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The recent intricate and unmatched Ebola Virus Disease (EVD) frenzied action in West Africa has emphasized
the requirement to evaluate the features of epidemics of EVD critically. The need to eradicate the EVD menace
necessitated the review of the spread dynamics and measures to contain the virus. This paper reviewed recent
EVD rampage in West African nations. The review was conducted on the basis of available proposed Ebola
epidemic models, and applied mathematical models. Observation indicated the need to adopt a waiting time
technique for describing EVD dynamics and control measures; since EVD spread is a function of time, and
transmits by contact. The paper proposed the use of various models of queueing theory and showed their
applicability to resolve EVD problems. Current challenges that need research attention were suggested.
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1. INTRODUCTION
The recent unprecedented Ebola Virus Disease (EVD) which
began in December, 2013 has resisted numerous months of deter-
mination, alleviation and control. WHO1 and Baize et al.2 dis-
closed that southern Guinea was the first probable place the EVD
started. Though, five types of genus Ebola virus (Filoviridae
family) exist2–6 namely: Reston Ebola Virus (REBOV), Sudan
Ebola Virus, Tai Forest Ebola Virus, Zaire Ebola Virus (ZEBOV)
and Bundibugyo Ebola Virus; Siettos7 associated the Zaire Ebola
Virus (ZEBOV) as the contributing factor to the unparalleled
epidemic.

EVD is transmitted from contaminated persons to fellow
human by direct interaction, mostly by means of slimy tissues
or cracked outer protective layer of the body. Avenues for trans-
mission and spread of EVD abound. Healthcare workers might
get infected while attending to patients that have confirmed or
suspected EVD due to proximate interaction with patients once
contagion control precaution are not stringently practiced.8 EVD
can also be transmitted during burial ceremony where grievers
have close contact with the body of the dead individual. Those
infected continue to be infectious as the following contain the
virus—blood, breast milk, body fluids and semen. One month and
three weeks later before recovery, those recovering from Ebola
disease can transmit the illness from their sperm.

∗Author to whom correspondence should be addressed.

Nevertheless, individuals are not transmissible or contagious
till they advance in symptoms of Ebola. The development epoch
is beginning from 2 to 21 days (epoch during virus infection
to the time the signs becomes obvious). Abrupt initial phase of
increase in temperature, tiredness, headache, muscle pain and
sore throat are the initial signs. Internal and external bleeding in
the stools and release from flesh around the teeth, frequent bowel
excretion, symptoms of weakened kidney and liver roles, and
nausea are the subsequent signs. Enlarged liver enzymes, white
blood cell becomes low and platelet counts are symptoms from
laboratory findings.9–11

There have been cases of EVD outbreak in the past, but
the recent outbreak caused unparalleled rampage. For instance,
in 1976, the former EVD epidemic was in isolated areas of
Democratic Republic of Congo and Central Africa. Although
2014 Ebola outbreak in West Africa is the current and preva-
lent epidemic up till date has stretched to prominent municipal
in West Africa like Guinea, Liberia, Sierra Leone, Senegal and
Nigeria.8�12–15 WHO16 stated that from 29 August, 2014, there
were 15 confirmed cases and 6 confirmed deaths in Nigeria which
started on 20 July, 2014 through an infected traveller Mr. Sawyer
coming from Liberia. In Senegal, as at 18 September, 2014, there
was 1 confirmed case and 0 confirmed death; while according to
WHO,17 in Guinea as at 23 December, 2015, there were 3351
confirmed cases and 2083 confirmed deaths; in Liberia as of
9 May, 2015, there were 10666 total cases and 4806 total deaths;
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also in Sierra Leone as of 7 November, 2015, there were 8704
confirmed cases and 3589 confirmed deaths. The statistics above
speak volumes on the death caused by the disease. Therefore, it
is essential for a review of the illness and issues surrounding it.

Although researchers like Chowell and Nishiura18 have
reviewed the transmission dynamics and control of EVD, their
submission may be considered obsolete bearing in mind the
recent EVD rampage in West Africa. In this paper, the current
EVD rampage in West African nations was discussed. The avail-
able related literatures on EVD based on general epidemic model
were also reviewed. Recent works on the application of applied
mathematical models for solving EVD problems were also exam-
ined. Therefore, this paper proposes the use of various models of
queueing theory and showed their applicability to resolve EVD
problems. Finally, current challenges that need research attention
were suggested.

2. EVD RAMPAGE IN WEST
AFRICAN NATIONS

There existed, in some West African nations, EVD epidemic inci-
dence. The affected nations are Guinea, Liberia, Sierra Leone,
Senegal and Nigeria. In December 2013 in Guinea, the epidemic
started and afterwards moves into nearby nations.19–21 It led to
substantial death of human and social interruption with specified
incidence death rates of about 70%.19�22�23 WHO24 stated that
precisely 57–59% of those infected are hospitalized. There have
also been reported cases of death of some healthcare providers
that take care of the affected patients.25 On the other hand, as
of 2016, the epidemic is under control, abrupt epidemics of the
illness are possible to linger for some time.26 Nevertheless, the
outbreak has been associated to certain havocs other than loss
of life within the affected nations and the environs. Such havocs
include economic effects, food shortage, socio-cultural impedi-
ments, ecological problems and religious practice instability.

The economy of the EVD-rampaged countries and the world
at large has been affected.27 World Bank28 indicated that a sum
of $1.62 billion was marshalled by December 2015 for financ-
ing Ebola outbreak. Some governments allocated huge amount
of their currency for setting up special hospitals and medical
equipment for the treatment of Ebola.10 Nigeria spent eight bil-
lion naira ( 8 billion) on the limited Ebola outbreak.29–31 Hotel
business in Nigeria slumped by 75% as at April 2014 due to
the dreads of the outbreak.32 The outbreaks caused massive eco-
nomic consequences in affected West African nations and to
other African nations that were not affected. It led to closing
of borders, flight cancellations, affected foreign investments and
tourism activities.33 International Monetary Fund (IMF) proposed
that the economic effect of Ebola epidemic could lead to the
death of additional individuals than the named disease.34

The epidemic could endanger yield and food security in West
Africa as warned by Food and Agricultural Organization (FAO)
department of the United Nations (UN).35�36 It is the consequence
of people moving away from the distributed agricultural affected
areas.37 They reported that West African countries began to gain
knowledge of human agricultural insufficient labour as the loss
or damage of EVD increased. They continued that many fields of
crops were not given required attention as a result of restrictions
placed on movement of people in order to prevent the spread
of EVD. This made it impossible to achieve food security. Sub-
sequently, with little to no goods moving into these countries,

the prices of food shot up and led to food shortages. Furthermore,
the prohibition of bush meat like chimpanzee, antelope, and buf-
falo to avoid additional infection deprived many households of a
vital source of protein.38–40

The transmission of EVD has affected the socio-cultural rela-
tionship of most West African countries. African culture has
the traditional unanimity of showing kindness to their loved
ones who are ill, which is a risk when an Ebola patient is
involved.41�42 The sincere effect that, comforting tactile touch
of handshake and hugging produce is important for social rela-
tionship, social harmony, fitness, existence, safety, and also for
communicating feelings.43 Unfortunately, these essential cultural
elements have been affected as a result of Ebola epidemic.10

The culture of touch, hold, hug and kiss was stated to have
led to the wiping away of entire families making the survivors
to hands off from their loved ones who are sick.44�45 The epi-
demic has led to the fear of human contacts making markets
and shops to be closed which makes producers and traders to
lose their income.46�47 In the affected countries, tourism was
directly impacted.32 Again, there are countries in Africa and
other continents such as Gambia, Ghana, Zimbabwe, Tanzania,
United States of America and Kenya that remained untouched
by EVD epidemic, likewise reported unfavourable effects on
tourism.30�31�48–56 The incident impedes socio-cultural related
issues in the affected nations. Furthermore, Nwaoga et al.10 stated
that Ebola outbreak has an effect on religious worshippers. They
noted that churches like Catholic and Anglican in Nigeria imple-
mented new mode of worship so as to avert the transmission of
Ebola.
Ebola Virus Disease also has an ecological effect by adversely

affecting the natural state of biodiversity; in that human activity
has made the subtle ecological stability to become destabilized.57

Human mismanagement of natural environment creates avenue
for birth and spread of epidemics which are currently affecting
all and sundry including wild and domestic animals.57�58 Ebola
has a high death rate among primates and domestic animals such
as gorillas, chimpanzee, pigs, dogs and so on.59–64

3. EBOLA EPIDEMIC MODELS
The most extensively used Ebola epidemic model is the SIR
(Susceptible, Infected, Removed/Recovered) model which was
presented in 1932 by Kermack and Mckendrick as specified by
Bashar et al.65 SIR model can be explained as follows: S (Sus-
ceptible) meaning persons that are not infected with the virus
from interaction through an infected person; I (Infected) mean-
ing persons that have the disease and can infect people that are
in susceptible state; and R (Removed/Recovered) meaning those
who recuperate or die from the illness. Moreover, virtually all
existing literature on Ebola outbreak forecast are centred on the
amendment of the rudimentary SIR model, while some still main-
tained the basic SIR model.
Chowell et al.66 and Lekone and Finkenstadt67 modelled the

course of Ebola epidemics in 1995 at Congo and 2000 at Uganda
using SEIR (Susceptible, Exposed, Infected, Removed) model.
Legrand et al.68 also modelled Ebola epidemics in 1995 at Congo
and 2000 at Uganda using SEIHFR (Susceptible, Exposed,
Infected, Hospitalized, Funeral, Removed) model. Rivers et al.69

expanded the basic model of kermack and Mckendrick in ker-
mack and Mckendrick70 and the work of Chowell et al.66 by
applying the same SEIHFR as in Legrand et al.68 in Liberia and
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Sierra Leone, to model the influence of intrusions on the epi-
demic of Ebola. To gain additional understanding in the epidemic
underlying forces, they divided the infectious phase into three
stages namely: community infection location represented by (I),
hospital infection location represented by (H), and traditional
funeral infection represented by (F).

Jaime71 used SIR and SEIR models to simulate two Ebola
outbreaks: the 1976 outbreak in Yambuku, Zaire and the 1995
outbreak in Kikwit, Zaire. They reported that the Ro (basic repro-
duction number) for Yambuku, Zaire outbreak in 1976 ranged
from 2.6 to 8.6, while that of Kikwit, Zaire in 1995 which is
1�57 ≤ Ro ≤ 5�03 was a little lower. Kiskowski72 used SEIR
model to demonstrate the effects of community mixing in Guinea
and Liberia.

Stadler et al.73 used the following model: BD (Birth Death),
BDsa (Birth Death sampled ancestor), BDSIR (Birth Death Sus-
ceptible Infected Removed), coalSEIR (coalescent Susceptible
Exposed Infected, Removed), BDss (Birth Death sampled super-
spreaders), BDEI (Birth Death Exposed Infected). The result
from the model showed that for the continuing Ebola virus epi-
demic, having more sequencing data available on the commence-
ment of the recent outbreaks will raise rapid understanding of
the underlying forces of the pathogen.

Siettos et al.7 used SEIDbDIR (Susceptible, Exposed, Dead
buried, Dead Infected, Removed) model which is the modifica-
tion of SEIR model. They observed that epidemiological charac-
teristics associated with the transmission further to the biological
characteristics of Ebola virus including the ones observed in the
past epidemics are alike.

Gomes et al.74 applied SEIHFR model in measuring the inter-
national spreading menace associated with West African 2014
Ebola epidemic. It was found that in African countries the linger-
ing of the epidemic is more probable to occur which will escalate
the danger on a longer time scale of international distribution.
Athaus75 applied SEIR model. Their model specified no decrease
in Re (effective reproduction number) towards August 2014 end-
ing in Liberia, as well as a decrease in Re to about unity for
Sierra Leone, which would show the termination of the epidemic,
by July 2014 ending.

4. APPLIED MATHEMATICAL MODEL FOR
EBOLA VIRUS DISEASE

Applied mathematical models are essential in measuring the
prospective influence interventions might have towards trans-
mission control, and in giving direction as to the forthcoming
forecasts of such significant on-going civic health calamities.76

Various applied mathematical models have been utilized by
researchers.

Chowell et al.66 used SEIR epidemic model and applied the
method of differential equation to study the Ebola outbreak in
Congo in 1995 and Uganda in 2000. They opined that class S,
which is the Susceptible persons that have not yet caught the
disease from interaction with an infected person, move into the
exposed class E. Class E are the infected individuals that are
not infectious at the per-capita rate �I/N , where �, N and I/N
are transmission proportion for each individual for each day, size
of total population and the likelihood that an infected individ-
ual made a contact (i.e., assuming uniform mixing) respectively.
An incubation period of 1/k days was assumed asymptomatic

and uninfectious for exposed individuals to go to the infectious
class I. Similarly, at per-capita rate �, infectious individual then,
go to class R which is death or recovered. Therefore, ordinary
differential equations were proposed to model the problem:

Ṡ�t�=−�S�t�I�t�

N
(1)

Ė�t�= �S�t�I�t�

N
−kE�t� (2)

İ �t�= kE�t�−�I�t� (3)

Ṙ�t�= �I�t� (4)

Ċ�t� = kE�t� (5)

Where Ṡ�t�, Ė�t�, İ �t�, then Ṙ�t� signify the number of suscep-
tible, exposed, infected, and removed individuals at time t and
the dot represents the derivatives. C�t� helps to retain path of
the aggregate number of Ebola cases from the time of inception
of indications, although it is not an epidemiological state. It was
found that education, contact tracing and quarantine which were
adopted as the control procedures decreased the transmission of
the outbreak.

Rivers et al.69 used SEIHFR epidemic model and applied
method of differential equation to model the effect of intrusions
on an epidemic of Ebola in Sierra Leone and Liberia. They pro-
jected the following differential equations to model the problem:

dS

dt
=−�ISI +BHSH +�F SH

N
(6)

dE

dt
= �ISI +�HSH +�F SF

N
−�E (7)

dI

dt
= �E− 	�H 
+�I�I − 
��I −�1�+�D�I − 
��1�I (8)

dH

dt
= �H
I− 	�DH�2+�IH �1−�2��H (9)

dF

dt
= �D�1− 
��1I+�DH�2H−�F F (10)

dR

dt
= �I�1− 
��1−�1�I+�IH �1−�2�H +�F F (11)

Where �I is the proportion of contact in the community, �H is
the proportion of contact in the hospital, �F is the proportion
of contact during funeral, 1/� is the incubation period, 1/�H is
the time before hospitalization, 1/�DH is hospitalization to death
time, 1/�F is traditional funeral duration, 1/�I is infection dura-
tion, 1/�D is infection to death time, 1/�IH is hospitalization to
recovery time, 
 is the probability of a hospitalized case, �1 is
un-hospitalized proportion of death case, and �2 is hospitalized
case fatality rate. They found from their result that protracted
obligation of resources and backing will be essential to combat
the epidemic.

Gomes et al.74 applied the method of differential equation and
used SEIHFR epidemic model in measuring the international
spreading menace associated with West African 2014 Ebola epi-
demic. To model the problem, they proposed the following dif-
ferential equation:

Ro = RI +RH +RF (12)

RI =
�I


(13)
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RH = ��H

�dh+�ih�1−�2�
(14)

RF = ��F

�f
(15)

where  = �h�1 +�d�1�1− �1�+�i�1− �1��1−�1�, Ro denote
the basic reproduction number, RI signify the spreads in the com-
munity, RH represent the spreads in the hospital, RF is the trans-
missions from dead persons, �1, �H , �F is the contact rate in the
community, hospital and during funeral, � is the ratio of hospi-
talized cases, �1 is the rate of hospitalization for the infectious
compartment l, �1 is the fatality rate of infected persons that are
not hospitalized, �2 is the fatality rate of infected persons that are
hospitalized, � is the same as the ratio of transitions from H to
F , �h, �d, �i, �dh, �ih, �f are the time from inception of signs
to hospitalization, death, infectiousness, hospitalization to death,
hospitalization to the completion of infectiousness for survivors
and funeral. They obtained the symbol for Ro from the work of
Diekmann and Heesterbeek77 and, Driessche and Watmough.78

Legrand et al.68 indicated that Ro can be expressed as the addi-
tion of three terms for the model, thus Ro = RI + RH +RF ,
where R1 represents the community transmission, RH means the
hospital transmission and RF indicates transmission from dead
individuals.

5. AVAILABLE QUEUEING THEORY MODELS
Queueing theory encompasses waiting which is one of the nas-
tiest experiences of life. Models of the queuing theory have so
many practices in actual life circumstances like happenings in
petrol station, post office, toll booths, telephone exchange, com-
puter systems, data communication, production system, park-
ing place, assembly of printed circuit boards, call centre of an
insurance company, traffic lights, supermarket, transmission of
disease79�80 etc. Sztrik, Cooper, Winston and Ross80–83 stated that
queueing theory can be categorised into infinite-source model and
finite-source model according to the cardinality of their sources.

5.1. Infinite-Source Model
The arrivals in the system in infinite-source models of
the number of customers are independent, which result in
a mathematically manageable model. Infinite-source model
includes M/M/1 queue, M/M/1 queue with balking customers,
priority M/M/1 queue, M/M/1/K queue (Systems with finite
capacity), M/M/� queue, M/M/n/n queue (Erlang-Loss System),
M/M/n queue, M/M/c/K queue (Multi-server, Finite-Capacity
systems), and M/G/1 queue. The models are discussed below.

5.1.1. M/M/1 Queue Model
M/M/1 queueing model is the fundamental queueing model.
It signifies a system whose arrival is Poisson with rate �. The
implication is that the inter-arrival times (M) are random vari-
ables that are independent and exponentially distributed with
parameter �; the service time (M) is also independent and expo-
nentially distributed with parameter �; and a single server (1).
M/M/1 queueing model was used to derive the mean number
of customer in the system, mean number of waiting customer
(mean queue length), variance, server utilization, response time
distribution of a customer, waiting time distribution which is the
main performance measures of the system.

5.1.2. M/M/1 Queue with Balking Customers Model
M/M/1 queue with balking customers is a system where cus-
tomers are disheartened when there are many lines and may
change their minds not to join the line. The number of customers
follows law of Poisson with parameter �. M/M/1 queueing model
with balking was used to derive performance measures such as
mean, variance, distribution of the response and waiting time.

5.1.3. Priority M/M/1 Queue Model
In M/M/1 queueing model with priorities there are two classes
of customers; each class follows Poisson process with parame-
ter �1, and �2. The procedures are independent to each other.
Also, for each class, the service times are expected to be expo-
nentially distributed with parameter, �. Therefore, �1 +�2 < 1,
if the system is stable.
There are two types of Priority M/M/1 queue models such as

Preemptive Priority and Non-Preemptive Priority. It is expected
that class A has priority over class B. In the Preemptive Prior-
ity, considering the service discipline, if there is customer in the
system belonging to class A, the service of a customer belonging
to class B will certainly not be done. It shows class A preempts
class B. In order words, even if class B customers are being ser-
viced, the service discontinues as soon as the class A customer’s
request arrives. The discontinuous service is continued merely
when class A customer is not in the system. Preemptive Prior-
ity M/M/1 Queue Model was used to derive the mean number
of all classes (A, B) customers in the system and response time
of all classes (A, B) requests. While in Non-preemptive Priority,
the arrival of class A customer does not discontinue the request
for service of class B. The discipline is called Head of the Line
(HOP). Non-preemptive Priority M/M/1 Queue Model was used
to derive the mean number of all classes (A, B) customers in the
system and response time of all classes (A, B) requests.

5.1.4. M/M/1/K Queue Model (Systems with
Finite Capacity)

M/M/1/K Queue Model (Systems with Finite Capacity) denotes
a system in which the arrival is Poisson, the service time is expo-
nential with one server and K (the highest number of customer in
the system together with the one in service) is the capacity of an
M/M/1 system. Birth-death process is the number of customers
in the system with arrival rates �k = ��k= 0� � � � �K−1 and ser-
vice rates �k = ��k = 1� � � � �K. However, for a fixed K and for
any � > 0, the system is stable. Then, the stability condition is
�< 1 if K→� since M/M/1/K distribution converges to M/M/1
distribution.

5.1.5. M/M/� Queue Model
The process 	N �t�� t ≥ o� which is the number of customers in
the system is a birth-death process with rates:
�k = ��k = 0�1� � � � � �k = k��k = 1�2� � � �; Pk = ��k/k!�P0,

where P−1
0 = ∑�

k=0 �
k/k! = ee is the steady-state distribution.

That is Pk = ��k/k!�e−�, showing that N follows Poisson distri-
bution with parameter � which was used to derive performance
measures.

5.1.6. M/M/n/n Queue Model (Erlang-Loss System)
In queueing theory, the model is the ancient and well-known
system. The basis of theory of traffic or theory of congestion
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began through the inquiry of this system and Erlang was the
leading person that got the well-recognised formulas. The arrival
of customers follows a Poisson process and the service times are
exponentially distributed by assumptions, with n servers. As soon
as a new customer arrives the customer will be missed because
the system is filled, if n servers are all busy. 	N �t�� t ≥ o� pro-
cess is said to be in state k if k servers are engaged, which is
k customers being in the system is the same. 	N �t�� t ≥ o� is a
birth-death process which have rates

�k =
{
�� if k < n�

0� if k ≥ n�
�k = k�� k = 1�2� � � � � n (16)

which was used to derive the most important measure and perfor-
mance measure of the system that was initiated by Erlang and is
denoted to as Erlang’s B-formula, or loss formula and commonly
represented by B�n��/��.

5.1.7. M/M/n Queue Model
By assumption, the disparity of the classical queue is that the
service is delivered by n servers functioning individually of one
another. If the average arrival rate is more than the service rate,
the modification is natural because the number of servers should
be increased making the system not to be steady. First ser-
vice distribution completion is necessary and parallel services
are procured. Therefore, the arrivals follow a Poisson distribu-
tion. At random moments the distribution is like the moments
distribution of the system at arrival. The likelihood that a cus-
tomer has to wait on arrival was obtained, which is often used in
diverse practical problems such as call centers, telephone systems
etc. Erlang’s C formula or Erlang’s delay formula represented
by C�n��/�� is a well-known formula which was used in the
derivation of main performance measures of the system.

5.1.8. M/M/c/K Queue Model (Multi-Server,
Finite-Capacity Systems)

M/M/c/K Queue is a disparity of a multi-server system; that
is, only greatest K customers which are death-birth process are
permitted to stay in the system. M/M/c/K Queue model was
used to derive the main performance of the system. Specifically,
L’Hopital’s rule should be used twice if a= 1, which is the ratio
of traffic intensity to multi-server is equal to 1. Laplace-transform
of the waiting and response times can be derived by using the
law of total Laplace-transforms.

5.1.9. M/G/1 Queue Model
In the models above, their service times are exponentially dis-
tributed, while M/G/1 queue model arrival rate is Poisson as
above but its service times is general. However, in practical prob-
lems service times are not exponentially distributed, so queueing
systems which follow general distributed service times are natu-
ral. M/G/1 was used to derive the main performance measure.

5.2. Finite-Source Model
The arrival strength of the demand in finite model relies on
the state of the system which makes the computations more
complex. Finite-source models are significant from practical
point of view and the operation times and service times are
assumed to be independent random variables with given distri-
bution function. Finite-source models include M/M/r/r/n queue,

M/M/1/n/n queue, Heterogeneous queues:
−→
M /

−→
M /1/n/n/PS (Pro-

cessor Sharing) queue, M/M/r/n/n queue, M/M/r/K/n queue,
M/G/1/n/n/PS (Processor Sharing) queue and

−→
G /M/r/n/n/FIF

queue.

5.2.1. M/M/r/r/n Queue Model (Engset-Loss System)
A customer may find the system full by relying on the system
capacity r in an M/M/r/r/n queue. In the finite-source model, the
demand returns to the source and stays there for an exponen-
tially distributed time as against the infinite-source model where
the customer’s request is missed. Birth-death process is the num-
ber of customers in the system as all the random variables are
supposed to be exponentially distributed with the following rates
�k = �n−k��, 0≤ k < r , then �k = k�, 1≤ k≤ r . This gives the
distribution called truncated binomial or Engset distribution is
known as the distribution of a finite-source loss or Engset system.
Particularly, if r = n it means that there is no loss and each cus-
tomer has its own server called binomial distribution which was
also used to derive performance measures. By applying Bayes’s
law and bearing in mind the distribution of the system at an
instant when an arriving customer arrives into the system, gives
Little’s formula for the finite-source loss system.

5.2.2. M/M/1/n/n Queue Model
The M/M/1/n/n queue model is the traditional machine interfer-
ence problem where queue discipline FIFO (First In, First Out)
order is applied and the broken machines have to wait until the
single repairman fixes the failed machines. All the random vari-
ables are supposed to be independent of each other, on assump-
tion that the operating times follow exponential distribution with
parameter � and � repair rate. The steady-state distribution exists
at all times, since the state space is finite, nevertheless if � > 1
extra repairmen are required. The M/M/1/n/n queue model was
used to derive performance measures.

5.2.3.
−→
M /

−→
M /1/n/n/PS (Processor Sharing) Queue Model

In heterogeneous queues, bearing in mind n heterogeneous
machines which operating and repair time follow exponential
distribution with parameters �k > 0 and �k > 0, for machine k,
k = 1� � � � � n. Single repairman repairs the failures according to
Preemptive Priority disciplines and Processor Sharing, FIFO. The
number of machines that failed at time t is represented as N�t�.
The information is not sufficient to depict the behaviour of the
system; owing to the heterogeneity of the machines since, there
is the need to be aware which machine is under service. N�t�
dimensional vector with components �x1�t�� � � � � xv�t��t�� show-
ing the indexes of the machines that failed. Therefore, machine
with index x1�t� is under service for N�t� > 0 using FIFO
discipline. When all machines are serviced, under Processor
Sharing discipline, through a proportional service rate, that is,
if N�t� = k, then the proportion is 1/k, the order of indexes
�x1�t�� � � � � xn�t��t�� is not significant, but �x1�t�� � � � � xv�t��t�� is
ordered in a logical treatment. In Preemptive Priority case,
assuming that smaller index and higher priority are the same,
therefore the same ordering was used as before referring that
the machine with the first index in this case is under ser-
vice, since it has the maximum priority among machines that
failed. The process X�t��t� = �v�t��x1�t�� � � � � xv�t��t��, �t ≥ 0�,
is a continuous-time Markov owing to exponential distribution
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where the ordering of �x1�t�� � � � � xv�t��t�� rely on the service
discipline. Since a finite state Markov chain is ergodic there-
fore if the parameters �k, �k, �1≤ k ≤ n� are all positive, there
exists steady-state distribution which heavily relies on the service
discipline.

The distribution of the Markov chain, the ordering of the
indexes, the steady state solution with normalizing condition
in M/M/1/n/n/PS Queue was derived including the performance
measures.

5.2.4. M/M/r/n/n Queue Model
In M/M/r/n/n queue model finite-source homogenous model with
r , r ≤ n servers that are independent are deliberated. The number
of customers in the system at time t is denoted by N�t�, which,
is a birth-death process with rates.

�k = �n−k��� 0 ≤ k ≤ n−1

�k =
{
k�� 1≤ k ≤ r�

r�� r < k ≤ n

The steady-state distribution solution with normalizing condi-
tion and the main performance measures are derived using
M/M/r/n/n queue model.

5.2.5. M/M/r/K/n Queue Model
M/M/r/K/n queue model is a combination of the finite-source sys-
tems deliberated above and for the most general system K = r .
Therefore, from above the M/M/r/r/n queue model (Engest-Loss
System) was treated for r = 1, M/M/1/n/n queue model for
K = n, the system of M/M/r/n/n queue model was obtained.
Therefore, delay loss system occurs for the value r < K < n,
which means that customers must go back to the source since
the system is filled, that is, customers may arrive into the system
until the number of customers in the system is K−1. Birth-death
process is the number of customers in the systems with rates:

�k = �n−k�� 0 ≤ k < K�

�k =
{
k�� 0≤ k ≤ r�

r�� r < k ≤ K

where 1 ≤ r ≤ n, r ≤ K ≤ n. In M/M/r/K/n queue model
P0�n� r�k� is the normalizing constant which satisfies normal-
izing condition and the model is used to derive performance
measures.

5.2.6. M/G/1/n/n/PS Queue Model
M/G/1/n/n/PS queue model is the generalization of−→
M /

−→
M /1/n/n/FIFO queue model above. The distribution of ser-

vice time and service discipline are the necessary differences.
The number of customers as a stochastic process is not a Markov
chain since the service times do not follow exponential distribu-
tion. The requests arrive from a finite-source with parameter �
where they spend an exponentially distributed time. The service
time needed which is denoted as S has a generally distributed
random variable with E�S� < �. Assuming that �G�0+�= 0�,
G�x� and g�x� are its distribution function and density function.
Processor Sharing is the service discipline meaning that those
being served are all customers in the service facility, but service
rate is relative to the number of customers. M/G/1/n/n/PS queue
model is used to derive the performance measures.

5.2.7.
−→
G /M/r/n/n/FIFO Queue Model−→

G/M/r/n/n/FIFO queue model is a generalized queue and a
finite-source model that has multiple servers where customers
source times are generally distributed heterogeneously and pos-
sess service times that are homogeneous exponential distribution.
The service discipline is FIFO meaning they are served in accor-
dance with the directive of their arrivals. The arrival of customers
is from a finite source of size n and they are served by one of
r�r ≤ n� servers according to a FIFO discipline at a service facil-
ity. A waiting line is formed if there is no idle server and the
units are delayed. The service times of the units are assumed to
be random variables which are identically and exponentially dis-
tributed with parameter �. Customer with index i returns to the
source after completing service and remain there for a random
time �i having general distribution function Fi�x� with density
fi�x�. All random variables are supposed to be independent of
one another. G/M/r/n/n/FIFO queue model was used to derive
performance measures.

6. THE RELEVANCE OF THE QUEUEING
MODELS IN EVD TRANSMISSION

The spread of EVD after any outbreak is a function of time. The
disease transmits by contact. Therefore, it is pertinent to opine
that everyone within the disease outbreak region is considered
exposed. The exposed individuals find themselves in a system
and under a waiting time state. Each individual has the probabil-
ity of being infected over a period of time. The eventual infected
individuals move from the system of the exposed state to that of
the infected state, yet under another waiting time state.
To establish the applicability of the queuing models in EVD

transmission pattern, the queueing model parameters namely:
arrival rate and service rate could be assumed to signify, infection
rate and recovery/death rate respectively. Thus, the parameters
can be integrated into the queueing model to explain the EVD
transmission dynamics.

7. CONCLUSION AND RECOMMENDATION
Ebola Virus Disease has caused serious loss of life, waste of
economic and material resources in West African nations like
Nigeria, Sierra Leone, Guinea, Liberia, and Senegal (WHO,
2015). This paper recaps the recent West African nations EVD
outbreak. Related literatures on EVD based on general epidemic
model and the utilization of applied mathematical models for
EVD problems were reviewed. The various models of queueing
theory were discussed. The place of the queueing model in EVD
transmission pattern was revealed.
Although, a lot of Mathematical models such as agent-based

models and models based on ordinary differential equation,
epidemic models based on SIS and SIR and their extensions,
including assessment studies and intervention measures, have
been proposed by several researchers on ways to handle outbreak
of the disease;18 there still exists current challenges that require
research attention. Such challenges include.
The ordinary differential equation based approach describes

reality with varying accuracy.84 Again, equation free algorithms
are generally not clear; the agent based approach comes with
higher computational cost.85 Furthermore, it is difficult to use
stochastic individual based simulation for complex data.85 There-
fore, it is vital to propose an approach that is capable of solving
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the above problems with little or no difficulty. The queueing the-
ory approach is a promising alternative.

Researchers have developed various epidemic based model of
Ebola virus, mainly for Sierra Leone and Liberia. Their models
were derived from the original SIS and SIR models proposed
in 1932 as cited in Bashar et al.65 Jaime et al.71 used the SIS
model to explain EVD transmission pattern. Other researchers
such as Stadler et al.;73 Chowell et al.;66 Lewnard et al.;86 and
Kiskowski72 extended the model to accommodate latent feature
of the virus causing Ebola during incubation period. But, there
are still some loopholes since all the EVD transmission phases
have not been covered. Therefore, the extension of the basic SIS
and SIR epidemic models that cover all EVD transmission phases
is a welcome idea.

Finally, the way Ebola virus disease invades countries dif-
fer due to socio-cultural factor differences and population
behavioural factor differences. Also, epidemic of EVD happens
in batches sometimes, thereby generating a queue for each out-
break. Hence, there is a need to develop models to explain each
individual queue due to an outbreak as well network of EVD
queues.
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