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ABSTRACT In the present research, a multi-country system modelling people travelling between four countries
touched by ebola-virus and a multi-compartmental model of ebola dynamic are analysed. The travel model showed
how total population present in a country is affected by other infected residents or visitors.  Numerical simulations
are performed for a sample population of 1000 people and clearly, they reveal that, even a small amount of
infected visitors may cause, within a short period of time, the extermination of an entire human population in a
region if nothing is done to stop the disease. This result is pertinent since it corresponds to the ongoing situation
in West Africa. Further, it agrees with countries closing their borders to limit individuals’ flux coming in. Thus, the
urgency of educating people about the disease process, ways to stop its spread and finding its cure is huge and looks
like a race against time for the world.

INTRODUCTION

Ebola fever disease which is caused by ebo-
la virus, a virus belonging to the family of filov-
iridae is a severe viral and fatal hemorrhagic dis-
ease characterized by initial fever and malaise
followed by gastrointestinal symptoms, bleed-
ing, shock, and multi-organ system failure. The
genus Ebola virus is one of three members of
the Filoviridae family (filo virus), together with
the genus Marburg virus and the genus Cueva
virus. Genus Ebolavirus is itself divided into five
distinct species: Bundibugyo ebola virus
(BDBV), Zaire ebola virus (EBOV), Sudan ebola
virus (SUDV), Reston ebola virus (RESTV) and
Taï Forest ebola virus (TAFV) (Atangana et al.
2014; Baize et al. 2014; Doungmo Goufo et al.
2015; Grady et al. 2014; Geisbert et al. 2003; Hoe-
nen et al. 2006; Leffel et al. 2004; Liberia Ebola
SitRep 2015; WHO Media Centre 2014; World
Health Organization 2015). The first three have
been largely associated with the ebola hemor-
rhagic fever outbreaks in Africa, for instance,
the actual 2014 fatal outbreak seen in West Afri-
ca. Ebola hemorrhagic fever is generally recog-
nized only when there are outbreaks, usually of
less than 100 cases, which are almost invariably
fueled by nosocomial transmission in hospitals
located in resource-poor areas where proper in-
fection control practices are not maintained.

Transmission through Contact and People
Movements

Roughly speaking, ebola is introduced in the
human population through close contact with

blood, body fluids, organs or other bodily fluids
of infected animals. In Africa, the infection was
documented by the handling of infected chim-
panzees, gorillas, fruit bats, monkeys, forest an-
telope and porcupines found dead or sick in the
forest. Figure 1 shows one of the most common
ebola virus transmission modes.

Ebola virus spreads in the community
through human-to-human transmission, with
infection resulting from direct contact (through
broken skin or mucous membranes) with the
blood, secretions, organs or other bodily fluids
of infected people. The virus is also spread by
indirect contact with environments contaminat-
ed with such fluids (Doungmo Goufo et al. 2015;
Grady et al. 2014; Gonzalez et al. 2007; Kuhn et
al. 2010; WHO Media Centre 2014; World Health
Organization 2015). Burial ceremonies in which
mourners usually have direct contact with the
body of a deceased person can also play a role
in the transmission of Ebola. Men who have re-
covered from the disease can still transmit the
virus through their semen for up to 7 weeks after
recovery from illness.

A huge amount of infected people also catch
the disease by traveling into an infected zone or
by contacting someone who has travelled from
an infected environment. As a proof, it is be-
lieved (Baize et al. 2014; Grady et al. 2014) that
the first human case of the Ebola hemorrhagic
fever leading to the current outbreak was a two-
year-old boy who died on 6 December 2013 in
the village of Meliandou in Guinea. Further, the
close members of his family became ill with symp-
toms consistent with ebola infection and also
died. People around those victims also got in-
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fected and spread the disease to other villages,
cities and countries by moving or traveling. A
concrete example is the case of Patrick Sawyer
(Wesse 2014), a Liberian official working at the
Ministry of Finance who flew from Liberia to
Nigeria after exposure to the virus, and died at
Lagos soon after his arrival. In a very short peri-
od of time, the virus was widespread in four West
African countries, namely Guinea Nigeria, Sierra
Leone, and Liberia. Today it is reported that nine
countries in three continents (Africa, Europe and
America) have so far (January 2015) experienced
the virus, leading to a total of about 20750 re-
corded cases in the world. There might still be
suspected or non-transmissible cases of infec-
tions in other countries of the region, but the
four countries mentioned above were believed
to have an active local transmission and high
contamination rates (Doungmo Goufo et al. 2015;
Liberia Ebola SitRep 2015; World Health organi-
zation 2015) . Fortunately, Nigeria was declared
ebola-free after five weeks without any reported
case of ebola.

Further, it is clear that people cannot speak
about Ebola virus dynamic and spreading with-
out taking into account the impact of travelling
and migration from one place to another. In the
following section a multi-country system mod-
elling people migration dynamic is provided and
analysed.

METHODOLOGY

Migration Dynamic From a Country i to
Another Country j

Since, one of the main causes of the fever
transmission is the displacement of people from
an infected country to another, the researchers

established in this section the migration dynam-
ics between the four major outbreak zones: Ni-
geria, Sierra Leone, Guinea and Liberia.

Following the same approach as in  (Arino et
al. 2003; Sattenspiel et al. 1995), the researchers
name residents of a country i people who were
born in country i and live in the same country.
As visitors, we mean people who are not phys-
ically present in their country of residence at the
time they are considered. The researchers de-
noted byV

ij
(t) the number of residents of coun-

try i who are visiting the country j at time t.
Then, V

ij
(t)  is the number of residents of a coun-

try i  present in at the time (t) and when we add
its residents who are outside visiting one of the
three other countries, the researchers obtained
the total number of residents of country i at time
t given as

In addition, when the researchers add to V
ii
(t)

all the people visiting the country  i from one of
the three other countries, the researchers get
the population of country i  at time t , that is, the
number of people who are physically present in
country  i at time  and expressed as

The researchers assume that residents of
country i leave the country at a per capita rate
hi>0  per unit time and a fraction q

ji
>0 of them

go to country j.  Then, it followed that q
ii
=0 and


j=1

 q
ji
=1 if h

i
>0. Further,  h

i
q

ji 
is the travel rate

from i country  to country j. Residents of coun-
try i who are in country j return to  i with a per
capita rate of b

ij
>0, with b

ii
=0. Hence, these as-

sumptions impose that a person resident in a
country, let us say i and who is present in anoth-

Fig.1. Ebola virus transmission
Source : <http://www.abc.net.au/news/2014-07-30/ebola-virus-explainer/5635028> (Retrieved on 20 August 2014).
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er country j, is assumed to first return to country  i
before leaving for a third country, say m, distinct
from  i and j.  The travel dynamics between two
countries  i and j is represented in Figure 2.

With the above assumptions, the evolution
of the number of residents V

ii
(t) of country

present in that country and the evolution of the
number of residents V

ij
(t) of country  i who are

outside visiting a country j(ji) are respectively
expressed by differential equations:

With this model, we can easily prove (see
Arino et al. 2003; Sattenspiel et al. 1995) that the
total number  Nr

(t) of residents of country is all
the time constant, that is

Indeed,

Where the relations (1) have been used, in
the same way, it is shown that the number Ni

p(t)
of people who are physically present in country

i is in general a variable quantity, but the total
population in the four West-African countries
considered here is a fixed quantity expressed by

Ebola Fever Model Description and Settings

 Let us consider a West African country i
with a constant overall number of individuals,
Nr

t
 = Nr

t
 (t) at a given time t. The researchers

assume that everyone is susceptible to catch
Ebola fever and that an overall fraction Nr

i
 of

the total resident population dies by natural
death and other diseases, with  constant. The
researchers denoted by   and d the rate of
infection by Ebola, the recovery rate from the
disease and the rate of death due to the fever
respectively. At the time t in country country i,
Sr

i
 (t) is the number representing resident indi-

viduals susceptible to Ebola, Ir
i 
(t) is the number

of individuals infected with Ebola, Rr
i 
(t)  is the

number representing people that recover from
Ebola Dr

i 
(t),  is the number of death due to Ebo-

la. Due to the virulence of the fever and its high-
ly contagious state, people from recovery com-
partment turn out to be vulnerable again, and go
back to the susceptible compartment at the rate
constants. The transfer diagram describing the

Fig. 2.  Travel dynamics between two countries i and j
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Which yields the endemic equilibrium point
for the model (2)
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Hence, there is a non-trivial solution to the
system (3) and since I*

i
 and R*

i
 are non-nega-

tive, then, there is no positive endemic equilib-
rium associated to the model (2). For discus-
sion about the stability of these equilibrium
point, the reader can refers to (Atangana et al.
2014; Ball  et al. 2002; Doungmo Goufo et al.
2014; Van den Driessche et al. 2002) and the
references therein.

Numerical Simulations

Let us consider a country i. To provide a
prediction about the disease evolution and see
what will really happen if no interventions are
done on time, the researchers make use of the
following realistic parameter according to
reported data (Atangana et al. 2014; Gonzalez et
al. 2007; Grady 2014). The parameters are listed
in the Table 1.

Table 1: The estimated parameters for Ebola model

 d   s Nr
i
 =N

0.01 06 0.01 0.4 0.02 1000

Fig. 3. Transfer diagram for the dynamics of Ebola fever transmission in an African country i
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above dynamics for Ebola fever is given in Fig-
ure 3 and expressed by the system

The model (3) is well posed and every non
negative initial solution (Sr

i
(0), Ir

i 
(0), Rr

i
 (0), Dr

i
(0))  of (3) generates a  corresponding solution
(Sr

i
(t), Ir

i 
(t), Rr

i
 (t), Dr

i
 (t) )  that is non-negative for

all . For more details about well-posedness of ep-
idemic models see (Atangana et al. 2014; Ball et
al. 2002; Doungmo Goufo et al. 2014; Van den
Driessche et al. 2002) and the references therein.

Since, the researchers are concerned only
about the impact of Ebola fever outbreak and
migration on the whole human resources and
eco-system, the researchers don’t need to deeply
study, in this paper, the well posed-ness of the
model (3). The researchers main concern is the
disease free and endemic equilibrium points.

Equilibrium Points

Let a country i,the number of dead people
Dr

i
can be derived as

Thus, we will use only the first three com-
partments of the population to find the equilibri-
um points. The disease free equilibrium point is
obtained by putting  Ir

i
=Rr

i
=0 and is given by

The endemic equilibrium point is obtained
by solving the system
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The researchers make use of the following the
initial conditions for graphical representations

The implementation code of the predictor-
corrector PECE method of Adams-Bash forth-
Moulton type described in  (Diethelm et al. 2005)
is used, which yields the Figure 4. This figure
shows the global evolution the Ebola epidemic
in the given country i for the four compartments.
Note that the remaining population is understood
to be people dying from any other causes.

FINDINGS AND DISCUSSION

The models and simulations clearly show
how the total population present in a certain
region can be substantiallyhit by ebola infected
residents or infected people coming in.  The fact
that the number Np

i
 of people who are physical-

ly present in country  is a variable quantity is
very significant in the dynamic and transmis-
sion of a virus like ebola virus.  People travel
from a zone where they have been exposed to
the virus to another zone where they transmit
the virus to people around them. The case of
Patrick Sawyer mentioned in the introduction is
a very good illustration of ebola spread via trav-
eling. Indeed, it is reported (Wesse 2014) that
the doctor and the nurse who treated him also

passed away.  Clearly, the researchers have prov-
en, as shown in Figure 4,  that a small number
(about 1%)of a population) who are ebola in-
fected visitors (or residents)  may cause, in a
short period of time, the total extermination of
an entire human population in a country if noth-
ing is done to halt the spread of the disease. The
simulations show that the 1000 people will die in
less than a week. Recall that the incubation peri-
od is about 8 days (range 3-21 days) and infec-
tious patients typically present abrupt onset of
non-specific signs and symptoms. This includes
fever, malaise, headache, chest pain, and myal-
gia/arthralgia, followed rapidly by gastrointesti-
nal symptoms (vomiting, diarrhea, abdominal
pain) and, in some cases, a maculopapular skin
rash. Severe cases develop bleeding (sub-con-
junctival hemorrhage, epistaxis, bleeding from
the mouth and rectum, oozing from venipunc-
ture sites), neurologic involvement (disorienta-
tion, convulsions, coma), shock, and multi-or-
gan system failure, leading to the death. Obvi-
ously, a small fraction of people dying from any
other causes has been included in the model
and are supposed to be counted among the 1000
people dying.

CONCLUSION

A multi-country system modelling the trav-
elling of people between four West-African

݅ܵ
ݎ ሺ0ሻ ൌ 900	, ሺ0ሻݎܫ݅ ൌ 10	, ܴ݅
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Fig. 4. The approximate evolution of Ebola fever in a West African country i
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countries touched by the ebola disease has been
provided and analysed together with a model of
the Ebola haemorrhagic fever dynamic. Numeri-
cal simulations have been done for a total popu-
lation of 1000 people, revealing how the total
population physically present in a country can
be deeply affected by a small number of ebola
infected individuals residing or coming in from
outside. The work and results presented in this
study are pertinent and current since they cor-
respond the actual situation in West-Africa. In-
deed, by August 2015, almost 27984 people have
been infected in countries like Guinea, Liberia,
Sierra Leone, Mali, Nigeria, Senegal, Spain, Unit-
ed Kingdom, United States of America with
about 11298 deaths from the ongoing 2014 Ebo-
la outbreak.

However, not everyone who has contracted
the disease dies and with no confirmed cure or
vaccine, it is still a mystery the fact that some
people die, but some survive. However, some of
the drugs are being experimented with promis-
ing results. This brings out the severity of the
situation and the urgency of educating people

and discovering a real and reliable cure or a
vaccine.

RECOMMENDATIONS

Since complete literature on ebola, in terms
of curing and species’ variety,  is not yet largely
known and  diffused around the world, it is ur-
gent and necessary to educate people about the
real dynamic of ebola-virus, its transmission’s
mode and ways to avoid or reduce its spreading.
The study presented in this research has been
conducted only for a small amount of individuals
between four countries. It can be extended in a
larger scale to many more cities and countries.
This will provide a bigger picture of the situation,
and therefore, closer to the reality. However, the
model used here and the results suggest that if
there are no interventions, the ebola virus may
decimate everybody in a region where only few
individuals were initially infected.

No known confirmed cure to the disease ex-
ists and then, it is urgent to quickly put in place
adequate steps to prevent the spread of the vi-
rus. The first one is to avoid travelling to infect-

Fig. 5.  Preventing Ebola virus from spreading
Source: <http://www.oaupeeps.com/2014/07/ebola-outbreak-causes-transmission.html> (Retrieved on 20 August
2014).
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ed or suspected zones. As a matter of fact, the
analysis of this paper gives right to many West-
African neighbouring countries that have closed
their borders to limit the number of people trav-
elling in. Others steps are stated as follows: Avoid
physical contact with people showing signs and
symptoms such as continuous high fever, red
eyes, vomiting and stomach aches, wash one’s
hands regularly with soap and clean water, avoid
shaking hands of suspicious people showing
signs and symptoms of the fever, stay away from
animals like macaques or bats and suspicious
meats, especially, bush meat that one does not
know the origin. Figure 5 shows more details
steps to prevent the spread of Ebola virus.
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