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Abstract 

Ebola is a disease of humans and other primates caused by Ebola viruses. This disease 

has a high risk of death, killing between 25 and 90 percent of those infected, with an 

average of about 50 percent. Ebola has become one of the most horrible threats to human 

beings. In this paper, we develop accurate propagation model of Ebola in order to 

understand its spread dynamics. In the modeling, human beings are of three exclusive 

states: ‘Susceptible’, ‘Infected’ and ‘Recovered’. We evaluate the proposed model 

according to Ebola’s data published by WHO. The experiment results suggest that our 

model can accurately present the Ebola propagation dynamics in Guinea, Liberia and 

Sierra Leone. We further study the optimal vaccine delivery strategies in order to restrain 

the outbreaks of Ebola. When human beings are in short of vaccines, the proposed model 

analyses the delivery destination, the tendency of Ebola’s propagation, locations of 

medical centers and labs, and the conditions of patients. According to Ebola’s data from 

WHO, the model identifies seven cities as the optimal venues to start the vaccine delivery. 

The work in this paper greatly benefits the eradication of Ebola when it outbreaks in our 

society. 
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1. Introduction 

One of the greatest challenges faced by our human beings is Ebola. Ebola virus disease 

(EVD; also Ebola hemorrhagic fever, or EHF), or simply Ebola, is a disease of humans 

and other primates caused by Ebola viruses. The virus spreads by direct contact with body 

fluids, such as blood, of infected human or other animals. Signs and symptoms typically 

start between two days and three weeks after contracting the virus with a fever, sore 

throat, muscle pain, and headaches.  

As far as we know, Ebola is one of the most horrible viruses to human beings since 

Ebola virus was first identified in 1976. The 2014 outbreak in West Africa is definitely 

the largest and most complex Ebola outbreak. In West Africa, there are three main 

countries which are Guinea, Liberia, Sierra Leone, suffering from the threat of death. The 

disease is under a high risk of death, killing between 25 and 90 percent of those infected 

with an average of about 50 percent [1]. This is usually due to the low blood pressure 

from fluid loss, and typically follows six to sixteen days after symptoms appear. As of 

now, more than 8000 people died because of Ebola [2]. The dead include lots of virus 

infection and numerous health care workers. The number of cases in the current outbreak 

now exceeds the number from all previous outbreaks combined. Up to now, the most 

helpful method to stop the spread of virus is to isolate the networks into several parts. It is 
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time to take other efficient measures to reduce the death rate.  

The World medical association has announced that their new medication could stop 

Ebola and cure patients whose disease is not advanced [1]. In this paper, we build two 

models to solve this problem. The first model we build is an SIR propagation model that 

is based on cellular automata (SIR/CA). In the model, we can write program in MATLAB 

to calculate the estimate number of infective. We could test the effect of our model by 

comparing the estimated number of patients to the actual number of infected human 

beings. We can then predict the number of patients and the demand for vaccines in the 

future. In consideration of the infective number, demand and other factors, the second 

model we build is the delivery system based on the knapsack model(DS/KM). 

Afterwards, we will make the proper number of vaccines and send them to the countries 

where people are urgent to use the vaccines. The model we build is to decrease the rate of 

death.  

The paper will be organized as follows: we describe the problem that the paper will 

address in Section 2. Section 3, is about the details of the modeling. We then discuss the 

delivery process in Section 4. We conclude the work of this paper and discuss the future 

work in Section 5. 

 

2. Problem Statement 

Under the circumstance of the new medication could stop Ebola and cure patients 

whose disease is not advanced, we are required to build a realistic, sensible and useful 

model to optimal the eradication of Ebola and write a non-technical letter for the world 

medical association to announce. And the consideration of the model can be listed as 

followed: 

• The spread of the disease; 

• The quantity of the medicine needed; 

• Possible feasible delivery systems (sending the medicine to where it is needed); 

• Locations of delivery (geographical); 

• Speed of manufacturing of the vaccine or drug; 

• Other critical factors. 

We build the SIR spread model based on cellular automata to simulate the spread of 

disease. With the predicted data, we can identify the quantity of the medicine needed and 

the speed of manufacturing of the vaccine. For confirming the locations of delivery, we 

should search the actual epidemic and gather more static. We also have an obligation to 

build delivery systems to allocate the vaccine reasonably. Whats more, we can do more 

meaningful research in some ways. 

 

3. The Development of Models and Solution of the Model 

There are many factors that may affect the propagation speed and scale of Ebola. In 

this paper, we simplify the modeling process by only considering the main factors. We 

have some assumptions in the modeling. First, we do not consider population factors in 

the countries such as birth and mortality rate. The population in these countries keep 

steady. Second, if a patient gets vaccination, this patient will not be infected any more. In 

addition, the cost of medicine transportation is not taken into consideration. 

 

3.1. SIR Spread Model based on Cellular Automata 

Cellular automata (CA) is a dynamic system that is discrete in time and space. Many 

limited and discrete cells constitute a state set. Cells change state by obeying local rules. 
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Given an arbitrary time, there will be many transformations of cells through simple 

interaction. The whole transformation process contributes to the dynamic system, for 

example, Ebola’s propagation dynamics in this paper [3]. According to the definition, 

cellular space and transformation function consist of CA. We therefore describe CA by 

mathematical symbols A = (Ld, S,N, f), wherein Ld represents network space, S 

represents a limited and discrete set, N denotes the set of neighbors of a patient in the 

network topology, and f denotes the local transformation function. Cells, patients’ states, 

cellular space, patients’ neighborhood, local propagation rules and time are the main 

components of our proposed model [4]. Cells are basic part of CA and distribute on the N-

dimensional space. As shown in Figure 1, we introduce a quadrilateral to present a cell, 

and all cells are organized in a two dimensional space. neighbors of a cell are distributed 

around the central cell. In our modeling, we adopt Moore neighborhood. As shown in 

Figure 2, each cell has eight neighbors. The states of each patient are limited. The current 

state of a cell and the states of its neighbors determine the next state of this cell. CA is 

itself a dynamic model, and the transformation function provides discrete changes of 

states during Ebola’s propagation [5]. In Figure 2, we add artificial boundary at the 

periphery of the network, which becomes part of the evaluation process. The artificial 

boundary does not participate the propagation modeling. 

Figure 1. The Location of Human beings: using Quadrilateral to Present 
a Cell that Denote a Human Being 

Figure 2. Illustration of Moore Neighbors: each Cell (human being) has 
Eight Neighbors 
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3.2. SIR Modeling 

As shown in Figure 3, we divide each human being in the Ebola’s propagation into 

three types: 

• Susceptible (S): human being is healthy but can be infected; 

• Infected (I): human being has been infected; 

• Recovered (R): human being gets vaccination and becomes healthy again. 

Figure 3. The State Transition Graph of Each Human Being 

Susceptible human being will become infected when neighbours becomes contagious 

and transfer Ebola viruses to this patient [6]. Patient can be recovered through 

vaccination. We can build up differential equations for our SIR model as follows: 

(1)

(2)

(3)

di
si i

dt

ds
si

dt

dr
i

dt

 






 




 






 

wherein S(t) denotes the proportion of the susceptible human beings, I(t) denotes the 

proportion of the infected human beings, and R(t) represents the proportion of the 

recovered ones. Besides,  denotes the contact rate of patients every day, and μ represents 

the recovery rate of patient everyday, t is an arbitrary time in the propagation of Ebola. 

 

3.3. SIR Spread Model Based on CA 

Firstly, we describe the details of the structure of SIR/CA. We distribute population 

that we study in a two dimensional space. The whole space is divided into grid structure. 

Every quadrilateral represents the place that a human being is located. We use different 

figure to represent population in quadrilateral. We run the modelling according to the 

following rules: 

 If { , } 1t

i jS  ,then judge
 { , }

t

a i jT S  

 if { , }

t

a i j aT S T , then { , } 3t

i jS  , { , } 0t

a i jT S   

 otherwise, { , } 1t

i jS  , { , } { , } 1t t

a i j a i jT S T S   

If the proportion of dead neighbours exceeds three quarter, the human being himself or 

herself willdie for Ebola contagion. We sketch the overall procedure by a flow chart of 

the modelling. The details are presented in Figure 4. 
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Figure 4. The Flow Chart of the Ebola Propagation in SIR/CA 

3.4. Accuracy Evaluation of the Proposed Model 

Currently, no previous Ebola outbreaks are as large or persistent as the current 

epidemic since Ebola virus was first identified in 1976.The 2014 outbreak in West Africa 

was definitely the largest and most complex Ebola outbreak. In West Africa, there are 

three main countries suffering from Ebola. They are Guinea, Liberia, Sierra Leone. In this 

subsection, we evaluate the accuracy of the proposed model. We validate our model by 

collecting the number of cases, the number of death, and the population of three countries. 

We compare the modeling results to WHO data from February 24, 2014 to February 1, 

2015, during which Ebola viruses got a large-scale outbreak in those three countries [7]. 

The results in Figure 5, are about the relationship between the propagation time and the 

number of infected human beings in Guinea. We can obtain from the Figure 5, that the 
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change of the actual number of patients, the change of the estimated number of patients. It 

shows that the number of infected human beings increased quickly. Moreover, the speed 

of Ebola’s propagation slowed down at some time during the spreading dynamics. We 

also have similar results in Figure 6, and Figure 7, for the Liberia and Sierra Leone cases. 

 

Figure 5. The Relationship between Time and the Number of Infected 
Human Beings in Guinea 

 

Figure 6. The Relationship between Time and the Number of Infected 
Human Beings in Liberia 
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Figure 7. The Relationship between Time and the Number of Infected 
Human Beings in Sierra Leone 

3.5. The Analysis on the Rate of Infection 

According to the results of the modeling, we can calculate the infection rate. We show 

the results in Figure 8, Figure 9, and Figure 10. We can see that the infection rates 

fluctuate greatly during the propagation of Ebola. However, after Ebola has spread for a 

period of time, the infection rate becomes steady. 

Based on the accurate modeling, we can predict the tendency of Ebola’s propagation. 

The results in Figure 11, show the relationship between time and the estimated number of 

patients in Guinea. We can therefore predict the number of infective people. According to 

tendency of the propagation shown in Figure 11, we conduct the demand for new 

medication. In the next year, the total simulation is 2700, and the number of new patients 

is 2605. Therefore, the number of required vaccines is about 95. Figure 12, shows the 

results in Liberia. We will also conduct the medication for Ebola. In the next year, the 

total number of patients is 3857, and the number of new patients is 188. Therefore, the 

demand of required vaccines is about 188. Figure 13, shows the prediction results in 

Sierra Leone later. The total number of patients is 8700, and the number of new patients is 

8300. Therefore, the number of required vaccines is about 400. From the experiment 

results, we can identify the speed of vaccine manufacturing to meet with the maximum 

demand of vaccination in the countries. 

 

Figure 8. The Infection Rate in Guinea 
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Figure 9. The Infection Rate in Liberia 

 

Figure 10. The Infection Rate in Sierra Leone 

 

Figure 11. The Prediction of Ebola’s Propagation in Guinea 
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Figure 12. The Prediction of Ebola’s Propagation in Liberia 
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Figure 13. The Prediction of Ebola’s Propagation in Sierra Leone 

4. Delivery Analysis 

We mainly consider the factors that are the number of Ebolas confirmed cases, 

the prevalence of trends, the locations of Ebola treatment centers and laboratories, 

citys economic level to determine the delivery locations in Guinea, Liberia and 

Sierra Leone. Considering the above five factors, we choose seven cities in the three 

countries as the delivery locations, which are Macenta, Coyah, Bombali, Port Loko, 

Kenema, Kailahun and Montserrado. 

We filled the delivery locations with black, and concretely analyse the situation 

in these cities as following: 

1

max
n

i i

i

p x


                                                                                                           (4)  

when 

1

n

i i

i

w x M


                                                                                                                      (5) 

wherein ix = 0 or 1, M denotes the capacity of the package, ip  denotes the price of the 

item i, and iw  represents the capacity of the item i. 

We consider that the vaccine should mainly transport to the areas in serious 

outbreaks that can directly reduce the sources of infection.We can see from the 

Figure 14, that the number of confirmed patients in the black area is between 501 

and 4000 which are larger than other areas [8]. The size of the circle represents the 

numbers of cases in the past 21 days which show the prevalence of trends.  

Therefore, the circles are mainly distributed in the black area, which means the 

outbreaks of Ebola in these cities are still serious. Considering patients in Ebola 

treatment centers, sending vaccine to these treatment centers can avoid the waste of 

transportation time. In Figure 15, we can see most of  the black areas are surrounded 

by the treatment centers, which can provide patients with efficient  treatment. The 

vaccines should be kept safe and scientifically. We consider the vaccines should be 

sent to laboratories. In Figure 16, the laboratories are distributed near the black area, 

which meets the requirements of vaccination. From what has been discussed above, 

we can choose Macenta, Coyah, Bombali, Port Loko, Kenema, Kailahun and 

Montserrado as optimal delivery locations for eradication of Ebola viruses. 
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Figure 14. Geographical Distribution Of New And Total Confirmed Data Up 
To 28 January 2015 

 

Figure 15. Locations Of Ebola Treatment Centers In Guinea, Liberia And 
Sierra Leone Data Up To 28 January 2015 
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Figure 15. Locations Of Ebola Treatment Centers In Guinea, Liberia And 
Sierra Leone Data Up To 28 January 2015 

Given an outbreak of Ebola, the cost of vaccine transportation is not taken into 

consideration. The delivery system aims at solving the allocation problem when the 

vaccines are in short of supply. Therefore, the problem of the vaccine delivery can 

be converted into the knapsack problem [9-10]. We improved it to conform to the 

actual vaccine distribution. It changes the objective function into the maximum 

recovery rate, which equals to the number of recovered patients divided by the 

number of injections. It also adds a constraint to reflect the shortage: iK D . 

According to the period of Ebola’s propagation, we divided the whole patients into n 

sections of different disease severity. Every section has its own number of recovered 

patients. The process can be presented as follows: 

1

1

max

n

ii

n

i ii

p

a y








                                                                                                                  (6) 

when 

1

n

i i i

i

a y k D


                                                                                                                  (7) 

wherein iy
= 0 or 1, K  denotes the total number of vaccines, iD

 represents the 

vaccination demand, ia
 is the value of the disease severity of an arbitrary patient i, 

and pi denotes the number of recovered patients given a disease severity ia
. Through 

the delivery process, injecting vaccines to those who are in great severity can get the 

best recovery result. Therefore, in the case of vaccine shortage, we can not only use 

the vaccines effectively, but also slow down the infection of Ebola.  

We also examine the stability and sensitivity of the proposed methods. First for 

Guinea, we estimated the number of infected patients to be 2750. The actual number 
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of infected human beings is 2608 (refer to Figure 5). For Liberia, the estimated 

number of patients is 3502, and the actual simulation number of patients is 3669 

(refer to Figure 6). For Sierra Leone, the estimated number of patients is 6805, and 

the actual number of patients is 8583 (refer to Figure 7). The results of the  modeling 

in all countries are very close to each other. 

 

5. Conclusion 

According to the data from WHO, we understand that West Africa is a key region to 

control the spread of Ebola. Particularly, Guinea, Liberia, Sierra Leone suffered from high 

risk of death in Ebola’s outbreaks. There is no doubt that Ebola is a new challenge. In 

order to decrease mortality rate, except isolation, we should take other efficient measures. 

First is about predicting: prediction plays an important role in eradicating Ebola. 

Therefore, we need to pay more attention to it. We predict the number of future patients in 

our modeling. In our analysis, in the next year, the number of patients may grow up to 

683. We should produce proper number of vaccines which is more than 683. Second is 

about the demand of vaccines: with the limitation of produce conditions, the demand of 

vaccines may be more than production outputs. Therefore, it becomes very important to 

produce vaccines in advance, which can decrease mortality rate the most. In our research, 

vaccine quantity should be greater than the death rate. Third is about transportation: given 

a large outbreak of Ebola, the cost of vaccine transportation is not taken into 

consideration. We have considered the destination. In our study, we choose seven 

destinations based on the following factors. We mainly consider the factors including the 

number of Ebola’s confirmed patients, the prevalence of trends, the locations of Ebola 

treatment centers and laboratories, and city’s economic level to determine the delivery 

locations in Guinea, Liberia and Sierra Leone. Considering the above five indexes, we 

choose seven cities in three countries as the delivery locations, which are Macenta, 

Coyah, Bombali,Port Loko, Kenema, Kailahun and Montserrad. Finally, we investigate 

the medication: the number of medication and the injection time will play a vital role in 

eradicating Ebola. However, it is difficult to know the effectiveness of vaccines. We 

should pay more attention to testing vaccine and clinical response. 
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