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Identifying influential nodes is of significance for understanding the dynamics of information diffusion 
process in complex networks. In this paper, we present an improved distance-based coloring method to 
identify the multiple influential spreaders. In our method, each node is colored by a kind of color with 
the rule that the distance between initial nodes is close to the average distance of a network. When all 
nodes are colored, nodes with the same color are sorted into an independent set. Then we choose the 
nodes at the top positions of the ranking list according to their centralities. The experimental results 
for an artificial network and three empirical networks show that, comparing with the performance of 
traditional coloring method, the improvement ratio of our distance-based coloring method could reach 
12.82%, 8.16%, 4.45%, 2.93% for the ER, Erdős, Polblogs and Routers networks respectively.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Identifying multiple influential spreaders is of significance for 
understanding the physics of the diffusion process on complex 
networks [1–3]. For example, it is helpful for developing efficient 
strategy to hinder the diseases spreading [4]. And it is of impor-
tance for identifying the influential users to release the advertise-
ment information [5,7].

So far, a lot of methods have been proposed to identify the 
influential spreaders in networks such as the degree centrality, be-
tweenness centrality, closeness centrality and coreness centrality 
[8–15]. When multiple spreaders are considered simultaneously, 
the distance between multiple spreaders becomes a crucial pa-
rameter that determines the extent of the spreading [5]. Recently, 
Kitsak et al. [6] argued that the node spreading influence is de-
termined by its location in a network. Hu et al. [16] explored 
the spreading influence of multiple spreaders in community net-
works and found that the community hubs can infect more nodes. 
Rodriguez and Laio [17] proposed an approach to identify mul-
tiple spreaders based on the idea that influential nodes can be 
characterized by a higher density and a relatively large distance 
from nodes with higher densities. This method can identify influ-
ential nodes regardless of network structures. However, for dif-
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ferent threshold parameters, the multiple spreader node set al-
ways be different. Recently, when choosing multiple spreaders,
Morone and Makse [18] proposed a method which takes the opti-
mal percolation into consideration. The percolation-based method 
provides exact solutions of the maximization problem and presents 
a theoretical framework to identify the multiple spreaders [18]. 
Zhao et al. [19] introduced the graph coloring method, namely IS 
method, into the influential spreader identification and found that 
the performance could be enhanced greatly. Compared with the 
density-based method [17], the graph coloring method can be ex-
pressed accurately in a mathematical way and the result of the 
coloring method in a network is identical. For the traditional IS 
method, the distance between the influential spreaders is around 
two. However, when the number of multiple spreaders is small and 
the average distance in a network is large, the influential spread-
ers obtained by IS method stay together in a relatively small range, 
which can result in the bad performance of influential spreaders. 
As shown in subplot (b) of Fig. 1, the simulation result shows that 
the effect of the multiple spreaders can be improved when the 
distance between influential spreaders is larger. Therefore, it is a 
key question to analyze the effect of the distance among multiple 
spreaders for the graph coloring method.

In this paper, we present an improved coloring method, namely 
IIS method, to analyze the relationship between the distance of 
multiple spreaders and the spreading influence by increasing the 
distance between multiple spreaders. In our method, we color each 
node with the rule that nodes are colored whose distance between 
multiple nodes is at least r which is close to the average distance 
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Fig. 1. (Color online.) An example network consists of 10 nodes and 10 links. As 
shown in the subplot (a), the initial two spreaders are 1 and 3 when the distance 
between initial spreaders is at least two. And as shown in the subplot (b), when 
the distance between initial spreaders is at least five, the initial two spreaders are 
1 and 6. One can find that the effect of multiple spreaders can be improved when 
the distance between initial spreaders is taken into account.

of a network. When all nodes are colored, nodes with the same 
color are ranked according to their centralities and we choose the 
nodes at the top positions of the ranking list as multiple spreaders 
in the color set where the node with maximum degree is located. 
By implementing the method for an artificial network and three 
empirical networks, we find out that the performance of the IIS 
method is better than the ones of traditional IS method when the 
number of multiple spreaders is small and the value of r is close 
to the average distance of a network.

2. Methods

2.1. The traditional coloring method

Normally, a network G = (N, E) with N nodes and E links could 
be described by an adjacent matrix A = {aij} where aij = 1 if node 
i is connected by node j, and aij = 0 otherwise. As one of graph 
coloring problem theorems [20], the four-color theorem states that, 
given any plane graphs, no more than four colors are required to 
color the regions of the plane graph so that no two adjacent re-
gions have the same color [21,22]. Combining the graph coloring 
problem with nodes’ centralities, Zhao et al. [19] proposed the IS 
method to identify the influential spreaders. The main steps of the 
traditional IS method are as follows. Firstly, a network G = (N, E)

is colored with the rule that no two adjacent nodes have the same 
color [23]. When all the nodes are colored, each node in node set 
corresponds to a kind of color. Secondly, the nodes with the same 
color are classified into an independent set. Finally, the nodes at 
the top positions of the ranking list in a same set are chosen as 
multiple spreaders in the color set where the node with maximum 
degree is located.

2.2. The improved coloring method

In this paper, we present an improved distance-based coloring 
method, namely IIS method, to identify multiple influential spread-
ers. Firstly, we color a given network with the rule that the nodes 
are colored whose distance between nodes is at least r. Secondly, 
when all the nodes are colored, the nodes with same color are 
classified into a same set. When the sets are settled, the distance 
between nodes in a same set is at least r. Thirdly, we choose the 
nodes at the top positions of the ranking list in a same set as 
multiple spreaders according to their centralities in the color set 
where the node with maximum degree is located. In this paper, 
we take the statistical properties of networks into consideration 
and consider the condition that the value of r is close to the aver-
age distance d of a network, i.e. r = 3 and r = 4 for the ER, Erdős 
and Polblogs networks and r = 4 and r = 5 for the Routers network 
in the IIS method respectively.
In the IIS methods, we rank the node according to the degree 
centrality, betweenness centrality, closeness centrality and core-
ness centrality respectively. And then we color the network and 
choose the multiple spreaders. Taking the degree centrality as an 
example, the details of the IIS method are:

Step 1: According to the degree centrality, rank the node in 
descending order, such that k(1) ≥ k(2) ≥ · · · ≥ k(n), where k(i) de-
notes the degree of node i;

Step 2: Let π(i) = m, where π(i) is a color function which de-
notes the color label of node i, m is a color label. And in the first 
iteration, i = 1, m = 1;

Step 3: Let C(m) = {i | π(i) = m}, where C(m) is a set containing 
nodes with the same color label m. For an uncolored node j, if the 
distance between node j and nodes in C(m) is at least r, then 
π( j) = m;

Step 4: Let m := m + 1, then choose a node at the top positions 
of the ranking list from the uncolored node set and back to step 3. 
The process will stop until all the nodes are colored.

The degree of a node i is defined as the number of its neigh-
bors, namely

ki =
N∑

j=1

aij, (1)

where aij is the element of matrix A. Degree centrality performs
well in evaluating nodes’ spreading influences. It is widely applied 
for its simplicity and low computational cost [12].

The betweenness centrality [10] of node i is defined as the frac-
tion of shortest paths between node pairs that pass through the 
node i. The betweenness centrality of node i can be denoted by

BCi =
∑

s �=i �=t

ni
st

nst
, (2)

where nst is the number of shortest paths between nodes s and t , 
and ni

st denotes the number of shortest paths between s and t
which pass through node i.

The closeness centrality [11] of node i is the reciprocal of the 
sum of distances to all other nodes of i, which can be defined as

CCi =
N∑

j=1

N

dij
, (3)

where N is the number of nodes and dij is the distance between 
node i and node j.

The k-shell method decomposes a network into different k-core 
values and could be implemented to identify the network core 
[13]. The decomposition process can be stated as follows: First, 
all the nodes with degree k = 1 are removed until all nodes’ de-
grees are larger than one. Then, the removed nodes form a node 
set whose k-core value equals to one. Thirdly, we repeat the re-
moving process by the similar manner for the nodes with degree 
k = 2 to get the node set whose k-core value equals to two. This 
removing procedure is repeated until all nodes of the networks are 
removed and assigned a k-core value.

3. Experimental results

3.1. Data description

To evaluate the performance of the IIS method, we implement 
the IIS method for an artificial network and the three empirical 
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Fig. 2. (Color online.) The spreading influence is obtained by the SIR spreading process. The iteration time T varies from 1 to 80 when the number of spreaders is n = 10 and 
the transmission rate λ = 0.4. The results are averaged over 10,000 independent runs.
Table 1
Basic statistical features of the ER, Erdős, Polblogs and Routers networks, including 
the number of nodes N , the number of links E , the average degree 〈k〉 and the 
average distance d.

Network N E 〈k〉 d

ER 10,000 64,963 12.91 3.79
Erdős 474 1639 6.92 3.83
Polblogs 643 2280 7.09 3.83
Routers 2113 6632 6.28 4.61

networks including the ER, Erdős, Polblogs and Routers networks. 
The ER network is consisted of 10,000 nodes and 64,963 links 
with edge probability p = 0.0013. The Erdős network is a scientific 
collaboration network. Each node represents the scientist whose 
Erdős number is 1 and the link represents the cooperative con-
nection between each pair of scientists [13]. The Polblogs network 
is a communication relationship network. The node represents the 
owner of blogs and the link represents the communication. The 
Routers network is a technological network. The links represent 
the communication between different routers. The data sets can 
be available from the web site http://networkrepository.com/. The 
statistical properties of the artificial network and three empirical 
networks are shown in Table 1.

3.2. Measurement

In this paper, the nodes are ranked firstly according to the 
degree centrality, betweenness centrality, closeness centrality and 
coreness centrality respectively. And then we choose the multi-
ple spreaders with the traditional IS method and the IIS method. 
Finally, we choose the multiple spreaders. When the multiple 
spreaders are settled, we use the susceptible-infected-recovered 
(SIR) [24] epidemic model to simulate the spreading process of 
multiple spreaders.

The SIR model is widely used to simulate the spreading pro-
cess in networks. In SIR model, the nodes can be in one of the 
three states [25]: (i) Susceptible individuals represent the individ-
uals who are easy to be infected; (ii) Infected individuals repre-
sent individuals who have been infected and are able to spread 
the disease to susceptible individuals; (iii) Recovered individuals 
represent individuals who have been recovered and will never be 
infected again. In each time step, the infected nodes start to in-
fect their susceptible neighbors with the spreading rate β , and the 
infected node can become susceptible in one time step with the 
recovery rate μ. Finally, the number of nodes generated by the 
multiplely-infected node is denoted as its spreading influence. In 
this paper, we define the effective transmission rate λ = β/μ by 
fixing the recovery rate μ = 0.1 [19] and all the results are aver-
aged over 10,000 realizations and 50 time steps [26].

To compare the results of the IIS method and the traditional 
IS method, an improvement ratio �rR is utilized, which can be 
denoted by

�rR = RIIS − RIS

RIS
× 100%, (4)

where RIIS and RIS denote the spreading influence of multiple 
spreaders obtained by the IIS method and IS method respectively 
when we use the SIR model to simulate the spreading process. 
Clearly, �rR > 0 indicates the advantage of the IIS method. And 
the larger the �rR is, the better the performance of the IIS method 
would be.

3.3. Numerical results

In this paper, we compare the performance of IIS method with 
the performance of IS method based on four centralities including 
the degree, closeness, betweenness and coreness.

Fig. 2 shows the spreading influence of the IIS method and 
IS method when the time step T in SIR model varies from 1 to 
80. The results show that in the Erdős, Polblogs and Routers net-
works, each time step T is different when the spreading influence 
approaches a steady value. But one can find that the spreading 
influence approaches a steady value when the time step T is no 

http://networkrepository.com/
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Fig. 3. (Color online.) The improvement ratio �rR to different parameter λ for the ER network where the number of multiple spreaders n = 10. The results are averaged over 
10,000 independent runs.

Fig. 4. (Color online.) The improvement ratio �rR to different parameter λ for the Erdős, Polblogs and Routers networks where the number of multiple spreaders n = 20. The 
results are averaged over 10,000 independent runs.
larger than 50. The IIS method and IS method can identify the in-
fluential nodes effectively when the time step T = 50. So we set 
the time step T = 50 in the SIR model.

As shown in Fig. 3, the improvement ratio �rR for the ER net-
work is larger than 0, indicating that the IIS method performs 
better than the IS method. Specifically, the improvement ratio of 
the IIS method can reach 12.82% when r = 4, transmission rate is 
0.125 and the centrality index is closeness. However, we can find 
that the improved ratio is close to 0 when the transmission rate 
becomes larger than 0.4. The main reason is that all the nodes 
in the ER network would be infected with large transmission rate. 
Figs. 4 and 5 report the improvement ratio of the IIS method based 
on the four centralities when the number of multiple spreaders is 
set as 20 and 10 for the Erdős, Polblogs and Routers networks re-
spectively. As shown in Fig. 4, for most cases, the improvement 
ratio �rR is larger than 0, indicating that the IIS method performs 
better than the IS method when the number of multiple spreaders 
is 20. Specifically, in Erdős network, the improvement ratio could 
reach 8.16% when transmission rate is 0.3 and the centrality in-
dex is coreness. The similar results could be obtained in Polblogs 
and Routers networks. For example, when r = 4, transmission rate 
is 0.35 and the centrality index is degree, the improvement ratio 
�rR could reach 4.51%, 2.83% for Polblogs and Routers networks 
respectively. Furthermore, we investigate the performance of the 
IIS method when the number of the initial spreaders is 10 in 
Fig. 5. One can find that, the improvement ratio �rR could reach 
5.19%, 2.27%, 1.22% for the Erdős, Polblogs and Routers networks 
when r = 4, transmission rate is 0.3 and the centrality index is de-
gree. The improvement ratio with the standard deviation as error 
bar has been added in Fig. 4 and Fig. 5 respectively. The results 
show that the error bar becomes smaller with the transmission 
rate. However, there are some points in Fig. 3, Fig. 4 and Fig. 5
where the improvement ratio is below zero. The reason is that the 
node spreading influence is related to the spreading dynamics [27,
28], especially the transmission rate. In this paper, the distance 
between spreaders obtained by IIS method is larger than ones got-
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Fig. 5. (Color online.) The improvement ratio �rR to different parameter λ for the Erdős, Polblogs and Routers networks where the number of multiple spreaders n = 10. The 
results are averaged over 10,000 independent runs.
ten by the IS method. So when the transmission rate is small, the 
spreaders gotten by the IIS method can infect less nodes than the 
ones obtained by IS method, resulting in the condition that the 
improvement ratio is below zero.

The analysis for an artificial network and three empirical net-
works shows that the spreading influence of the multiple spreaders 
could be improved when the distance of multiple spreader is close 
to the average distance of the network. In addition, the results of 
the IIS method and the traditional IS method using four centrality 
indexes show that the IIS method can be further applied in other 
centrality indexes.

4. Conclusion and discussions

Identifying the influential spreaders is important for deeply un-
derstanding the diffusion process on networks. It is believed that 
within a certain range the more sufficiently dispersed the spread-
ers are, the better the spreading efficiency is [19]. In this paper, 
we propose an improved distance-based coloring method, namely 
IIS method, to enhance the performance of the multiple spread-
ers where the distance is taken into account. Firstly, the nodes are 
colored whose distance between nodes is r which is close to the 
distance of a network. And then nodes with the same color are 
classified into a set and finally we choose the nodes at the top 
positions of ranking list according to their centrality in the color 
set where the node with maximum degree is located. In this pa-
per, the SIR model is introduced to simulate the spreading process, 
we choose the value of r that is close to the average distance d
of a network. The results of an artificial network and three em-
pirical networks show that the improvement ratio �rR is larger 
than 0. For example, the improvement ratio �rR of the Erdős net-
work would reach the value 8.16% when the number of multiple 
spreaders n = 20 and the centrality index is coreness. The results 
of improvement ratio show that the performance of IIS method can 
perform better than the ones of traditional IS method for different 
transmission rate.
For the artificial network and three empirical networks, the re-
sults in Fig. 3, Fig. 4 and Fig. 5 show that there is always an 
optimal transmission rate λ under which the spreading influence 
can reach the maximum value and the optimal transmission rate 
λ becomes larger with the increase of distance between multi-
ple spreaders. The spreading influence is related to the spreading 
dynamics [27,28], especially the transmission rate. For small trans-
mission rate, the distance between the initial spreaders should be 
small. While for large transmission rate, the distance should be 
large for initial spreaders. So it would be a challenge work to anal-
ysis the relationship between the distance among spreaders and 
the transmission rate. In this paper, the value r is equal to the av-
erage distance of a network. But there are other properties of a 
network that may affect the performance of the method. For ex-
ample, the sparsity of a network may affect the distance between 
spreaders and so the performance of IIS method may be affected 
as well. Furthermore, the assortativity coefficient affects the links 
between nodes. When the assortativity coefficient of a network is 
very high, which means there is high probability that important 
nodes stay together in a relative small range, the performance of 
the IIS method is affected. The future work would focus on how 
to analyze the relationship between the network structure and the 
optimal distance between multiple spreaders.
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