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In this paper, a standard susceptible-infected-recovered-susceptible(SIRS) epidemic model based on the Watts—
Strogatz (WS) small-world network model and the Barabsi—Albert (BA) scale-free network model is established, and a new
immunization scheme — “the most common friend first immunization” is proposed, in which the most common friend’s
node is described as being the first immune on the second layer protection of complex networks. The propagation situations
of three different immunization schemes — random immunization, high-risk immunization, and the most common friend
first immunization are studied. At the same time, the dynamic behaviors are also studied on the WS small-world and the
BA scale-free network. Moreover, the analytic and simulated results indicate that the immune effect of the most common
friend first immunization is better than random immunization, but slightly worse than high-risk immunization. However,
high-risk immunization still has some limitations. For example, it is difficult to accurately define who a direct neighbor in
the life is. Compared with the traditional immunization strategies having some shortcomings, the most common friend first
immunization is effective, and it is nicely consistent with the actual situation.
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1. Introduction

Recently, the complex networks have attracted atten-
tion of many researchers who are familiar with the field.
The so-called complex networks are large-scale networks
with complex topological structures and dynamic behaviors.!!]
The complex networks are composed of a large number of
nodes standing for individuals, and edges standing for in-
teractions between individuals,! such as the internet, social
network, B! wireless communication network, the telecom-
munication network, friend relationship network, epidemic
spreading network,*3! and other complex networks. With the
rapid development of society, our daily life is closely related to
the networks. Therefore, the studies of the structure, character-
istics and relationships of networks have played a significant
role in our daily life and scientific research.[6-8]

The earliest research of complex networks can be traced
back to the problem of seven-bridges of Konigsberg in the
eighteenth century. The random graph theory is the key of
the complex network theory which was created by Erdos and
Renyi in the 1960s. Now, complex networks have been studied
widely. In recent years, an important branch of complex net-
works — the transmission mechanisms and propagation dy-
namics — has been widely investigated. >*! Throughout his-
tory, any epidemic’s outbreak is brought about by the social
development of civilization. On the one hand, large-scale epi-
demics have a dramatic impact on the society. The network be-
comes an essential thing in our daily life, which promotes the
continuous improvement of the modern health system and re-

DOI: 10.1088/1674-1056/25/12/128702

duces the threat of epidemics. On the other hand, the increas-
ingly developed social network makes the connection closer
among people, which accelerates the great outbreaks of epi-
demics, such as SARS in 2003, HIN1 flu in 2005, H7N9 in
2013, HIV/AIDS, 2! and mad cow disease,!3! etc. These
epidemics bring huge loss to the national economy and disas-
ter to people’s lives.!'*] Therefore, the presence of epidemics
is a problem we have to solve.[5-17]

In 1959, two famous Hungarian mathematicians (Erdos
and Renyi) created the ER random graph network model.[!8]
Like the regular networks, the ER random graph can be classi-
fied as homogeneous complex networks, in which the degree
of each node in the network is approximately equal to the aver-
age degree of the network. By the 1990s, with the rapid devel-
opment of the computer, internet and other technologies, the
advents of various databases enables people to obtain a variety
of topological structures of real networks. In this context, two
landmark models, small-world network model[%2%1 and scale-
free network model[?'! have been proposed. The characteris-
tics of small-world networks show that the distance between
any two nodes is much smaller than the network size, and sim-
ilar to the six degree separation theory in sociology. The de-
gree distribution is a power-law one on scale-free networks, in
which exist some nodes of larger degree. The small-world and
scale-free network models were two major statistical topolog-

[22] Therefore,

ical models at the end of the twentieth century.
many problems are investigated on the two prototype complex

networks.
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Meanwhile, different propagation models are adopted
in the various propagation behaviors. Classical propaga-
tion models were proposed by predecessors: susceptible-
infected (SI),[*3! susceptible-infected-susceptible(SIS),!?+2]
Based on the
above models, a lot of epidemic propagation models which

susceptible-infected-recovered(SIR), ! etc.

are closer to the realistic ones are put forward, includ-
ing susceptible-infected-recovered-susceptible(SIRS).!*”! The
transmission cases of three kinds of immunization schemes are
studied by using the SIRS model.

Currently, with constant communications among people,
more and more epidemics are spread to a wider range, which
has brought huge influence to the human’s life and the econ-
omy. Therefore, designing a highly effective immunization
strategy has been of wide concern.*®-33! Typical immuniza-
tion strategies are as follows: random immunization, 341 tar-
geted immunization, (351 acquaintance immunization,?® and
other immunization strategies.>’8/ Random immunization is
a simple strategy, which completely randomly selects a part
of nodes over the whole network, and carries out immuniza-
tion, but it is almost immunization of all the nodes to ob-
tain a better immune effect. So, random immunization is
not impractical. Targeted immunization is an effective strat-
egy, which chooses a small number of key nodes to immu-
nize first. However, the only drawback is that it needs to
know the topology of the entire network. Acquaintance im-
munization is to vaccinate random acquaintances of random
nodes. It is obvious that the nodes with larger degree are
easier to select. Other immunization strategies contain the
double acquaintance immunization,*®! the complex vaccina-

[38] etc. Since these classic immu-

tion adoption mechanism,
nization strategies have some drawbacks, the latest immu-
nization strategies are presented, respectively, with high-risk
immunization?! and the two-step high-risk immunization. ]
High-risk immunization is an effective strategy, which treats
direct susceptible neighbors with infected nodes as high-risk
groups, and controls the spread of epidemics by immunizing
high-risk groups. The two-step high-risk immunization is de-
signed, which immunizes not only partial high-risk nodes, but
also partial indirect neighbors of infected nodes. In this pa-
per, a new immune strategy — the most common friend first
immunization — based on the topology research of complex
networks, is proposed. High-risk immunization must know all
susceptible individuals whose neighbors have been infected,
and these individuals are called “high-risk individuals” or “di-
rect neighbors”. In this paper, the most common friend first
immunization only needs to know some direct neighbors and
its neighbors. In real life, it is difficult to define all direct
neighbors accurately, but it is very easy to find some direct
neighbors and their neighbors. It is evident that the pro-
posed method is more feasible than the high-risk immuniza-
tion. Therefore, the most common friend first immunization is

more operational, and is more suitable in real life.

The idea of the most common friend first immunization is
described in Fig. 1. Set i as the infected node (i.e., red circle),
the direct susceptible neighbor nodes adjacent to i as high-
risk nodes (i.e., the green circle), the nodes of marking num-
ber 1, 2, and 3 as indirect susceptible neighbors. The indirect
neighbor labeled with Arabic number indicates that an indirect
neighbor has common friend or direct neighbors’ total number.
For example, the indirect neighbor marked 3 indicates that it
has 3 high-risk nodes. In other words, this node has the most
common friend, so it is the first immunization. One piece of
advice is that each node is a susceptible node except the in-

(&

fected node.

©

Fig. 1. (color online) Sketch of the most common friend first immu-
nization.

The rest of this article is organized as follows. In Sec-
tion 2, the most common friend first immunization on WS
small-world network is introduced. In Section 3, the most
common friend first immunization on BA scale-free network
is described. In Section 4, the results and discussion of com-
puter simulation on WS small-world network are presented. In
Section 5, the results and discussion of computer simulation
on BA scale-free network are given. Finally, according to the
theoretical and simulation results, we can draw corresponding
conclusions.

2. The most common friend first immunization
on WS small-world network

In 1998, Watts and Strogatz (WS) put forward the concept
Meanwhile, the WS small-world
network model was also established, and it is constructed in

of small-world networks.

the following steps: (i) starting from the rule graph: the start-
ing point is a ring with N nodes symmetrically connected with
its 2K nearest neighbors, (ii) random rewiring: for every node,
each link connected to a clockwise neighbor is rewired to a
randomly chosen node with probability p, and preserved with
probability 1 — p.

In the SIRS model, each node represents an individual,
and each edge represents direct contact between two individu-
als. The number of all edges connected to a node is defined as
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the degree of the node. Without considering isolated individ-
uals, latent individuals, the birth and death rate of individuals
in the propagation of epidemics, there are three node statuses,
respectively, with susceptible status S(z), infected status I(¢),
and recovered status R(¢). The infection mechanism of the

classic SIRS model is showed in Fig. 2.

g

Fig. 2. Sketch of SIRS.

The disease propagation process is described as follows.
At each time step, a susceptible individual S is infected into
an infected individual with probability 3, an infected individ-
ual / is cured into a recovered individual with probability 7,
while a recovered individual R becomes a susceptible individ-
ual, due to losing immunity, with probability ¢. Therefore,
the model’s effective transmission rate is A = /7. In this
paper, the probability with which any given node is a special
node’s neighbor is defined as @, and the probability per unit
time in which one node obtains immunity by vaccinating is de-
fined as o; At the same time, the proportion at which the direct
neighbors of the most common friend are immune is defined
as p, and the proportion at which the indirect neighbors are im-
mune is defined as g. The degree distribution of homogeneous
network (ER random graph network and WS small-world net-
work) has a peak at the average degree (k), but the exponent
declines when the value of k is significantly smaller than (k),
and far more than (k). So, we suppose that each node degree
k; is approximately equal to the average degree (k). Based on
mean-field theory, when the network scale tends to infinity, the
following dynamic equations can be obtained by ignoring the
density correlation among different nodes:

%(rt) = —A(1-pwo/o —qy;0’0/c) (k) S(I(1) + OR(),
dfT(;) = A(1 —pwo/c — qy;*0/c) (k) S(t)I(t) — (1),
dRr(t)

dr = I(l)—O'R(l). (1)

Suppose that o;; is the number of common friends be-
tween the infected node i and indirect node j, Z’;zl 0;j is de-
fined as the total number of common friends between the in-
fected node i and all indirect nodes j, and k as the total number
of indirect nodes. Therefore, & = oij/ lezl 0;j is defined as the
correlation strength between the infected node i and indirect
node j. Let I" be a set of indirect neighbor node j, then

~_J 1, thelargest §,jel
771 0, other circums tances

will be considered as the immune coefficient. Certainly, the
largest & refers to being the first vaccinated.

Here, S(z), I1(t), and R(z), respectively, represent the av-
erage densities of susceptible individuals, infected individuals
and recovered individuals. The first term on the right-hand
side of the first equation denotes the average density of newly
infected nodes generated by each infected node. The second
term on the right-hand side of the first equation means the re-
covered nodes losing immunity with rate 0. The second term
on the right-hand side of the second equation represents the
infected nodes recovering with rate 7.

The most significant prediction of SIR is the presence of
a nonzero epidemic threshold A.. If the value of A is above
Ac, then the value of R(¢) is above zero; it means that the in-
fected individuals will spread infectious diseases, and the total
number of infected individuals in the whole network is finally
stabilized to a certain equilibrium state. If the value of A is
below A, then the value of R(¢) is equal to zero. It means that
infectious diseases cannot spread, and the total number of in-
fected individuals is infinitesimally small in the limit of very
large populations. The S(t), I(¢), and R(¢) obey the normaliza-
tion principle: S(¢) +1(¢) + R(t) = 1, the initial conditions of
this equation are R(¢t) =0, S(¢) ~ 1, and I(¢) ~ 0.

When the final infected density would reach a steady
value, equation (1) satisfies the non-epidemic stationary condi-
tions: dS(r)/dt =0,dI(¢)/dt =0, dR(¢)/dtr =0, and I(r) = 0.
The condition /() = 0 shows that non-epidemic spreads, and
it also indicates that the numbers of susceptible individuals,
infected individuals and recovered individuals will no longer
change. Bringing the equations of non-epidemic stationary
conditions into Eq. (1), we obtain

—A(1 - pwo/c — qy;w*o/c) (k) S(t)I(t) + oR(t) =0,
A(1 - pwo/c —qy;jw*o/c) (k) St)I(t)—I(t) =0,
1(t)— oR(1) = 0. ()

From the second equation of Eq. (2), we obtain

1
S(t):/l(l—pwo/c—qllfjw%/ﬁ)(@' *

Substitute S(¢) +I(¢) + R(¢) = 1 into the third equation of
Eq. (2), we obtain

—I(t)+o[1—-S()—1I(t)]=0. )
Substitute Eq. (3) into Eq. (4), we obtain

—I(t)+o(1—1(t)
1
TR paojo—qyotoor ) 0 @

Because of the static condition /(¢) = 0, we obtain

1
A= . 6
(1—pwo/o —qyjw?o/c) (k) ©
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When o = 0, the SIRS model is equivalent to the SIS
model. Substituting ¢ = 1 into Eq. (6), we obtain the non-
zero epidemic threshold is

A = 1

(1= pwo - qy;0%0) (k)
When the vaccinating rate o = 0, A, = 1/(k).

From Eq. (6), we can see that the non-zero epidemic
threshold is associated with the average degree (k) of the net-
work, the immune probability o, the losing immunity prob-
ability o, the proportion p of the direct neighbors, and the
proportion g of the indirect neighbors.

3. The most common friend first immunization
on BA scale-free network

Some phenomena of complex networks, especially of so-
cial networks, cannot be explained by WS small-world nor ER
random graph network model. Because the degree distribu-
tions of the two network models obey the Poisson distribu-
tion, but the degree distributions of many networks in reality
obey power-law distribution. For example, the transportation
hub cities in China are limited in number, and these hub cities
can reach many other cities, while the number of routes be-
tween the majority of common cities and other cities is rela-
tively small. Another example is the case of the social net-
work. In social networks, the public figures often have wide
social circles and strong influence, while the social circles of
ordinary people are relatively narrow and influence is rela-
tively weak. To solve these problems, Barabasi and Albert
proposed a scale-free network model based on the analysis of
a large number of network data in 1999. The scale-free net-
work model features a small number of hub nodes existing in
the network. This model is proposed on the basis of two hy-
potheses: one is the growth pattern of the network: many net-
works grow, such as the production of new web pages in the
internet, the addition of new friends in a friend’s net, etc; the
other is the preferential attachment mode: as new nodes join,
they tend to be connected with more nodes. For instance, the
new web pages generally link to the well-known Web pages,
etc. So, SIRS’ the most common friend first immunization
epidemic model based on the scale-free network model is de-
scribed as follows: constructing a BA scale-free network can
lead to the growth and preferential connection. After enough
iterations, we obtain a network composed of N nodes with de-
gree distribution P(k) = k3 and the average degree (k) =2 m.
According to mean-field theory, the dynamic equations of the
BA scale-free network can be expressed as

aSi(r) _ 4 (1 _ P“”) kSi(1)O (1) + OR (1),
(o2

dr B ql//j(l)zo
c
dr,(t) pwo
=Al1- kSi(1)O(r) — I (t
L ( T e
o

IR 1) - omi0). )
Here, Si(t), It(¢), and Ry(t), respectively, represent the den-
sities of susceptible, infected, and recovered vertex of degree
k. In Eq. (7), the first term on the right-hand side of the first
equation represents the average density of fresh infected nodes
generated by each infected node. The second term on the right-
hand side of the first equation denotes the nodes losing immu-
nity with rate ¢. The first term on the right-hand of the third
equation refers to the infected nodes recovering with rate 7.

In the BA scale-free network, the probability ©(¢) with
which any given link points to an infected node can be ex-
pressed as

_ LikP(R)(2) _ LZP(k)Ik(t). (8)

O ="F ) 0k

Here, sP(s) is proportional to the probability with which a link
points to a node with s links. That is to say, a randomly cho-
sen link is more likely to be connected to an infected node with
high connectivity.

In the BA scale-free network, S (¢), Ix(¢), and Ry (t) obey
the normalization principle: Si(¢) + I (¢) + Rx(¢#) = 1. When
there is no epidemic propagation in the network, dS;(t)/d¢ =
0, dt(t)/dt = 0, dRy(t)/dr = 0, and I;(t) = 0. Bringing this
equation into Eq. (7), we obtain

~A(1 = pwo/c — qy;w*0/c)kSi(1)O(t) + R (1) = 0. (9)

Combine the above normalization equations with Eq. (9), then
we will obtain

le(l) —0
= . 1
) = 0= pwojo —queojoye) —o 10
From the second equation of Eq. (7), we obtain
L (t
Sk(t) = k(1) (an

A(1—pwo/o —qy;w?o/c)kO(t)
Substitute Eq. (11) into Eq. (10), we obtain

A(1—pwo/c —qy;w?0/0)kO(1)c .
(17 0)A(1— pwo/o —qy,0% /00 +o |

L(t) =

From Eq. (12), the solution () =0 and ©(z) = 0 al-
ways satisfies Eq. (12). For obtaining a non-zero static solu-
tion (I (¢) # 0), we will see both sides of Eq. (12) as a function
G(0) (0 < © < 1), which allows a non-trivial solution. There-
fore, it requires the following inequality to hold true

dG(0)
a6

lo=0 > 1. 13)

In other words,
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A(l—pwo/c)kO(t)o

d{<k>§kp(") - { (01 DA(I — pwojo—qy,0%0/0)kO ) +o}}

de

Let w be the probability with which any given node is a neigh-
bor of some specific node, then we will have

o= ];\I’J<(/]§>)' (14)

Here, P(k) = 2m?/i°.
Substitute Eq. (14) and this equation into inequality (13),
then we will obtain

<’Ik> Y P(k)(1 - pwo/o—qy;0%0/)
k
A
= —( Y i2P(k) - Y K*P(k)pwo
<k><; P(k) Zk‘, P(k)pwo/o

— ZkzP(k)qij20/6>
%

0 kP(k
- ;k2P<k>jw(,f<(k>))

_ l{<k2>01’2m0q 4m’

sNIK o "’fzvzgcykz} =10

When equation (15) is taken to be an equation, we obtain

Ae |0 op2m*  oq 4m*
— (k) - ——yi——— | = 1. 1
W [ e NE o e 16
From the above equation, we obtain
k
A = Wi . (17)
o 0P 2m>  oq 4m*
() 22 s = Ay 2
o N(k) o "' N2(k)*k2

When 6 = 1 and 0 =0, A, = (k)/(k*). Here,
(k) =Y kP(k) =Y 2m*/i> =2m* Y iz
k k k k
(k) =Y Ik*P(k) = Y k*2m* /I =2m” ) L
k k k k

Substitute the above equation into Eq. (17), then we will ob-
tain

1
Zmzzkkfz
A = e I oop 1 oq 1 - (18)
2m Zk;_gil_;l/’jﬁ
NZkkﬁ N (ka) k

= <?;Z’kZP(k)(l — pwo/c—qy;0’o/c) > 1.
k

0=0

So,

I op 1 oq 1
2y 22 - Ay
LY S (S
Nhia v(ng)

1
2m2 Zk ﬁ

1
Ae
1
B Zk% - op
o 1 1\2
Zkkj 2Nm2(2kk7> o
_ oqVy;
1\2 1 -
2:m2 _ _
IN’m (Zkk) Y50

19)

In the continuous k approximation, we calculate

oM M
Z*—>/ “dk=1m2Z,
kk m k m
1M 1 M-m
[ k==
;kz m k2 m M

(20)

m .

Here, M is the maximum degree, substitute Eq. (20) into
Eq. (19), then we will obtain

. M
L. 'm op
A M—m 5 mH 2
mM 2Nm G( m )
B oqV;j
MN2M —
2N2m2(1n—) aom
mM
B mMIn — oMZp
 M-m  2No(M—m)?
oMqy;

- ' . @21
2N2mo (M —m) (ln %)2

When M is big enough, M —m ~ M. Substitute this equation
into Eq. (21), then we will obtain

1 1M 0 N
— —mln— —
Ac m 2No P

qVy;
’M ) (22)

From Eq. (22), we can see that the non-zero epidemic
threshold is associated with the number of the existing nodes
(m), the immune probability (o), the losing immunity proba-
bility (o), network size (), the proportion of direct neighbors
(p), and the proportion of indirect neighbors (g).
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4. Results and discussion of computer simula-
tion on WS small-world network

From Eq. (6), we can see that the average degree (k) of
the network, the immune probability o, the losing immunity
probability o, the proportion of the direct neighbors p and the
proportion of the indirect neighbors g affect the dynamic be-
haviors of epidemics. So, in this part, some sensitivity analy-
ses are performed in terms of the model parameters.
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Fig. 3. (color online) (a) Time-dependent and (b) infected-rate-
dependent densities of infected individuals, respectively, for random
immunization, high-risk immunization, and the most common friend
first immunization on WS small-world network (N = 2000, (k) = 4,
and the rewiring rate is 0.1).

Based on the above analysis of mathematical theory, the
corresponding experiments are also testified. Without loss of
generality, a small-world network model is constructed: net-
work scale N =2000, the average degree (k) = 4, and the
rewiring rate is 0.1. At the beginning, 5% of the suscepti-
ble nodes are infected. In each iteration, the susceptible node
has the same probability with which it is infected by its neigh-
bors. The prevalence is computed by averaging over 50 dif-
ferent starting configurations, performed on 20 different real-
izations of the network. Figure 3(a) shows the changing of
infected density in a homogeneous network, respectively, with
random immunization, high-risk immunization and the most
common friend first immunization scheme. From Fig. 3(a),
we can see that random immunization is located on the top,
which indicates that the infected density is the largest when
non-epidemic spreads. So, random immunization’s effect is
the worst. The high-risk immunization is located at the bot-
tom, which indicates that the infected density is the least when

non-epidemic spreads, and its immune effect is the best. The
most common friend first immunization is located in the mid-
dle, which demonstrates that the immune effect is worse than
the high-risk immunization. It is difficult to accurately define
who a direct neighbor in the life is, but it is rather easy to
find some direct neighbors and its neighbors. Hence, the most
common friend first immunization is more suitable to the ac-
tual case.

Figure 3(b) shows the variations of the density of infected
individuals with infected rate for three immunization strate-
gies. Figure 3(b) indicates that high-risk immunization’s effect
is best, and the most common friend first immunization’s ef-
fect is slightly worse than the high-risk immunization’s, but
better than the random immunization’s. Because the high-
risk nodes are immune, the high-risk immunization can cut off
spreading routes from the root, which reduces the spread of
epidemics. So, the immune effect of high-risk immunization
is the best. The random immunization randomly immunizes
the nodes of networks, and it has more transmission routes,
so it is difficult to curb the spread of epidemics. Hence, ran-
dom immunization’s effect is the worst. However, the most
common friend first immunization effectively cuts off trans-
mission routes of epidemics. Compared with the high-risk im-
munization, the most common friend first immunization rela-
tively cuts off dispersed transmission routes, and the range of
epidemic transmission is relatively wide. Therefore, the most
common friend first immunization’s effect is slightly poorer
than high-risk immunization’s.

Figure 4 shows the variations of densities of infected
individuals with infected rate infected density for o = 0.05,
0=0.08 and o = 0.1. Figure 4 points out that as the vaccinat-
ing rate o becomes larger, the effect of immunization is better.
This is also consistent with the actual case.

oo 0=0.05 ..o"'...
~ 0.8}+4 0=0.08 o*
-‘—‘2 vv 0=0.10 ',' . A
= -
Z 06 K
;; A
o &
S 04
& A
] » R
s 0.2 : - RS
g y aca gy T
o) i
A 0 :

0 0.2 0.4 0.6 0.8 1.0

Infected rate A

Fig. 4. (color online) Variations of the density of infected individuals
with infected rate for the most common friend first immunization on
WS small-world network (N = 2000, (k) = 4, the rewiring rate is 0.1),
respectively, in the cases of 0 = 0.05, 0 =0.08, and 0 = 0.1

Figure 5 shows the variations of the density of infected
individuals with infected rate for the most common friend first
immunization at different values of immune proportion p of
direct neighbors and immune proportion ¢ of indirect neigh-

bors. In order to compare with other immunization strategies,
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the same number of immune individuals is selected for each
immunization strategy. The parameters p and ¢ are not in-
dependent of each other, but p+ g = 1, which means that the
sum of the number of immune direct and indirect neighbors is
equal to the total number of immunization. From Fig. 5, when
p decreases from 0.9 to 0.1 and g increases from 0.1 to 0.9, the
effect of immunization becomes worse. One significant con-
clusion can be drawn from Eq. (6): A increases with p or ¢
increasing. Because p and g are independent of each other in
Eq. (6), this is not contradictory with the simulation results.
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Fig. 5. (color online) Variations of density of infected individuals with
infected rate for the most common friend first immunization on WS
small-world network (N = 2000, (k) = 4, the rewiring rate is 0.1), re-
spectively, at different values of p and ¢ (when p ranges from 0.9 to 0.1
and ¢ from 0.1 to 0.9).

5. Results and discussion of computer simula-
tion on BA scale-free network

From Eq. (22), it can be seen that the immune probabil-
ity o, the losing immunity probability o, network scale size
N, the proportion p of direct neighbors, and the proportion g
of indirect neighbors affect the epidemic threshold. So, in this
section, some sensitivity analyses are performed in terms of
the model parameters.

A scale-free network model is constructed with the fol-
lowing parameters: network size N = 2000 and the initial node
size m = 5. At the beginning, 5% of the susceptible nodes are
infected. In each iteration, the susceptible node has the same
probability with which it is infected by its neighbors. The
prevalence is computed by averaging over 50 different start-
ing configurations, performed on 20 different realizations of
the network. From Fig. 6, under the same conditions (A = 0.7,
6 =0.02,0=0.18, p = 0.8, and ¢ = 0.2), the high-risk im-
munization’s effect is the best, and the most common friend
first immunization’s effect is slightly worse than the high-risk
immunization’s, but better than the random immunization’s.
This is consistent with the theoretical analysis.

According to the theory of critical value of transmission,
the transmission rate is larger than the critical value, and the in-

fected individuals can spread. As described in Fig. 7, the crit-

ical value of high-risk immunization is larger than that of the
most common friend first immunization, also larger than that
of random immunization. Consequently, the effect of high-
risk immunization is the best. But in real life, it is difficult
to find out all the high-risk nodes. In addition, the most com-
mon friend first immunization strategy can be immune indirect
node having the most public friend in turn, and its effect of
immunization is better. So, the most common friend first im-
munization is economic and effective. Moreover, the critical
value of random immunization on BA scale-free network is 0,
which means that it needs to be immune to all the nodes of

network mostly to guarantee the final elimination of the epi-

demics.
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Fig. 6. (color online) Time-dependent densities of infected individu-
als, respectively, for random immunization, high-risk immunization and
the most common friend first immunization on BA scale-free network
(N =2000,m=35).
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Fig. 7. (color online) Variations of density of infected individuals with
infected rate, respectively, for random immunization, high-risk immu-
nization, and the most common friend first immunization on BA scale-
free network (N = 2000, m = 5).

Figure 8 shows the variations of the density of infected
individuals for the most common friend first immunization in
the heterogeneous network, with the initial node size m = 4,
m = 6, and m = 8. From the above theory, we can draw the
conclusion that A increases with m ({(k) = 2m) decreasing,
the simulation result can confirm this point.

Figure 9 shows the variations of the density of infected

individuals with infected rate for the most common friend first
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immunization strategy, respectively, with the network scale
sizes of N = 2000 and N = 3000. It shows that an epidemic
threshold A, decreases with N increasing, which is consistent
with the above analysis. In other words, the bigger the net-
work size N, the smaller the epidemic threshold A. will be,
so the immune effect is worse. For example, in a crowd, the

epidemic is vulnerable to spread. This is consistent with our

reality.
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Fig. 8. (color online) Variations of the density of infected individuals
with infected rate for the most common friend first immunization on
BA scale-free network (N = 2000), respectively, with m =4, m =6,
and m = 8.

08 i .:::‘:‘:' -9

~ -3
; .
2 e
=1 0 R
T 06 vie
2 C
E g
z
g 04 i
R s
g
s g
> 0.2 R
7 L oo N=2000
g , »-v N=23000
a ;

0 L ‘

0 0.2 0.4 0.6 0.8 1.0

Infected rate A

Fig. 9. (color online) Variations of density of infected individuals with
infected rate for the most common friend first immunization on BA
scale-free network, respectively, with N = 2000 and N = 3000.
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Fig. 10. (color online) Variations of density of infected individuals
with infected rate for the most common friend first immunization on
BA scale-free network (N = 2000, m = 5), respectively, with o0 = 0.15,
0=0.18,and 0 = 0.2.

Figure 10 shows the variations of the density of infected
individuals for the most common friend first immunization, re-
spectively, with o = 0.15, 0 = 0.18, and 0 = 0.2. It shows that
Ac increases with o increasing, which is consistent with the
above analysis.

6. Conclusions

The adoption of appropriate immunization strategy is sig-
In this
paper, the most common friend first immunization scheme

nificant to prevent and control infectious diseases.

is proposed. According to the analysis above, the transmis-
sion cases of three immunization schemes based on small-
world and scale-free network are simulated, respectively, with
random immunization, high-risk immunization and the most

common friend first immunization. The simulation results

indicate that the immune effect of the most common friend
first immunization is better than that of random immuniza-
tion, but inferior to that of the high-risk immunization. The
high-risk immunization must know all susceptible individuals
whose neighbors have been infected. However, the most com-
mon friend first immunization only needs to know some direct
neighbors and their neighbors. So, the most common friend
first immunization is more feasible in reality.
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