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In this paper, we study epidemic spreading on random surfer networks with infected avoidance (IA) strategy. In
particular, we consider that susceptible individuals’ moving direction angles are affected by the current location information
received from infected individuals through a directed information network. The model is mainly analyzed by discrete-time
numerical simulations. The results indicate that the IA strategy can restrain epidemic spreading effectively. However,
when long-distance jumps of individuals exist, the IA strategy’s effectiveness on restraining epidemic spreading is heavily
reduced. Finally, it is found that the influence of the noises from information transferring process on epidemic spreading is

indistinctive.
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1. Introduction

In recent years, an increasing amount of attention has
been paid to epidemics spreading over complex networks. One
of the well-studied problems is to investigate the transmis-
sion behavior of the disease over networks. In most of the
literature dealing with the epidemic spreading behavior, the
topology structure of the underlying network is assumed to be
static.['"101 However, in practice, the relations between indi-
viduals are unlikely to keep unchanged all the time, the move-
ments of individuals cause a dynamic topology structure. In
fact, some recent study results indicate that the mobility of in-
dividuals can play a significant role in the epidemic spreading
process.[!'=191 For example, a dynamical network consisting
of a time-evolving wiring of interactions among a group of
random walkers is introduced to model the spread of an infec-
tious disease in a population of mobile individuals in Ref. [20].
In Ref. [21], a model of mobile agents is proposed to study the
epidemic spreading in communities with different densities of
agents, which aims at simulating the realistic situation of mul-
tiple cities.

In the above work, the movements of individuals are ran-
dom, which are independent of their current health statuses.
However, in real life, it is more reasonable that a suscepti-
ble individual tends to move away from its infected neighbors
to prevent itself from being infected. Besides, individuals can
transfer information about their health statuses and locations to
others through the Internet or mobile phone. Susceptible indi-
viduals tend to avoid physical contact with infected neighbors
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whose location information can be received. Motivated by the
above considerations, we consider the problems that suscepti-
ble individuals can receive current location information from
infected neighbors and their moving directions are affected by
the received information. However, the infected individuals’
moving directions are not subjected to the influence of oth-
ers. The network in which location information is transferred
is set to be a directed information network. More precisely,
susceptible individuals can receive location information of in-
fected neighbors, but not vice versa. According to the directed
information network, we construct a novel model of epidemic
spreading on random surfer networks with Infected Avoidance
(IA) strategy. Noises are considered in our model as they com-
monly exist in the information transferring process. Besides,
like in Ref. [20], long-distance jumps are also considered. The
model is mainly analyzed by discrete-time numerical simula-
tions.

The main contributions of this paper are given as follows.
Firstly, we establish a novel epidemic spreading model based
on random surfer networks which considers the TA strategy.
The network consists of two layers: one is the physical con-
tact network, and the other is the directed information network.
The IA strategy describes the influence of the information net-
work on the physical contact network. The model is analyzed
by both theoretical analysis and numerical simulations. Com-
paring our model with classical epidemic spreading model on
random surfer networks, it is found that the IA strategy can
control the epidemic outbreak significantly by increasing the
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epidemic threshold and reducing the steady-state disease den-
sity. When individuals have certain probability to travel to far
places within a short period, the effectiveness of IA strategy
is heavily reduced. After that, we investigate the influence of
the noises on epidemic spreading which commonly exist in the
information transferring process. The results indicate that the
influence is indistinctive.

The rest of this paper is organized as follows. In Sec-
tion 2, a novel epidemic spreading model with IA strategy
is established. In Section 3, discrete-time simulation results
are presented. Finally, we draw some conclusions from the

present study in this paper in Section 4.

2. Model

We consider N individuals uniformly distributed in a two-
dimensional (2D) space. Each individual has two states: sus-
ceptible (S) and infected (I). The spreading process of the epi-
demic can be summarized as follows. Firstly a contact radius
re is defined such that each individual has physical contacts
at a given time with only those individuals located within a
neighborhood of radius r.. Susceptible individuals have the
probability B to be infected by infected individuals through
physical contacts in each step. Therefore, the probability that
an individual is infected in each step is

Pint = 1— (1= ),

where I, is the number of infected individuals within a neigh-
borhood of radius r.. Meanwhile, infected individuals can be

cured with the constant probability 7 in each step.

2.1. Epidemic spreading model

Based on the above descriptions, the epidemic spreading

process can be obtained by

N
prlt+1)= (1 110 —Bpj(t)au(m)(l i)
j=1
(=i, M

where p;(t) denotes the probability that individual i is infected
at step # and a;;(¢) denotes the weight of link between individ-
ual 7 and j at step ¢.

Remark 1 When Bp;(t)a;j(t) < 1, we have the approx-
imation that

1-T](1=Bpj(t)aij(t)) ~ B ;P/(Z)aij(f)~

Jj=1

Thus

N
pilt+1)=B Y pj(t)aij(t)+ (1= y)pi(t). 2)
j=1

Also, equation (2) can be written in the compact form as
P(t+1) = ((1 =9I+ BA))PQ), 3)
where

I =diag(1,1,...,1) € RN,
P(t) = (pi(1),p2(t),..., pn(1)) € RV,

Here A(¢) denotes the adjacent matrix of the physical con-
tact network at step . When A(z) is a constant matrix A, the
epidemic spreading threshold A, is

1
lc—m

in Ref. [22], where A, 4 is the largest eigenvalue of A.
At the equilibrium point, we have that P(r) = P(t+ 1) in
Eq. (3). According to Eq. (3), the equilibrium point satisfies

either
P(t) = (0,0,...,0) € RV
(K)(1) = %

where <k> (¢) denotes the mean degree of all individuals at step
r.

2.2. Random surfer model

The location of the ith individual at step ¢ is denoted as
(x:(2),yi(¢)) and the velocity modulus of which is denoted by
vi(r). The motion process can be obtained by

{xi(t—l- 1) = x;(t) +vi(r) cos 6;(¢),

yi(t+1) = y;(t) + vi(t) sin 6;(¢), @)

where 6;(¢) is the direction angle of individual i at step ¢. Like
in Ref. [19], we consider that individuals may perform long-
distance jumps, a parameter p ., is defined to quantify the
probability that each individual performs long-distance jumps.

Therefore, we have

{ prob{v;(t) =v} =1 — Pjump;

5
prob{v(t) = Vjump} = Pjump> ®

where Viump is the velocity modulus of individuals which per-
form long-distance jumps. We consider all individuals per-
forming long-distance jumps with random direction angles in
the interval [— 7, 7] with uniform probability.

In our model, two layers of network are considered: one
is the physical contact network and the other is the directed
information network. The adjacent matrix of the physical con-

tact network at step ¢ is obtained by
1, for ||Li(r) = 1;(1)||, < re,
aij(t) =1

6
for ||7:(r) —1;(1)||, > re or i=j. ©)
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It indicates that individuals have physical contacts only
when the distance between them is smaller than r.. In Eq. (6),
the definition of g;;(r) when i = j is included.

The adjacent matrix of the directed information network
at step ¢ is denoted by B(r). We define that B(t) is determined
by the locations of individuals and their physical states at step
t. More precisely, a sensing radius r; is defined, such that each
susceptible individual can receive location information from
those infected individuals located within a neighborhood of

radius r, but not vice versa. Therefore, B(¢) is obtained by

1, for ||6i() = 1;(0)||, < r
and p;(r) =0and p;(t) =1, (7

0, otherwise,

bij(t) =

when i = j, we have b;;(t) = 0. The b;;(¢) = 1 indicates that
the individual i can receive the location information from its
infected neighbor j. An IA strategy is introduced by adjusting
the direction angles of susceptible individuals. Each suscep-
tible individual tends to avoid physical contacts with infected
neighbors by adjusting its moving direction away from them.

Fig. 1. (color online) An illustrate example of the IA strategy.

Figure 1 shows an example of the IA strategy we consid-
ered. The blue node in the center denotes a susceptible individ-
ual i while the two red nodes represent the infected individuals.
Because ||l; — 1]|, < rs and ||l; — l2||, < rs, we have b;; = 1 and
bip = 1 according to Eq. (7). Therefore, the individual i can re-
ceive location information from both individuals 1 and 2. The
individual i tends to avoid being infected by individuals 1 and
2: this kind of trend can be regarded as a resultant force of
both individuals, indicated by the red arrow in the figure. The
6;(¢) denotes the direction angle under the influence of both
infected individuals within the sensing circle r; and noises in
the information transferring process. In the illustrative graph

of Fig. 1, we have ry > r.. However, it is one of the cases

we considered. For example, individuals may have commu-
nication with others from far distances through the Internet or
mobile phone while their physical contact objects are family
members, colleagues or classmates. Therefore 7y is larger than
r¢ in such cases. However, rg may be smaller than 7, in some
cases. Some individuals may travel to far places frequently
and have physical contact with strangers. In such cases, r; is
smaller than r.. Both cases are studied in the following sec-
tion. The direction angles are updated for all individuals ac-

cording to

&i(t),

0i1) = 4<Zl<>l<>

= |6 — 403

for b,‘j(t) =0,

) +§,‘(l‘), for b,‘j(l) =1,
3

where &;(r) is an independent variable chosen at each time in
the interval [— 7, 7] with uniform probability, /;(¢) denotes the
location vector of individual i at step ¢, /., is the number of
infected individuals within a neighborhood of radius rg, and
i(r) denotes the angle deviation caused by the noises in the
information transferring process. Without loss of generality,
Gi(¢) is defined to obey the following Gauss distribution

Ci<t) ~ N(“’O-Z)7

where 1 = 0.

3. Numerical Simulations

The model mentioned in Section 2 is simulated for 500
steps in all the simulations considered in the present paper,
which is sufficiently high to ensure that the epidemic reaches
a steady-state. The size of the two-dimensional (2D) space
is L x L and the periodic boundary conditions are considered.
The density of individuals is defined as p = N/L?. The ef-
fective infection rate A is the ratio of infecting probability 3
to the curing probability ¥, thus A = /v. For simplicity, the
value of 7y in all the simulations is define to be 0.1 since it only
affects the definition of the timescale of the epidemic spread-
ing. The initial disease density is selected as i(fp) = 0.05 in all

simulations.

3.1. Steady-state disease density

It is easily observed from Fig. 2 that with the increase
of the contact radius r., the steady-state disease density be-
comes larger. Meanwhile, it decreases with the increase of the
sensing radius rg. Besides, once the contact radius r. is large
enough, the increase of the sensing radius ry cannot effectively

restrain epidemic spreading.
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that long-distance jumps cause a larger epidemic spreading

((;0940 scale. Moreover, the IA strategy effectiveness on restrain-

( 0.1880 ing epidemic spreading is heavily reduced when long-distance
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Fig. 2. (color online) Steady-state disease density with respect to contact
radius r¢ and sensing radius rs. The parameters of the model are N = 200,

L=20,v=0.05,p=0.5,1 =2, pjump =0, 4 =0, and 6 = 0. The results
are averaged over 10 runs.

0.4

Figure 3 shows the effects of the IA strategy on epidemic
spreading. Comparing Fig. 3(a) with Fig. 3(b), it can be con-
cluded that the IA strategy restrains the epidemic from out-
breaking significantly. The effectiveness of the IA strategy de-
crease when r. is larger than r;. Besides, epidemic spreading =
can be effectively restricted when rg > r.. This phenomenon

indicates that the relative size of r. and ry affects the effective-
ness of the IA strategy.

2.0

1.6 Fig. 4. (color online) Steady-state disease density with respect to contact ra-
dius r. and the effective infection rate A in the case rs = 0 (a) and rg = 1.25
< 19 (b). The parameters of the model are N = 200, L =20, v =10.05, p = 0.5,
’ A =2, Pjump = 0.1, Vjump = 1, 4 =0, and o = 0. The results are averaged
over 10 runs.
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Fig. 3. (color online) Steady-state disease density with respect to contact ra-
dius r, and the effective infection rate A in the case r¢ = 0 (a) and ry = 1.25
(b). The parameters of the model are N = 200, L =20, v=0.05, p = 0.5,

1.5

A =2, pjump =0, 1 =0, and & = 0. The results are averaged over 10 runs.

The effects of long-distance jumps on epidemic spread- Lo 11
ing are studied in Fig. 4. Comparing Fig. 4 with Fig. 3, it ’ '

1.2 1.3 14 1.5
TC
can be noticed that the steady-state disease density related to

Fig. 5. (color online) Steady-state disease density with respect to contact ra-
dius r and the effective infection rate A in the case 0 = /6 (a) and 0 = /3

(b). The parameters of the model are N = 200, L =20, v =10.05, p = 0.5,
to the case with pjump = 0. Therefore, it can be concluded rs =125, 4 =2, and pjump = 0. The results are averaged over 10 runs.
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The behaviors of the model are also characterized with
respect to different values of the standard deviation ¢ of the
noise in Fig. 5. It is worthwhile to note that with the value
of o increasing, the effectiveness of the IA strategy on re-
straining epidemic spreading nearly remains unchanged. This
phenomenon validates the effectiveness of the IA strategy in
situations with noises.

3.2. Epidemic spreading threshold

The epidemic spreading threshold A., which is the most
significant characteristic of our model, is investigated with re-
spect t0 Pjump = 0 and pjump = 0.1 in Fig. 6. It can be easily
observed that the IA strategy increases the threshold A, signifi-
cantly, thus restraining the epidemic from outbreaking heavily.
However, when the contact radius r. becomes larger, A. ap-
proximately equals that without the IA strategy. This indicates
that the IA strategy loses effectiveness on restraining the epi-
demic from outbreaking when r. > rs. The theoretical result
in Ref. [21] with A, =1/ pnrc2 is also plotted for reference,
which coincides with the simulation result of r¢ = 0.

(a) °
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or =125
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Fig. 6. (color online) Epidemic spreading threshold A, with respect to con-
tact radius 7. in the case pjump = 0 (a) and pjump = 0.1 (b). The parameters
of the model are N = 200, L =20, v = 0.05, Viump = 1,p=0.5,u=0,and
o = 0. The results are averaged over 10 runs.

When long-distance jumps exist, the IA strategy loses ef-
fectiveness heavily on restraining the epidemic from outbreak-
ing. This phenomenon indicates that long-distance travelers
play a significant role in spreading the epidemic. Control of
epidemic spreading is supposed to focus on carriers of the epi-

demic moving a long distance.

The epidemic spreading threshold A, with respect to the
standard deviation ¢ of the noises is also studied. As it is
shown in Fig. 7, the noises lead to smaller threshold A, when
r¢ is smaller than rg, thus reducing the effectiveness of the IA
strategy on restraining the epidemic from outbreaking. Mean-
while, the influence of the noises become smaller when r, is
larger than r;. In general, the influence of the noises on the
epidemic outbreak is indistinctive.
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Fig. 7. (color online) Epidemic spreading threshold A, with respect to con-
tact radius . in the case 6 =0, 6 = /6, and 0 = /3. The parameters of
the model are N =200, L =20, v=10.05, p = 0.5, ry = 1.25, and Pjump = 0.
The results are averaged over 10 runs.

3.3. Dynamical evolution process of epidemic spreading

The effects of long-distance jumps on the dynamical evo-
Iution process of epidemic spreading are investigated. As
shown in Fig. 8, when pjump = 0 and ry = 2, the proportion of
infected individuals reaches a peak value and then decreases
to zero in simulation. However, once a long-distance jump ap-
pears with probability pjump = 0.1, the proportion of infected
individuals increases rapidly and the steady-state disease den-
sity is rather high, indicating the failure of the IA strategy.
In addition, when the IA strategy is not adopted (s = 0) and
Djump = 0.1, the steady-state disease density is a bit larger than
that of adopting the IA strategy (rs = 2). This indicates that
the IA strategy effectiveness on restraining the epidemic from
spreading is heavily reduced when long-distance jumps exist.

0.80
0.75
0.60
E r. =0, Piump = 0.1
£ 0.45 - =2, Dy, = 0
0.30 7 =25 Py = 0-1
0.15
0 T T T T T T T T T
0 100 200 300 400 500

t/s
Fig. 8. (color online) Dynamical evolutions of the disease density with re-
spect to simulation steps in the cases of pjump = 0 and pjymp = 0.1. The
parameters of the model are N = 200, L = 20, r. = 1.4, v = 0.05, Vjump = 1,
p=0.5,1=2,u=0,and o = 0. The results are averaged over 20 runs.
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Figure 9 indicates the influence of the standard deviation
o of the noises on the dynamical evolution process of epi-
demic spreading. It is found that as o increases, the peak
value of infected individuals becomes larger while the steady-
state disease density still decreases approximately to zero in
steady-state. This phenomenon coincides with the above re-
sults, verifying the effectiveness of the IA strategy on restrain-
ing the epidemic from spreading with noises.

0.40
1 7w oc=0
0.32 1 /’J W\W\'\ oc=m/6
0.24 A
)
0.16 +
0.08
0
0 100 200 300 400 500

t/s
Fig. 9. (color online) Dynamical evolutions of the disease density with re-
spect to simulation steps in three cases of . The parameters of the model
are N =200, L =20, ro = 1.4, ry = 2, v = 0.05, pjump =0, p = 0.5, and
A = 2. The results are averaged over 20 runs.

4. Conclusions

In this paper, we study the model of epidemic spread-
ing on random surfer networks with IA strategy. The long-
distance jumps and noises from information transferring pro-
cess are taken into consideration. Two layers of network are
considered: one is the physical contact network through which
the epidemic spreads and the other is the directed information
network on which the location information of infected individ-
uals is transferred to susceptible individuals. Compared with
the models of epidemic spreading on random surfer networks,
our model is more logical, as it is more reasonable that sus-
ceptible individuals tend to avoid contacting the infected indi-
viduals to prevent themselves from being infected. It is found
that the IA strategy can restrict the epidemic spreading pro-
cess significantly when no long-distance jumps exist. How-

ever, the IA strategy effectiveness on restraining the epidemic
from spreading is highly restricted when long-distance jumps
are taken into consideration. This phenomenon warns us that
we need to pay high attention to those individuals performing
long-distance jumps in order to control epidemic spreading.
In addition, it is found that the influence of the noises from
transferring process on epidemic spreading is indistinctive.

The model studied in this paper may provide an alterna-
tive solution to the control of epidemic spreading. The diver-
sity of individuals with respect to the contact radius r. and
sensing radius rg is a more challenging research topic in the
future.
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