incorporate

people who follow the guidelines of WHO to keep themselves and others from Covid-19 infection in Ethiopia.

Unconfirmed cases of new incidences were estimated, and sensitive parameters which exasperate the transmission

of the virus were identified. According to the sensitivity result, the transmission rate(β1), the rate of applying

protective measures(η), the rate of being reluctant (ω) and the rate of Covid-19 test (ψ) are found to be the most

sensitive parameters. For estimated and fitted values of parameters Re work out to be 1.5, which indicate the disease

will be epidemic in the population. We found that the current protective measures are not enough to reduce the

transmission of Covid-19 in Ethiopia. The numerical result of our model shows that new incidence of unconfirmed

cases are higher than confirmed cases, and this escalate the transmission of the virus in the community. Increasing

both the rate of transfer of individuals from susceptible class to protected class and the rate of Covid-19 test play a

significant role in capturing unconfirmed cases and reduce the secondary infection Re less than unity.
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1. INTRODUCTION

New corona virus(COVID-19) is an infectious disease caused by the novel coronavirus(2019-nCoV), which

resultes in severe acute respiratory syndrome [1]. The virus was emerged from Wuhan City of China at the end

of December 2019, and it has spred rapidly around the globe [2]. In January 30,2020, WHO has declared a

global health emergency, and later in March 11,2020 COVID-19 was labled as a global pandemic disease[3]. The

pandemic has spread throughout the world with less than three months and affected more than 193 countries and

territories [4]. Covid-19 becomes more sever in people with low immunity, old age, and medical problems like

cardiovascular disease, diabetes, chronic respiratory disease, and cancer [5].

People who are infected often have symptoms of illness after an incubation period of approximately 5.2 days.

The common symptoms of Covid-19 are fever, cough, cold, headache,breathing problem and fatigue [6]. The

period from the onset of COVID-19 symptoms to death ranges from 6 to 41 days , in average 14 days, but it

dependens on the age and status of the immune system [1]. There is a high probability of transmitting the virus

without any of the symptoms listed, this situation complicates the process of controling the spread of the virus.

The disease mainly spreads through close contact with infected person through respiratory droplets [7]. As the

virus is a novel one, there are still unclear matters about the spread and severe causes of illness [8].

While the scientific research is underway for effective vaccine, protective measures are recommended by WHO.

Governments and policy makers are taking and designing protective measures in all countries in which Covid-19

has appeared. Among these mandated travel restrictions, lockdowns, canceling or postpone many sports and events,

festivals, exhibitions and tournaments, massive closure of schools and universities [9, 10]. Medical professionals

are also recommending individuals to take protective measures,which includes frequent hand wash or sanitizing,

maintaining social distancing, wearing mask, avoid crowded places, staying home and cleaning exposed surfaces

with disinfectants [11].

On 14 February 2020 the first case of Covid-19 was reported from Africa, and it has taken one month to reach

Africa after it’s emergence in China [12]. The first confirmed case of Covid-19 was reported from Egypt and later

from other three African countries: South Africa, Morocco, and Algeria. Most of the identified imported cases

have arrived from Europe and the United States rather than China. After some time Covid-19 has spread to other

African Countries which have poor healthcare systems [13, 14]. As of Augest 14,2020 more than 874,036 cases of

COVID-19 have been confirmed and 18,498 deaths have been reported from different African countries [14]. Due

to this pandemic , many Africa nations are currently experiencing partial lockdown while, others are experiencing

a total lockdown [15]. Generally the COVID-19 has not only led to increased mortality, but has also affected over

all social, political and economic activities of Africa, specially in developing countries like Ethiopia [16].

In Ethiopia the first case of Covid-19 was reported in 13 March ,2020 and the victim was a Japanese citizen who

had arrived to Addis Ababa in 4, March from Burkina Faso. Two days later,three additional cases of the virus were

reported in relation to close contact with the Japanese’s man [17]. Following this, the goverment of Ethiopia tried
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to take different protective measures, but new cases of Covid-19 has started to increase from time to time [18]. As

of March 23,2020(after 33 days) there were 94 conformed case with 5 deaths. Two months later on May 23,2020

(after 70 days) the confirmed cases have increased to 494 with no addtional death [19]. Within 37 days interval

,the confirmed cases of COVID-19 has increased four times compared to the previous 33 days report. From May

18,2020 to May 23,2020 around 113 cases were reported .At the time of writing this manuscript, August 14,2020

the total confirmed cases and deaths have reached to 27,242 and 492 respectively [20].

People awareness on the transmission of the disease and on how to apply protective measures is very important,

as the virus have no any medication and vaccination yet. Currently, it is believed that preventive measures have no

any other substitution to fight the spread of the disease [21, 22]. Addressing the people with the right information

and assessing the status of the virus in relation to expected measures are very important. Lack of awareness comes

due to the absence, inaccessibility or inaccuracy of information. In addition to that cultural taboos, myths and fear,

interfere to take preventative measures or visiting medical institutions [22].

Even-though majority of the people of Ethiopia who are living in town seem to be aware of Covid-19, there are

still a significant number of people in different parts of the country who have wrong believe about the realness and

spread of the virus. While some people believe that the virus stay abroad, others believe taking alcoholic drinks,

eating garlic, lemon, and the likes, could cure or prevent the virus [23]. On the other hand, people who were very

dedicate to take all preventive measures during the first cases of Covid-19, become relectunt as the transmission

increases. This situation has continued still now, on the time of more than 100 confirmed cases are reported per

day[18].

Studying epidemics using Mathematical model is useful to control and understand the dynamics of any infec-

tious disease. It is also a significant and powerful tool that can be used in analyzing the spread and control of

infectious diseases, such as COVID-19 [24, 25]. There are a number of mathematical models which have been

developed recently to study the spread of Covid-19 [26, 27, 28, 29, 30], but the case of people attitude in using

protective measures and the severity of infection in unconfirmed cases has not been addressed to the level.

Therefore, the main goal of this paper is to formulate and analyze a mathematical model of COVID-19. By this,

we are able to assess the status and effect of people awareness to apply strict protective measures in combating

the transmission of the virus. The total population is classified in to five compartments including protected and

unprotected groups.

2. MATERIAL AND METHODS

2.1. Model Formulation.

In this section we formulate SPIuIcR (Susceptible→ Protected→unconfirmed-Infectious→ confirmed-Infectious

→ Recovered) model of Covid-19 for the case of Ethiopia. Susceptible class includes individuals who have no

enough awareness about the virus and those who are reluctant to follow protective measures. Susceptible have no
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disease, but they are likely to be infected in case of contact with unconfirmed-Infectious or confirmed-Infectious

individuals. The Protected class contains those individuals who strictly apply all protective measures according

to the the guidelines of WHO. Measures include regularly and thoroughly cleaning hands with an alcohol-based

hand rub or wash them with soap and water, maintain social distancing, avoid going to crowded places, avoid

touching eyes, nose and mouth, wearing mask and Keep up to date on the latest information from trusted sources.

Unconfirmed-Infectious class includes those who have already contracted the virus but they have not been con-

firmed through Covid-19 test. The confirmed-Infectious class contains those individuals who have been tested and

they are identified as positive for Covid-19 infection. Recovered class includes those who recovered from Covid-

19 through immunity. Infectious individuals recover from both unconfirmed-Infectious and confirmed-Infectious

classes through immunity.

Populations are recruited at a rate of φ with a proportion θ and (1−θ ) to the susceptible and Protective classes

respectively. The susceptible class is reduced by a rate of η to the Protective group and by the infections λ1 and λ2

from both unconfirmed and confirmed infectious groups. When any individual hesitate, forget or become reluctant

to take any of the protective measure, will be transferred or return back to the susceptible class at a rate of ω .

Unconfirmed-Infectious individuals recover at a rate of δ and confirmed-Infectious recover at a rate of ε . After

losing immunity (waning), the unconfirmed-Infectious join susceptible class, while the confirmed-Infectious join

the protected class. This is due to awareness in the process of recovery from confirmed cases.

• Our model is formulated based on the following further assumptions.

i The population is mixed homogeneously.

ii There is more movement in unconfirmed-Infectious class than confirmed-Infectious class due to quar-

antine. It is also assumed that more number of asymptomatic individuals are found in unconfirmed-

Infectious class.

iii Individuals who start showing Covid-19 symptoms may have high probability to be confirmed than those

individuals who are asymptomatic.

iv Susceptible individuals who contracted Covid-19 virus becomes infectious right away.

v Individuals in protected class are not infected by covid-19, since they follow all the rules and guidelines

strictly.

2.2. Model Compartment. Using the above assumptions, definition of variables and parameters, the model

flow diagram which depicts the dynamics of Covid-19 is shown in Fig.1.

2.3. Model Parameter and Description. The parameters of the model and their description is given in Table

1.

2.4. Model Equation. Based on the assumptions and interrelation between the variables and parameters in

Fig.1. Covid-19 transmission dynamics can be described by using system of ordinary differential equations of the
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FIGURE 1. Model Compartment

TABLE 1. Parameters of the model and their description

Parameter Description

φ Rate of new recruitment.

θ Proportion.

β1,β2 Force of infection due to Iu, and Ic respectively.

ω The rate of being reluctant or careless to use protective measures.

η The rate of awareness and strictly applying protective measures.

δ The rate of recovery from unconfirmed infection of Covid-19.

µ The natural death rate of human population.

ψ The rate of confirmed cases of Covid-19.

ε The rate of recovery from confirmed infection of Covid-19.

π Proportion.

τ Lose of immunity (Waning).

σ1 Disease induced death rate of unconfirmed cases.

σ2 Disease induced death rate of confirmed cases.

form,

dS
dt

= θφ +ωP+(1−π)τR− (η +µ +λ1 +λ2)S,

dP
dt

= (1−θ)φ +ηS+πτR− (µ +ω)P,

dIu

dt
= (λ1 +λ2)S− (µ +δ +ψ +σ1)Iu,

dIc

dt
= ψIu− (ε +σ2 +µ)Ic,

dR
dt

= δ Iu + εIc− (µ + τ)R.

(1)
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where λ1 = β1
Iu
N and λ2 = β2

Ic
N .

3. BASIC PROPERTIES OF THE MODEL

3.1. Invariant Region. We assume that all state variables and parameters of the model are non-negative for

∀t > 0, We analyze the model system in a suitable feasible region where all state variables are positive. This region

will be obtained under the following theorem;

Theorem:1 All forward solutions in R5
+ are feasible ∀t > 0 if they enter the invariant region Φ, We have

(2) Φ = {(S,P, Iu, Ic,R) ∈ R5
+ : S+P+ Iu + Ic +R 6 N}

3.2. Positivity of the solution. The model system (1) to be epidemiological meaningful and well posed, we

need to prove that all state variables are non-negative, ∀t > 0.

Theorem:2 Let the initial values of the system {S(0) > 0,P(0) > 0, Iu(0) > 0, Ic(0) > 0,R(0) > 0)} ∈ Φ, Then,

the solution set {S(t),P(t), Iu(t), Ic(t),R(t) of the model system (1) is positive, ∀t > 0.

4. MODEL ANALYSIS

In this section we investigate the existence and stability of equilibrium points and reproduction number.

4.1. Disease Free Equilibrium Point. In the absence of Covid-19 the compartments Iu and Ic become zero,

This leads R to becomes automatically zero. Then, the disease free equilibrium point is give by

(3) ε0 = (S,P, Iu, Ic,R) =
(

φ(θ µ +ω)

µ(µ +ω +η)
,

φ(µ(1−θ)+η)

µ(µ +ω +η)
,0,0,0

)

4.2. Reproduction Number. Definition 1. The effective reproduction number, Re, is defined as the measure

of average number of infections caused by a single infectious individual introduced in a community in which

intervention strategies (in our case is strict protective measures) are administered [31, 32].

We use next generation operator method proposed by [33]. Let fi(x) be the rate of appearance of new infection

in compartment i , v−i (x) be the rate of transfer of individuals out of compartment i and v+i (x) be the rate of

transfer of individuals into compartment i by all other means, and it is assumed that each function is continuously

differentiable at least twice in each variable. The disease transmission model of system (1) consists of non-negative

initial conditions together with the following system of equations:

(4) ẋ = Fi(x) = fi(x)− vi(x), i = 1,2.



ESTIMATING UNCONFIRMED CASES OF COVID-19 IN ETHIOPIA 2859

where vi = v−i − v+i , We consider expressions in which the infection is in progression. These are Iu and Ic, and

hence,

dIu

dt
= (λ1 +λ2)S− (µ +δ +ψ +σ1)Iu

dIc

dt
= ψIu− (ε +σ2 +µ)Ic

(5)

where f − v is given by

(6)
d
dt

Iu

Ic

= f − v =

β1
IuS
N +β2

IcS
N

0

−
 (µ +δ +ψ +σ1)Iu

(µ +σ2 + ε)Ic−ψIu


Here, f and v are the rates of new infections and transfer among compartments respectively. The corresponding

Jacobian matrices of the disease-free equilibrium of the above system(6) are as follows;

F =

β1
S
N β2

S
N

0 0

 , V =

(µ +δ +ψ +σ1) 0

−ψ (µ +σ2 + ε)


Then, the next generation matrix is given by,

FV− =

 K
µ+δ+ψ+σ1

(
β1 +

β2ψ

(σ2+µ+ε)

)
β2K

(µ+σ2+ε)

0 0


where K = S

N , and the largest eigenvalues of the matrix is given by:

ρ(FV−) = Re =
K

(µ +δ +ψ +σ1)

(
β1 +

β2ψ

(σ2 +µ + ε)

)
Hence, the effective reproduction number of system (1) is given by,

(7) Re =
(ω +µθ)(ψβ2 +β1(ε +µ +σ2))

(η +µ +ω)(δ +µ +ψ +σ1)(ε +µ +σ2)

4.3. Stability of the Equilibria.

4.3.1. Local Stability of the Disease Free Equilibrium Point (DFE). Theorem 1: If Re < 1 , then (a) the

disease-free equilibrium ε0 of system (1) is locally asymptotically stable; (b) the disease-free equilibrium ε0 of

system (1) is globally asymptotically stable in the region Φ.

Proof (a): The Jacobian Matrix of system 1 is given by

Jε0 =



−(µ +η) ω −β1K −β2K (1−π)τ

η −(µ +ω) 0 0 πτ

0 0 β1K− (µ +δ +ψ +σ1) β2K 0

0 0 ψ −(µ +σ2 + ε) 0

0 0 δ ε −(µ + τ)


When mi, i = 1,2, ...,5 represent the eigenvalues of the Jacobian matrix, they are given as,
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m1 =−K5,

m2 =−
1
2

K4−
1
2

K3 +
1
2

β1K +
1
2

√
(β1K−K3 +K4)2 +4ψβ2K,

m3 =−
1
2

K4−
1
2

K3 +
1
2

β1K− 1
2

√
(β1K−K3 +K4)2 +4ψβ2K,

m4 =−
1
2

K2−
1
2

K1 +
1
2

√
(K2−K1)2 +4ηω,

m5 =−
1
2

K2−
1
2

K1−
1
2

√
(K2−K1)2 +4ηω,

(8)

Where

K1 = µ +η , K2 = µ +ω, K3 = µ +δ +ψ +σ1, K4 = µ +σ2 + ε, K5 = µ + τ

For the system to be stable all eigenvalues must be negative. Since all parameters are positive, obviously m1 and m5

are negative. Showing the negativity of m3 and m4 is trivial, but for m2 to be negative the condition K3+K4 > β1K+√
(β1K−K3 +K4)2 +4ψβ2K must be satisfied. Through some computation we arrive at K

(
ψβ2+β1K4

K3K4

)
< 1, and

substituting the expressions for K3 and K4 we get

(9) Re =
K

(µ +δ +ψ +σ1)

(
β1 +

β2ψ

(σ2 +µ + ε)

)
< 1.

Therefore, for the DFE to be stable the condition Re < 1, must be satisfied.

4.3.2. Global Stability of the DFE. Proof (b): Using the method proposed by [34] system (1) can be written

as

(10)


dM
dt = F(M,N)

dN
dt = G(M,N), G(N,0) = 0

Where M ∈R3 denotes the number of uninfected individuals and N ∈R2 denotes the number of infected individuals

including latent, infectious, etc. T0 = (M0,0) as a disease free equilibrium of this system.

The conditions (H1) and (H2) must be met to guarantee the global asymptotic stability of the disease free state.

H1 : dM
dt = F(M0,0),M0 is globally asymptotically stable(g.a.s).

H2 : G(M,N) = AN− Ĝ(M,N), where Ĝ(M,N)> 0 for (M,N) ∈Ω

and A = DNG(M0,0) is an Metzler matrix and Ω is the region where the model makes biological sense.

From our model we have

F(M,N) =


θφ +ωP+(1−π)τR− (λ1 +λ2 +η +µ)S

(1−θ)φ +ηS+πτR− (µ +ω)P

εIc +δ Iu− (τ +µ)R

 ,
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G(M,N) =

(λ1 +λ2)S− (µ +δ +ψ +σ1)Iu

ψIu− (ε +σ2 +µ)Ic

 ,

Where M0 = (S0,P0,0,0,0) and Ω = R5
+ Therefore:

dN
dt = F(M,0) =


θφ +ωP− (η +µ)S

(1−θ)φ +ηS− (µ +ω)P

0

 ,
Which shows that M0 = (S0,P0,0,0,0) is globally asymptotically stable (g.a.s). By this the condition H1 is shown.

To show the second condition H2 consider,

Ĝ(M,N)=

(β1Iu +β2Ic)(1− S
N )

0

 ,A=

β1− (µ +ψ) β2

ψ −(µ +σ + ε)

 Since 06 S6N, this indicate Ĝ(M,N)>

0

Now by considering the right hand side of H2,

AN− Ĝ(M,N) =

β1− (mu+δ +ψ +σ1) β2

ψ −(µ +σ2 + ε)

Iu

Ic

−
(β1Iu +β2Ic)(1− S

N )

0



= G(M,N) =

(λ1 +λ2)S− (µ +δ +σ2 +ψ)Iu

ψIu− (µ +σ2 + ε)Ic



So the condition H2 is also satisfied. Thus, T0 = (M0,0) is globally asymptotically stable(g.a.s). Therefore we

have proved theorem 1.

4.3.3. Global Stability of the Endemic Equilibrium Point(EEP). In this section we investigate the conditions

under which the endemic equilibrium points are stable or unstable. We prove whether the solution starting suffi-

ciently close to the equilibrium remains close to the equilibrium and approaches the equilibrium as t → ∞ , or if

there are solutions starting arbitrary close to the equilibrium which do not approach it respectively. As postulated

in the study by Korobeinikov (2004, 2007), we assert that the local stability of the DFE advocates for local stability

of the Endemic Equilibrium for the reverse condition. We thus find the global stability of Endemic equilibrium

using a Korobeinikov approach as described by [31].

The endemic equilibrium point E∗(S∗,P∗, I∗u , I
∗
c ,R

∗) is obtained by setting each of the equations of system(1) equal

to zero.

We then have system(11) which exists for Re > 1.
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θφ +ωP+(1−π)τR− (η +µ +λ1 +λ2)S = 0

(1−θ)φ +ηS+πτR− (µ +ω)P = 0

(λ1 +λ2)S− (µ +δ +ψ +σ1)Iu = 0

ψIu− (ε +σ2 +µ)Ic = 0

εIu +δ Ic− (µ + τ)R = 0

(11)

The existence of EEP can be shown using the method described by [35, 36]. The conditions S 6= 0 or P 6= 0 or

Iu 6= 0 or Ic 6= 0 or R 6= 0, that is S > 0 or P > 0 or Iu > 0 or Ic > 0 or R > 0 must be satisfied. Then adding

system(11) we have φ −σ1Iu−σ2Ic− µN, since S+P+ Iu + Ic +R = N, It follows that φ = σ1Iu +σ2Ic + µN;

Now, since φ > 0,σ1 > 0,σ2 > 0 we can discern that µN > 0, σ1Iu > 0,σ2Ic > 0, which implies that that S > 0,

P > 0, Iu > 0, Ic > 0, R > 0. This prove that the endemic equilibrium point of system(1) exists.

We formulate a suitable Lyapunove function for Covid-19 model as given in the form below,

(12) V = ∑ai(yi− y∗i lnyi)

where ai is defined as a properly selected positive constant, yi is defined as the population of the ith compartment,

and y∗i is the equilibrium point. We will then have

V =W1(S−S∗lnS)+W2(P−P∗lnP)

+W3(Iu− I∗u lnIu)+W4(Ic− I∗c lnIc)+W5(R−R∗lnR)

The constants Wi are non negative in Φ such that Wi > 0 for i = 1,2,3, ...,5. The Lyapunove function V together

with it’s constants W1,W2, ...,W5 are chosen in such a way that V is continuous and differentiable is a space. We

then compute the time derivative of V from which we get:

dV
dt

=W1

(
1− S∗

S

)
dS
dt

+W2

(
1− P∗

P

)
dP
dt

+W3

(
1− I∗u

Iu

)
dIu

dt
+W4

(
1− I∗c

Ic

)
dIc

dt
+W5

(
1− R∗

R

)
dR
dt

Now using the Covid-19 model of system (1) we have,

dV
dt

=W1

(
1− S∗

S

)
[θφ +ωP+(1−π)τR− (η +µ +λ1 +λ2)S]

+W2

(
1− P∗

P

)
[(1−θ)φ +ηS+πτR− (µ +ω)P]

+W3

(
1− I∗u

Iu

)
[(λ1 +λ2)S− (µ +δ +ψ +σ1)Iu]

+W4

(
1− I∗c

Ic

)
[ψIu− (ε +σ2 +µ)Ic]
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+W5

(
1− R∗

R

)
[εIu +δ Ic− (µ + τ)R]

Substituting the endemic equilibrium points after simplification we obtain,

dV
dt

=−W1

(
1− S∗

S

)2

−W2

(
1− P∗

P

)2

−W3

(
1− I∗u

Iu

)2

−W4

(
1− I∗c

Ic

)2

−W5

(
1− R∗

R

)2

+F(S,P, Iu, Ic,R)

where the function F(S,P, Iu, Ic,R) is non positive. Now following the procedure in [35, 36], we have

F(S,P, Iu, Ic,R) 6 0 for all S,P, Iu, Ic,R, then dV
dt 6 0 for all S,P, Iu, Ic,R and it is zero when S = S∗,P = P∗, Iu =

I∗u , Ic = I∗c ,R = R∗, Hence the largest compact invariant set in S,P, Iu, Ic,R such that dV
dt = 0 is the sigleton E∗ which

is endemic equilibrium point of the model system (1). Using Lasalles’s invariant principle postulated by [37] we

assert that E∗ is globally asymptotically stable in the interior of the region of S,P, Iu, Ic,R and leads to the following

theorem. Theorem 3 If Re > 1, then the Covid-19 disease model of system (1) has a unique endemic equilibrium

point E∗, which is globally asymptotically stable in S,P, Iu, Ic,R.

5. NUMERICAL SIMULATION AND SENSITIVITY ANALYSIS

5.1. Estimation of Parameters. The parameter values in Table 2 are estimated using the data found from

Ethiopian Ministry of Health(MoE) from May 1,2020 to July 31,2020 [38]. We used the reported new cases of

Covid-19(confirmed cases) to fit our model and estimate most of the parameter values. Other parameter values

were assumed and referred from literature.

According to [39, 40] the population and life expectancy of Ethiopia were estimated to be 114,963,588 and

66.71 respectively in the year 2020. Using these figures we have assumed the recruitment rate to be µ×N0.

The time of recovery from Covid-19 ranges between 2 weeks to 6 weeks, but we assume that the recovery

rate for the confirmed cases and the unconfirmed case of Covid-19 is different. Confirmed people may recover

more faster than the unconfirmed cases due to taking different targeted intakes which can increase the immune

system. Further, the confirmed people are staying in a confined place and given more care to create emotional

stability. Therefore, we take 2 weeks for the confirmed people to recover while we take 4 weeks in average for the

unconfirmed people to recover. Using these assumptions the value of δ = 0.015 day−1 and ε = 0.1152day−1.

The values of some parameters were bounded and others were estimated using the Least Square optimization

method. Figure 2 shows the reported data and simulation of our model. It can be observed that the incidence of

the disease obtained from the model fits the plot of the reported new-case data. This increases the accuracy of our

prediction and further investigation. In our model taking strict protective measure were taken as a control strategy.

According to this, the effective reproduction number, Re is found to be 1.5. When η=ω = 0 the basic reproduction

number is R0 = 2.7.
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TABLE 2. Parameter Values and their Description

Parameter Description Value Source

θ Proportion 0.6039 Assumed

φ Rate of recruitment 4721.5 Assumed

ω Reluctant rate 0.0017 Fitted

µ Natural death rate 4.11×10−5 Assumed

π Proportion 0.3 Assumed

β1 Infection rate of Unconfirmed case 0.2584 Fitted

β2 Infection rate of Confirmed case 0.0108 Fitted

η Rate of applying protective measure 0.0033 Fitted

τ Waning 0.0050 [26]

ψ Rate of confirmed case 0.0216 Fitted

δ Rate of recovery of Unconfirmed case 0.015 Fitted

σ1 Death rate of unconfirmed cases 0.0209 Fitted

σ2 Death rate of confirmed case 0.0062 Fitted

ε Rate of recovery of Confirmed case 0.1152 Fitted

FIGURE 2. Model fit to the data

5.2. Sensitivity Analysis. Sensitivity analysis is commonly used to discover parameters that have a high impact

on Re and should be targeted by intervention strategies. The normalized forward sensitivity index is the ratio of

relative change of a variable to the relative change in parameter [25]. If the variable is a differentiable function of

the parameter then the sensitivity index is defined as follows:
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TABLE 3. Sensitivity Indices of Re

No Parameter Sensitivity Indices

1 β1 0.9926

2 η −0.6546

3 ω 0.6484

4 ψ −0.368

5 σ1 −0.3632

6 δ −0.2607

7 θ 0.0144

8 β2 0.0074

9 ε −0.007

10 µ 0.0055

11 σ2 −0.0004

Definition 2: The normalized forward sensitivity index of variable g that depends on parameter b is defined as:

Γ
g
b =

∂g
∂b
× b

g

By using the same procedure, the sensitivity indices of Re are computed with respect to all parameters embedded

to Re.

As can be seen from the sensitivity index β1, η , ω , ψ , σ1 and δ are the most sensitive parameters of Re

respectively. Since η has inverse co-relation with Re increasing the rate of applying strict protective measures

will reduce Re very fast. Very small change of η from 0.0033 to 0.0053 reduces Re to 0.7 which is less than

unity. On the other hand reducing reluctant rate ω is another important measure, that can be taken to reduce the

effective reproduction number. Contact rate β1 can be reduce using social distancing and wearing mask. Increasing

Covid-19 test is also another important parameter to be increased so that Re should be reduced. The parameter ψ

is directly proportional to Re, that means increasing covid-19 test is very important in capturing the unconfirmed

cases and reducing the effective reproduction number.

5.3. Numerical Simulation. We used ode Matlab solver to show the numerical result of the model. The effect

of sensitive parameters are observed in the numerical result of the model. The confirmed case incidence was

extended to estimate the unconfirmed cases of Covid-19 in Ethiopia. For the numerical simulation the initial

conditions S(0) = 7×107,P(0) = 4×107, Iu(0) = 26, Ic(0) = 2,R(0) = 1, were used.

As can be seen from Figure 3 the unconfirmed cases of Covid-19 in Ethiopia is very much higher than con-

firmed cases. This is due to low testing rate in comparison with the number of exposed people. Figure 4 shows
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FIGURE 3. Confirmed and

Unconfirmed cases of Covid-

19 with η = 0.0033

FIGURE 4. Comparison be-

tween Confirmed and Uncon-

firmed cases of Covid-19 with

η = 0.0053 and η = 0.0056

the sensitivity of η . Increasing the value of η from 0.0053 to 0.0056 significantly reduce the number of new inci-

dences. Increasing the rate of Covid-19 test gives more opportunity to capture unconfirmed cases. Figure 5 shows

the combined intervention, that is raising the value of η = 0.0053 to η = 0.0056 and ψ(confirmation rate) from

0.0216 to 0.027 gives better control strategy to reduce the transmission of the virus from invading the population.

The comparison between combined intervention and new incidences with the current situation is shown in figure

6. Based on the current rate of Covid-19 test, there will be time that the daily new case will reach to more than

19,000 confirmed cases and 145,000 unconfirmed cases in Ethiopia. The transmission of the virus will peak at the

end of January, 2021 with more than 164,000 daily new cases.

6. DISCUSSION AND CONCLUSION

Covid-19 has become a global public health burden since December 2020. After the first case of the virus

reported in Ethiopia on March, 2020 the incidence has been increasing from time to time. In the first days majority

of the reported cases were from Addis Ababa and surrounding areas. As time goes (in two months time) the

virus has spread in many parts of the country. Especially, beginning from the mid of May, 2020 the number of

average confirmed cases have increased rapidly. We believe that unless serious control measures are not applied,

the pandemic seem to invade the population in a short period of time.

We found that the current control measures which are taken by the concerned bodies to control the spread of

the virus, is not enough. This can be seen from the result of Re which is 1.5. We found increasing protective

measures (η) using the guidelines provided by WHO is one of the important measure which should be taken by

the people and enforced by the government. On the other hand, reducing the flow of people from protected class

to susceptible class (ω) should be reduced and increase the reverse movement (η). We believe that medias play
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FIGURE 5. Confirmed and

Unconfirmed cases of Covid-

19 with η = 0.0058 and ψ =

0.027.

FIGURE 6. Comparison be-

tween Confirmed and Uncon-

firmed cases of Covid-19 with

different values of η and ψ

an important role to increase the culture of peoples attitude towards applying control measures. The severity of

the disease and wrong perception about its transmission must be described from top to bottom. One can observe

that individuals are highly dependent on the the daily information they are getting from medias to apply protective

measures. As η and ψ are sensitive parameters and inversely proportional to Re, increasing both the protective

measures and Covid-19 test is the best measures that can be taken to fight the spread of the virus.

We believe that protective measures must be applied continuously and strictly. Inconsistent attitude towards

applying protective measures will cost the life of individuals and the people around them. Covid-19 virus is highly

transmitted virus, therefore, all individuals are responsible to one another. Authorities and concerned bodies should

focus on instigating people to use their maximum effort to increase their interest of using strict protective measures.

Legal measures should be taken on people who involve themselves and others in dangerous activities.

From the numerical solution of our model the unconfirmed cases of Covid-19 in Ethiopia is more than the

confirmed cases. In six months time, while the daily confirmed cases reaches more than 19,000, the unconfirmed

cases will reach more than 145,000. That means we will be having a total of more than 164,000 daily cases at

around the peak. Increasing the other sensitive parameter ψ helps to capture unconfirmed cases, and hence reduce

the spread of the virus rapidly. The combination of intervention, that is increasing η and ψ will eradicate the

spread of the virus very fast by reducing Re less than unity.
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