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Based on the scale-free network, an integrated systemic inflammatory response syndrome model with artificial

immunity, a feedback mechanism, crowd density and the moving activities of an individual can be built. The effects of

these factors on the spreading process are investigated through the model. The research results show that the artificial

immunity can reduce the stable infection ratio and enhance the spreading threshold of the system. The feedback

mechanism can only reduce the stable infection ratio of system, but cannot affect the spreading threshold of the system.

The bigger the crowd density is, the higher the infection ratio of the system is and the smaller the spreading threshold

is. In addition, the simulations show that the individual movement can enhance the stable infection ratio of the system

only under the condition that the spreading rate is high, however, individual movement will reduce the stable infection

ratio of the system.
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1. Introduction

In 1998, Watts and Strogatz (WS) published an
article entitled “Collective dynamics of small-world
networks” ./ The WS small-world network model was
proposed in the article. The model reveals the small-
world property of realistic systems. In 1999, Barabasi
and Albert (BA) published an article entitled “The
emergence of scaling in random networks”.?l The fa-
mous BA scale-free model was proposed in the article.
The model reveals the scale-free property of realis-
tic systems. Many studies have shown that almost
all realistic networks have small-world and scale-free
properties.>~¢ The two excellent articles have moti-
vated many scholars’ interest in the research of com-
plex networks.

Almost all practical systems have network struc-
tures. In addition, there are many similar statistical
features in the complex networks of practical systems
in different domains. So the complex network theory
has become an indispensable tool to study complex
systems. It helps us to understand the fundamental

laws in realistic complex systems.[7—15]
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As the spreading phenomenon is universal and
closely related to our daily life, one of the main goals
in the study of complex networks is to reveal and un-
derstand their spreading behaviour. In recent years,
scholars have done a lot of research in this domain
and obtained plenty of results. However, the re-
search mainly focuses on the effect of network struc-
ture on the spreading process.!**~27] The effect of non-
structural factors on the spreading process has rarely
been studied. In fact, many non-structural factors can
affect the spreading process significantly. In this pa-
per, the effects of some typical non-structural factors
(artificial immunization, feedback mechanism, crowd
density and individual moving) on the spreading pro-
cess in scale-free networks will be studied. The laws
will be investigated by building a new systemic inflam-
matory response syndrome epidemic model.

2. Building model

In a realistic system, artificial immunization is
one of the most important measures for disease pre-

vention and control. The method turns a suscepti-
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ble individual into an immune individual by direct
immunization.[28—32l

In a realistic system, when a disease is spreading
and the number of infections is increasing, people will
reduce contact with others on their own initiative and
the number of infections will eventually be reduced.
However, when the number of infections starts to de-
crease, people will relax their vigilance and the num-
ber of infections may again increase. Obviously, adap-
tive feedback has an effect on the virus spreading. In
order to reveal the influence of the feedback, the ideas
of feedback are added to the classical epidemic model.
Suppose that all individuals in the network know the
situation of the disease spreading. That is to say, the
individual knows the proportion of the infected indi-
viduals and actively disconnects his connection with
his neighbors at a certain developmental stage of the
disease spreading.[29:30]

When an epidemic disease is spreading, emphasis
should be placed on the control of the disease spread-
ing in a region where the population density is high.
In addition, frequently moving people should be re-
stricted. In order to reveal the influence of the crowd
density and the moving activity of the individual on
the disease spreading, we suppose that the crowd is
distributed sparsely in the network with a specified
percentage. The crowd density d is defined to be the
proportion of the number of individuals to the number
of nodes in the network. The moving process follows
the following rules. At each time step, an infective
individual can move to a selected location randomly.
If the target location has been occupied by other in-
dividual, their positions are exchanged.3!]

In the SIRS epidemic model, the individuals can
only exist in three different states, which are the sus-
ceptible state (S), the infective state (I) and the re-
covered state (R). A susceptible individual can be in-
fected and becomes an infective individual, an infec-
tive individual can be cured and becomes an immunity
individual (recovered state), an immunity individual
can lose his immunity and becomes a susceptible in-
dividual again. The process can be simply described
as S—I—R—S. Suppose that there are only a small
number of individuals being infected at the initial mo-

the ratios of the susceptible, the infective and the re-
covered nodes with degree k at time t. Let p(t) be
the average ratio of all infective nodes at time t. We
assume the infection probability is «, the cure prob-
ability is 8, the losing immunity probability is -y, the
artificial immunity probability is  and the disconnect
probability is . Meanwhile, the crowd density is as-
sumed to be d. According to the mean-field theory,
the dynamic behaviour of the model with the artifi-
cial immunity, the feedback mechanism and the crowd
density can be described by

% = —a(kd) (s — up)O(t)
+y(1 = s — pr) — dsi, (1)
% = a(kd)(sk — pp)O(t) — Bo,

where ©(t) denotes the probability that any given link
points to an infected individual.

For the scale-free network with a degree of no-
correlation, we denote the degree distribution by P(k).
When the system is in the steady state, let © = O(0),

Poo = p(00), we can obtain
_ a(kd)O(y = Ypos — Sppso)
)= ke +in+e P
So
Oy = YHPoo — OfiPoo)
Z P(k (3)

kd 6+'y)@+6(7+5)

kd)O(y — Yipoo — Opipoc) ()
kd J(B+7)O+B(y+9)

Zk:

From the condition that Eq. (4) has a nonzero solu-
tion, we can obtain

a (k) (1 ¢

w5 () ®)
where . is the epidemic threshold of the system.
For the BA scale-free network, let m be the min-
imum number of connections at every node, then
P(k) = 2m?/k3. If the size of the network is infin-
ity (N — o0), then (k) = 2m, (k?) — oco. According

to Eq. (5), we know A. — 0.
Integrating Eq. (3) and taking the limit N — oo

ment. Let sg(t), px(t) and ri(t) respectively denote  yields
2mday® 2m2d%a?(B + v)y6? In [1 " By +9) }
po = B +9) B2(y +9)? mad(f + )@ (©)
* 1+ 2umda®  2um*d*a’ (8 +7)6” In [1 N B(y+9) } '
8 B2(y +9) mad(f + )@
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Integrating Eq. (4) and taking the limit N — oo yields

mda® B(y+9)
O = v—vupoo—éupoon[ﬂr : 7
( e+ [ mda(a )0 g
Equation (7) can be simplified as
5 5 -
S E T R S S N .
mdo(f + ) mdo(y — Yipos — 6/ipoo)
Substituting Eq. (8) into Eq. (6), we find that p., satisfies the relation
o = 2[7—(7+5)upoo]{ex [ By +9) ] _1}_1
= B+ mdo(y = Yipoo — Ofipoc)
_ 2607 +9) {ex { By +9) }1} )
mda(3 + ) mda(y = Ytpoo — Oppoc)
Equation (9) is a transcendental equation. Although 1.0 - -
. . ) | —m=20=033=017=024§=02 =05 |
we can not obtain the analytic expression for p.., the - -m=2a=03 8=017=028=04 1=10
relations between p., and p, and between p., and 08 |
d can be obtained by setting relational parameters, o6l
which are plotted in Figs. 1, 2 and 3, respectively. 2
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Fig. 1. Relation between poo and § in the SIRS model.
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Fig. 2. Relation between p and g in SIRS model.

Fig. 3. Relation between pos and d in SIRS model.

From Fig. 1, we can see that p,, decreases with
the increase of §. From Fig. 2, we can see that p
decreases with the increase of u. From Fig. 3, we can
see that p, increases with the increase of d.

If the size of the network is finite (N is finite),3?
the maximum connectivity k. ~ mN'/2, then

- e 2)

I Ee k(2m?k—3)dk (1 N 5)
[ k2(2m2k-3) dk

d - dy
2 1 )
mln N <d + d7) ' (10)

From the above expression, we can see that the epi-

Q

demic threshold A. of the system is not zero. More-
over, it is related to the artificial immunization rate &
and crowd density d, but is unrelated to the feedback
parameter p.

For a scale-free network with degree correlations,
such as the Internet, P(k’|k) denotes the conditional
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probability that a node of connectivity degree k is con-
nected to a node of connectivity degree k’, then

o(t) = > P(KK)pw. (11)
-

When the system is in the steady state, relation (11)
yields

_ 1y CE' )O(y — Ypupoo — Sp1pso)
O =2 P aG e+ pE ) (12

From the condition that Eq. (12) has a nonzero solu-
tion, we can obtain

«a 1 1 §
r=5 = s (a7 ) . 09
Obviously, if conditional probability P(k/|k) is given,
we can obtain the epidemic threshold A, from expres-
sion (13).

From the above analysis, when d = 1.0, § = 0,
# = 0, the model changes into a classical SIRS
model.133]

3. Computer simulation

In order to test the results above, simulation ex-
periments are carried out in a BA scale-free network.
The size N of the network is 5000. The initial infective
ratio is 0.01.
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Fig. 4. Evolution tendencies of a stable ratio with time
(A = a/B = 3) for (a) a static crowd and (b) a moving
crowd.

Experiment 1 In order to investigate how the
crowd density, artificial immunity and the feedback
mechanism affect the disease spreading, the simula-
tion parameters are set as a« = 0.3, = 0.1, v = 0.2.
Moreover, we set d = 1.0, 6 = 0.0, u = 0.0; d = 0.6,
6=00,4=0.0;d=0.6,0=0.1, u =0.0and d = 0.6,
6 = 0.1, p = 0.5, respectively. The simulation exper-
iments are carried out under the conditions that the
crowd is static or is moving, respectively. Each ex-
periment is repeated 50 times and then the averages
are taken. The results of the simulations are shown in
Fig. 4.

From Fig. 4, we can see that the results of the
experiments agree with the conclusions of the theoret-
ical analysis. In addition, we find that the individual
movement can affect the stable infection ratio of the
system.

Experiment 2 In order to investigate the evo-
lution tendency of the stable infection ratio with the
spreading rate, the simulation parameters are set as
follows: « is uncertain, # = 0.1, v = 0.2. Moreover,
we set d =1.0, § = 0.0, x = 0.0 and d = 0.6, 6 = 0.0,
w = 0.0, respectively. The value of X is determined by
infected probability a. The simulation experiments
are carried out under the conditions that the crowd
is static or is moving, respectively. Each experiment
is repeated 50 times and then the averages are taken.
The results of the simulations are shown in Fig. 5.
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Fig. 5. Effect of crowd density and crowd moving on the
spreading threshold of the SIRS model for (a) d = 1.0 and
(b) d=0.6.
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From Fig. 5, we can see that the spreading thresh-
old tends to zero because of the power law of the node
degree distribution in the scale-free network. In addi-
tion, if the crowd density is low, the individual move-
ment can enhance the stable infection ratio of the sys-
tem only under the condition that the spreading rate
is high. However, the individual movement can re-
duce the stable infection ratio of the system under the
condition that the spreading rate is low.

Experiment 3 In order to investigate the ef-
fect of artificial immunity on the spreading threshold
of the system, the simulation parameters are set as
follows: « is uncertain, 8 = 0.1, v = 0.2. Moreover,
we set d = 1.0, § = 0.0, u = 0.0; d = 1.0, § = 0.2,
pw=0.0and d=1.0,§ = 04, u = 0.0, respectively.
The value of X is determined by infection probability
a. The simulation experiments are carried out under
the conditions that the crowd is static or is moving, re-
spectively. Each experiment is repeated 50 times and
the averages are taken. The results of the simulations
are shown in Fig. 6.
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Fig. 6. Effect of artificial immunity on the spreading
threshold of the SIRS model for (a) a static crowd and (b)
a moving crowd.

From Fig. 6, we can see that artificial immunity
can decrease the stable ratio and increase the spread-
ing threshold of the system. However, when the net-

work is scale-free, the spreading threshold of the sys-
tem disappears when the network is infinite.

Experiment 4 In order to investigate the effect
of the feedback mechanism on the spreading thresh-
old of the system, the simulation parameters are set
as follows: « is uncertain, § = 0.1, v = 0.2. More-
over, we set d = 1.0, 6 = 0.0, u = 0.0; d = 1.0,
6=00,u=05andd=1.0,0 =0.0, u = 1.0, respec-
tively. The value of A is determined by the infection
probability «. The simulation experiments are carried
out under the conditions that the crowd is static or is
moving, respectively. Each experiment is repeated 50
times and then the averages are taken. The results of
the simulations are shown in Fig. 7.
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Fig. 7. Effect of feedback mechanisms on the spreading

threshold of the SIRS model for (a) a static crowd and (b)
a moving crowd.

From Fig. 7, we can see that the feedback mech-
anism can reduce the stable ratio of the system, but
can not affect the spreading threshold of the system.
Moreover, the spreading threshold of the system tends

to zero when the network is infinite.

4. Conclusion

In this paper, based on an integrated SIRS model,
the effects of crowd density, artificial immunity, the
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feedback mechanism and individual movement on the
spread of disease in a scale-free network are studied.
Theoretical analysis and computer simulation show
that artificial immunity can decrease the stable ratio
and increase the spreading threshold of the systems;
the feedback can reduce the stable ratio of the sys-
tem, but cannot affect the spreading threshold of the
system. With the decrease of crowd density, the sta-
ble infective ratio of the system declines, meanwhile,
the epidemic threshold of the system extends. How-
ever, due to the scale-free property of the network, the
spreading threshold of the system disappears when
the network is infinite. The simulation also shows
that individual movement can enhance the stable in-
fection ratio of the system only under the condition
that the spreading rate is high, however, individual
movement can reduce the stable infection ratio of the
system. These conclusions provide theoretical support
for disease prevention and control measures, which in-
clude artificial immunity, the epidemic reporting and
announcement policy, and the restriction of massive
crowd gathering activities and crowd movement.

The work is based on the unweighted networks.
In realistic systems, the connections between individ-
uals are different, so the disease spreading process on
weighted networks will be studied in the near future.
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