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Abstract. Different from traditional immunization strategies, which suppose that the contact 
frequency of all nodes is same, in this paper, a new immunization strategy was established based on 

the principle of „High-Contact-First‟. The different link with different weight describes the 
relationship between different two nodes. The bigger weight means the higher contact. The higher 

contact means the higher risk which the two nodes be infected each other. Thus, to the purpose of 
immunization, the link with higher contact should be cut down first. The theory analysis and the 

simulations indicate that the proposed immunization strategy is effective, and it is also economic 
and feasible.  

Introduction 

Since the human contact patterns and the topology of Internet can be regarded as complex 

networks, the epidemic spreading on complex networks, include the spreading of computer viruses 
and human diseases has been widely investigated[1-6]. In particular, the spreading of human 

disease in realistic systems and theoretical models has attracted a great deal of attention[7-12]. And 
a vast amount of work has been done. The typical epidemic models include SI, SIS, SIR and SIRS 

etc. In the SI model[13] and SIS model[14] individuals can only exist in two discrete states: 
susceptible or infected. While, in the SIR model[15] and SIRS model[11], individual scan be one of 

the three states: susceptible, infected, and recovered. In SIRS model, an infected node can be 
recovered again, and after a period, it would be a susceptible node, because the losing of immunity. 

How the infectious disease propagates in population, and how to control the speed of spread of 
the epidemic? These are the important questions in the spread of epidemic on complex networks.  

Recently, many methods were proposed to solve the problem[1,16-19].  
Generally, the most common immunization strategies include random immunization, targeted 

immunization and acquaintance immunization. Random immunization[20] is also called uniform 
immunization which was put forward by Anderson and May in 1992. The vaccinated nodes are 

selected randomly at a certain proportion. The results showed that in order to obtain a better 
immune effect, almost all individuals need to be vaccinated. Then Pastor-Satorras and Vespignani 

proposed the targeted immunization[21] in 2001. In targeted immunization, the nodes with high 
degrees were vaccinated firstly. The targeted immunization has a better immune effect, but it needs 

to know the topological structure of the whole network. In response to this issue, Cohen designs an 
efficient immunization strategy named „„acquaintance immunization”[22]. In this scheme, the 

“acquaintances” of some nodes are randomly selected and be vaccinated with certain probability. It 
is evident that the nodes with large degree have more chance to be vaccinated. 

All the previous studies, there is a hypothesis which the frequency of contact between any two 
individuals is same, and the immune probability of each node is same too. However, the contact 

frequency of different two individuals is different in general. In many nature or social networks, 
individuals tend to form groups according to the different characteristics, such as different jobs, 

different families and so forth. The connections within each group are dense, while connections 
between groups are sparse. For example, in social networks, family is a group. Within a family 
group, each member is directly connected each other, but connections among different families are 

relatively rare. Based on this situation, in some degree, structure determines the characteristics and 

7th International Conference on Education, Management, Computer and Medicine (EMCM 2016)

Copyright © 2017, the Authors. Published by Atlantis Press. 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 

Advances in Computer Science Research, volume 59

476



 

function of networks. Thus, how to describe the contact frequency between individuals and how to 

choose the effective immunization strategy is an important work. 
In this paper, the weights of links between all nodes in the networks are considered. And the 

different weights describe the different contact frequency between the relative nodes. According to 
the weighted networks, a "high-contact-first" immunization strategy was proposed. In 

high-contact-first immunization, the nodes which are connected to the infected nodes and with high 
contact frequency should be vaccinated firstly. To verify the validity of the immunization, the 

theoretical proof and computer simulations were done on different networks with SIRS epidemic 
model. The results indicate that the proposed immunization strategies are effective, and it is also 

economic and feasible. 
The rest of the paper is organized as follows: the high-contact immunity in SIRS model in 

small-world networks of the epidemic model and the simulation results are presented in Sec. I. The 
high-contact immunity in SIRS model in scale-free networks of the epidemic model and the 

simulation results are presented in Sec. II and the conclusion is presented in Sec. III. 

High-Contact-First Immunization in Small-Word Networks 

The characteristic of WS small-world model is the connectivity distribution can be 
approximately represented by the Poisson distribution. The distribution has a peak in the average 

value    , then rapid degradation exponentially, which means that when       , it almost 

not exists a node which degree is  . So the networks also known as the Homogeneous network. 

Suppose there are   nodes in the WS small-world network, each node is symmetrical connected to 

the nearest   nodes with probability   randomly re-connected to the each edge in the original 

network, and then the average degree of the network is     2 . In the real social network, the 

interpersonal contact frequency is influenced by many independent factors, so the interpersonal 
contact frequency is meet the normal distribution. It is described as: 

𝐶~𝑁(𝜇, 𝑣2)                                                               (1) 

Here,   represents the weight of edge.   is the average value of the weight of all edges.   is 
the variance of all weight. The high-contact-first immunization strategy was described as: the nodes 

connected to the initial infection nodes with big weight are vaccinated first. It means the biggest 
potential threaten should be eliminated first in the networks. Thus, the immune probability is 

proportional to the weights. It is evident that the high-contact-first immunization is a dynamic 
strategy.  

Let   represents the probability of a susceptible individual were vaccinated. Then, 

𝛿~𝑎𝑐𝑖𝑗                                                                    (2) 

Where, 𝑐𝑖𝑗  is the weight between the healthy individual 𝑗 and the infected node 𝑖. a  is 

constant coefficient. For the convenience of calculation, let 𝑎 equal to 1. 

The dynamic equations of the SIRS propagation model on WS small-world network[16,19,23] 
are described as follows: 

( )
( ) ( ) ( )

( )
( ) ( ) ( )

( )
( ) ( )

dS t
k S t I t R t

dt

dI t
k S t I t I t

dt

dR t
I t R t

dt

 





    

   

                                                 (3) 

Where, 𝑆(𝑡), 𝐼(𝑡), 𝑎𝑛𝑑 𝑅(𝑡), respectively, denote average density of susceptible individuals, 

infected individuals and removed individuals. The infection transmission is defined by the rate 𝛽 
at which each susceptible individual acquires the infection from an infected neighbor during one 

time step. The rate constant of recovery for infected individuals is denoted by Υ. Then the model‟s 
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effective spreading rate is 𝜆  𝛽 ⁄ Υ. 𝜎 represents that the recovered node loses its immunity with 

rate,  𝑘   is average degree of the networks. High-risk immunization is regard the susceptible 

individuals with infected neighbors as high-risk groups, and by immunizing the high-risk groups 
with a certain probability[16,19] to controls the spread of the disease

. 
When the node is vaccinated, 

it means that a potential virus transmission channel is eliminated. However, in many cases, the 
influence of every edge is not equal because of the different of the contact frequency. For example, 

the contact frequency of family members is far high from the others generally. So, the vaccination 
should be treated differently. Certainly, the susceptible individual with high contact frequency to the 

infected should be should be vaccinated firstly. It is called as high-contact-first immunization. 
The individuals were vaccinated according to the order of contact frequency between healthy 

nodes and infected nodes in high-contact-first immunization strategy. Evidently, it is more easily to 
eliminate the transmission channel with the biggest risk. At the same time, the individuals with low 

contact frequency were ignored selectively. Compared with the high-risk immunization strategy, 
high-contact-first immunization strategy has lower cost. 

Based on Eq.(3), we can get the dynamic equations of high-contact-first immunization: 

1, 1 1, 1

1, 1 1, 1

( )
(1 / ) ( ) ( ) ( )

( )
(1 / ) ( ) ( ) ( )

( )
( ) ( )

N N

ij
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   

   

    

   

 

 

 

                                 (4) 

Here, 𝑐𝑥𝑦  represents the vaccinated probability of a healthy node 𝑦 who connected to the 

infected node 𝑥 (𝑐𝑥𝑦  is the weight between node x and node y). 𝑐𝑖𝑗 represents contact frequency 

between node 𝑖 and node 𝑗. 𝑆(𝑡), 𝐼(𝑡), 𝑎𝑛𝑑 𝑅(𝑡) respectively represent different density about 

healthy nodes, infected nodes and recovered nodes. Ω is the probability that any given node is a 
neighbor of some specific node. Hence, the effective transmission rate decreases by rate 

1, 1

1 /
N

x y

xyc 
 

  , and it means that
1, 1

(1 / )
N

x y

xyc  
 

   . 

Also, ( )S t , ( )I t and ( )R t obey the normalization condition: 

( ) ( ) ( ) 1S t I t R t                                                            (5) 

When the network tends to the steady state of no infectious diseases spread on networks are： 

( )
0

( )
0

( )
0

( ) 0

dS t

t

dI t

t

dR t

t

I t







                                                                   (6) 

This means that all states do not change, and there is no disease on population now. Then, from 

the first equation of Eq. (4) and Eq.(6), we obtain: 

1, 1 1, 1

(1 / ) ( ) ( ) ( ) 0
N N

xy ij

x y i j

k c c S t I k R t  
   

                                          (7) 

From the second equation of Eq. (4) and Eq.(6), we know: 
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                                                  (8) 

_

c  is average of all weights. At the same time, Substitute Eq. (8) into Eq. (7): 

_
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Because ( ) 0I t  , we can get: 

_
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1
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
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                                                 (10) 

At this point, a non-zero threshold can be obtained: 

_

1, 1

1

(1 / )
c N

xy

x y

c k c




 



   
                                                 (11) 

When contact frequency among different nodes is same and the weight is 1, 𝜆𝑐 satisfies that 

𝜆𝑐  
1

<𝑘>
. It is totally consist with the condition in the SIS propagation model[24]. And, if the 

weight is not equal to 1 ( 0  cxy  1 ), obviously, 𝜆𝐶  
1

<𝑘>
. So, is the high-contact-first 

immunization strategy effective? We will provide answers by using simulation experiments. 

 
Figure 1.  Three different immunization strategies in the small-world network (N=2000, randomly 

re-connected probability p=0.2,<k>=4, Infection density varies with propagation probability) 

All the simulations (Fig.1–Fig.4) are computed averaging over 30 different starting 
configurations, performed on 20 different realizations of the network. Here, 10% of the nodes in the 

network are chosen randomly as initial infected nodes in a network. We choose 0.1 as the 
probability that the node loses immunity. For simplicity, the “high-contact-first” was replaced by 

“high-contact” in all simulation figures.  
In Fig.1, the random immunization and high-risk immunization ignore the contact frequency 

between the nodes and 0.3  . While high-contact-first immunization, the contact frequency satisfy 

𝐶~𝑁(1 2⁄ , 1) . Obviously, we can see, in the Fig.1 the effect of high-risk immunization is better 
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than random immunization, and when 0.3  , the effect is slightly worse than the high-contact-first 

immunization. 

 
Figure 2.  Comparison of high-contact-first immunization indifferent networks with different 

average degree (N=2000,p=0.2, Infection density varies with propagation probability) 
 

In Fig.2, it shows the comparison of high-contact-first immunization when  𝑘   is variety. We 

can get the conclusion that: when  𝑘   gets smaller, the effect become better. The situation also 

satisfies the fact in the real world. A bigger 𝑘   means there are more edges in the networks, it 
also indicates more transmission channels for infectious diseases. 

 
Figure 3.  Contrast between high-risk immunization and high-contact-first immunization (N=2000, 

p=0.2, <k>=4, the variation of infected density I changes with the function of λ.) 

 

In Fig.3, by comparing two kinds of immunization strategies, when 𝛿 gets bigger (𝛿  0.7), the 
effect of high-risk immunization is approximately equal to high-contact-first immunization. In the 

past study, the probability that nodes get vaccinated was same, and ignored their contact frequency. 
While, for high-contact-first immunization, its purpose is to vaccinate the nodes connected to 

infected nodes and the contact frequency is bigger. 
In homogeneous networks, each node is approximately equal to the average degree. When the 

density of initial infected nodes is consistent, the result is often quite similar. Different from 
homogeneous networks, in heterogeneous networks, a few nodes tend to have larger degree. Once 

these nodes get infected, it means more risks for healthy nodes. 

High-Contact-First Immunization in Scale-Free Networks 

In BA network, connection degree distribution function has the power-law form and the nodes‟ 
degree without significantly characteristic length, so called scale-free networks. Barabási and Albert 

proposed the BA scale-free model based on the characteristic of growth and preferential attachment. 
Here, BA stands for Barabási-Albert. We construct a BA scale-free network composed of N nodes 
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with degree distribution P( )~ −3 and average degree is     2m. For the BA scale-free 

networks[25], due to the scale-free property, nodes with high degrees play an important role in 

networks. As long as propagation rate is greater than zero，the virus can spread and finally 

maintained at a stable state. This reflects the vulnerability of the scale-free network against the virus. 

So, finding a suitable immunization strategy is very important. Does high-contact-first 
immunization strategy in the BA scale-free network perform well? Now, we will show the 

performance through the theoretical analysis and simulation experiment. 
Because the BA network is heterogeneous, so, the SIRS model which modeled base on 

mean-field theory should be modified. Let 𝑆𝑘(𝑡) is the density of susceptible nodes, 𝐼𝑘(𝑡) is the 

density of infected nodes and 𝑅𝑘(𝑡) is the density of recovered nodes with a given degree k . The 

propagation model we adopted is SIRS built on BA scale-free networks. The dynamic equations as 
follows: 

1, 1 1, 1

1, 1 1, 1
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 
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                          (12) 

The first term on the rhs of the first equation of Eq. (12) considers the average density of newly 
infected nodes generated by each infected node. It is proportional to the effective infection 

spreading rate 𝜆, the number of connections 𝑘(degree), and the probability that a given link points 

to a healthy node 𝑆𝑘(𝑡). The probability Ω is represent a given node is the neighbor of a specific 
node. The rest terms in Eq. (12) are similar to above. 

The probability that a link points to a node with s links is proportional to 𝑠𝑃(𝑠). In other words, 

a randomly chosen link is more likely to be connected to an infected node with high connectivity, 
yielding[26]: 

( ) ( )
1

( ) ( ) ( )
( )

k

k
k

k

s

kP k I t

t kP k I t
sP s k

  
 





                                     (13) 

Also, 𝑆𝑘(𝑡), 𝐼𝑘(𝑡) 𝑎𝑛𝑑 𝑅𝑘(𝑡) obey the normalization condition for each 𝑘: 

𝑆𝑘(𝑡) + 𝐼𝑘(𝑡) + 𝑅𝑘(𝑡)  1                                                  (14) 
Consider the non-epidemic stationary condition: 
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Then, from the first equation of Eq. (12), we obtain 
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Combine the above equation with Eq. (14), we obtain 
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𝑐̅ is the average of all weights. From the second equation of Eq. (12) 
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Substitute Eq. (18) into Eq. (17) 
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The solution 𝐼𝑘(𝑡)  0  and Θ(𝑡)  0  always satisfy the Eq.(19). A nonzero stationary 

prevalence(𝐼𝑘(𝑡) ≠ 0) is obtained when the lhs and the rhs of Eq.(19), expressed as function 𝐹(Θ), 
and interest is in the interval 0  Θ ≤ 1; this has a nontrivial solution. It is easy to deduce that this 

requires that the inequality
0
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  is the probability of any given node (individual) is a neighbor of some specific nodes. 

Therefore: 

( ) /kP k N k                                                               
(21) 

As for BA scale-free network 

2 3
( ) 2 /P k m k

                                                              (22) 

Substitute Eq. (22) and Eq. (21) into the right side of inequality (20), we obtain 
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From above equation, the critical epidemic threshold c
 , that is given by 
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.This is consistent with the May's 

reference[13]. 
Here 
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Substitute Eqs.(25) into Eq. (24) 
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In the continuous k approximation, calculate the approximation of 
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Here, M is the maximum degree. Substitute Eqs. (27) into Eq. (26):
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When M  is big enough (when m is constant, M increases with N  ), M m M  thus 
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From Eq. (29), we can see 𝜆𝑐  increases with 𝜎  increasing; 𝜆𝑐  increases with ( 2 )m k m

decreasing; c
 decreases with N increasing. Performance of these three points in real life: First, 

longer lasting immunity raises the threshold infection spreading rate for epidemic outbreak to occur, 
in this section, we use 0.1 as the probability that nodes lose its immunity; Second, when one node in 

the network has more edges, it undertake more risk; Third, when the size of the population increases, 

the outbreak of infectious diseases get easier. In this paper, we assume
_

0.5c  . 

To verify the above analysis, some simulations were implemented on computer. The results 

indicate that the analysis is correct. The network was selected as scale-free network with 2000N  , 

average degree  𝑘   4, and the initial node m=5. The0.1*N infected nodes were selected 

randomly from the network. Suppose the chance of be infected by infected neighbor is equal to all 
nodes, and the probability of infection is the same. Simulations were computed averaging over 30 

different starting configurations, performed on 20 different realizations of the network.  
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Figure 4.  Three different immunization strategies in the BA network (N=2000, <k>=4, δ=0.3 

Infection density varies with propagation probability) 
 

Fig.4 is the compare of three different immunization strategies in the BA network (𝑁  2000, 
𝑘   4, 𝛿  0.3). From the Fig.4 we can see that the effect of uniform immunization is worst 
among three strategies. High-risk immunization is better than uniform immunization, and the 

high-contact-first immunization is best. For high-contact-first immunization, the probability that 
nodes get vaccinated is not all the same. It is varied according to the contact frequency between 

nodes. And the high-contact-first immunization is a dynamic immunization strategy, and it can 
eliminate the potential spreading risks in the network. 

Fig.5. is the comparison of high-contact-first immunization with different average degree 

(𝑁  2000). From Fig.5, we can know: when  𝑘   gets bigger, the effect gets worse, which is 
consistent with above conclusions. In fact, when people communicate more frequently, the spread 

of disease gets faster. 

 
Figure 5.  The comparison of high-contact-first immunization with different average degree 

(N=2000 Infection density varies with propagation probability) 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

λ

I

 

 

uniform immunization

High-risk immunization

High-contact immunization

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.05

0.1

0.15

0.2

0.25

λ

I

 

 

High-contact immunization,<k>=8

High-contact immunization,<k>=6

High-contact immunization,<k>=4

Advances in Computer Science Research, volume 59

484



 

 
Figure 6.  The contrast of effect of high-contact-first immunization on different networks with 

different scale N(<k>=4, Infection density varies with propagation probability) 

 
Fig. 6  is the contrast of effect of high-contact-first immunization on different networks with 

different scale 𝑁. It indicates propagation probability 𝜆𝑐 decreases with 𝑁 increasing. It means 
that the more population,the more easilyoutbreak infectious diseases , the threshold higher. Whlie 

the effect gets better when 𝑁 is smaller, which is also consistent with above conclusions and the 

situation in real life.  

 
Figure 7.  The contrast between high-risk immunization and high-contact-first immunization 

(N=1000,<k>=4, the variation of infected density I changes with the function of λ) 
 

Fig. 7 is the contrast between high-risk immunization and high-contact-first immunization 

(𝑁  1000, 𝑘   4), the variation of infected density 𝐼(𝜆) changes with the function of 𝜆. 

From Fig.7, it is obvious that the 𝛿 gets bigger, which means more nodes have been vaccinated, 
the vaccinated effect is better. Compared to high-contact-first immunization, the latter is better. 

Even 𝜎  0.7, the effect is still better than high-risk immunization. 
And now, how apply the high-contact-first immunization to real life? As we known, the contact 

of the family members, company colleagues, friends and classmates is more frequently than others. 
Thus, these population is the first target of immunization when an epidemic occurs. Another 

problem is how to find an infected individual quickly. Usually, infectious diseases will perform 
certain external characteristics. So we can use the characteristics to find infected individuals first 

and vaccinate their family members, company colleagues, friends, classmates and etc. So, the 
high-contact-first immunization is feasible in real life. 

Conclusions 

With the development of human society, the infectious disease cycles of outbreak is getting shorter, 

and choose an effect immunization strategy becomes more and more important. For a good 
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immunization strategy, many factors should be considered in real life, such as politics, economy, 

culture and region. In this paper, based on the different frequency of interpersonal communication, 
we designed a dynamic strategy: “high-contact-first immunization strategy”, and the results show 

the high-contact-first immunization is efficient and feasible. 
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