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Recently multilayer networks are attracting great attention because the properties of many 

real-world systems cannot be well understood without considering their different layers. In 

this paper, we investigate the structural properties of the Chinese air transportation mul- 

tilayer network (ATMN) by progressively merging layers together, where each commercial 

airline (company) defines a layer. The results show that the high clustering coefficient, 

short characteristic path length and large collection of reachable destinations of the Chi- 

nese ATMN can only emerge when several layers are merged together. Moreover, we com- 

pare two main types of layers corresponding to major and low-cost airlines. It is found 

that the small-world property and the rich-club effect of the Chinese ATMN are mainly 

caused by those layers corresponding to major airlines. Our work will highlight a better 

understanding of the Chinese air transportation network. 

© 2016 Elsevier Ltd. All rights reserved. 

1. Introduction 

During the last fifteen years, the studies on complex 

networks are flourishing, such as network modeling [1,2] , 

evolutionary games [3–5] , traffic dynamics [6–9] , cascad- 

ing failures [10,11] , network controllability [12–14] and op- 

timization [15–17] and so on. However, some constraints of 

the traditional complex network approach have been high- 

lighted recently [18] . One of the major constraints is the 

multilayer nature of realistic systems: the nodes have dif- 

ferent kinds of relationships and each relationship is repre- 

sented by a layer [18–20] . For instance, in social networks, 

each individual can has several kinds of ties: friendship, 

kinship, or partnership, etc. For such kind of networks, a 

multilayer model represents the realistic situation suitably, 
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because it can better catch different dynamics developing 

in each layer [21] . 

Due to the critical role in the economy, the air trans- 

portation network (ATN) has attracted a great of inter- 

est in past years [22–24] . Guimerà et al. [25] studied the 

worldwide ATN and found that the network is a scale-free 

small-world network and the most connected cities are 

not necessarily the most central. Besides, some national 

air transportation networks, including the air transporta- 

tion network of America [26,27] , China [28–31] , India [32] 

and Brazil [33] , are also extensively studied. It is shown 

that the national ATN can exhibit different properties, such 

as the two-regime power-law degree distribution, small- 

world, disassortative mixing and so on. In these works, the 

air transportation network is considered as a single-layer 

network, in which all the connections between airports are 

considered to be equivalent. 

Recent studies have pointed out that the ATN is a mul- 

tilayer network, where each layer is an airport network 

operated by a commercial airline (company) [34–36] . Due 

to the interactions and dependencies between these layers, 
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the framework of single-layer network cannot reflect well 

the state of the entire air transportation network, and may 

result in not fully capturing the details of the ATN. There- 

fore, in order to understand how the multiple layers affect 

the global properties of the ATN, it is of utmost importance 

to take into account the multilayer structure in the ATN. 

Recently, Cardillo et al. [37] analyze the features of the Eu- 

ropean air transportation multilayer network (ATMN). They 

examine how several structural measures evolve as layers 

are progressively merged together. The results demonstrate 

that the topological properties of the European ATMN are 

the consequence of an emerging phenomenon intimately 

related to the multilayer character of the system. Never- 

theless, several important structural properties of ATMN, 

such as the global efficiency [38] , the connectivity coeffi- 

cient [39] and the network polarization [40] , are not yet 

investigated. Meanwhile, the structural properties of the 

Chinese ATMN are still unexplored. In this paper, we inves- 

tigate the structural properties of the Chinese ATMN exten- 

sively. Also, we compare two main types of layers corre- 

sponding to major and low-cost airlines and analyze their 

different contributions to the properties of the global Chi- 

nese ATMN. 

The paper is organized as follows. In the next section 

we demonstrate the Chinese ATMN and the network struc- 

tural properties in detail. In Section 3 , simulation results 

and correspondent theoretical analysis are provided. Fi- 

nally, the work is summarized in Section 4 . 

2. The model 

2.1. The Chinese ATN as a multilayer network 

The latest data of the Chinese air transportation net- 

work are provided by the Air Traffic Management Bureau 

(ATMB) of China. In the Chinese ATMN, airports are nodes 

and an edge exists if two airports are connected by a direct 

flight. We only consider internal flights, i.e., flights whose 

origin or destination is outside China are disregarded. The 

network contains x = 26 different layers, where each com- 

mercial airline (company) defines a layer. 

To investigate the properties of the Chinese ATMN, 

we study the features of aggregate networks obtained by 

merging a growing number of layers together, from the 

lowest level of a single layer ( x = 1 ), up to the fully ag- 

gregate network ( x = 26 ). Such aggregate network is con- 

structed by projecting all x layers into one layer and over- 

lap edges are projected into one edge. Following the re- 

search of Cardillo et al. [37] , we choose these x layers ran- 

domly from the 26 layers. For a fixed value of x , the num- 

ber of possible mergers from 26 layers is C x 
26 

= 

(
x 

26 

)
, when 

the number of possible mergers goes beyond a certain 

threshold 60 , 0 0 0 , we perform a sampling with 60 , 0 0 0 

mergers [37] . In Fig. 1 , we show the structure of the fully 

aggregate Chinese ATN constructed by merging x = 26 

layers. 

2.2. Network structural properties 

To address the structural features of the Chinese ATMN, 

we investigate some properties widely used in complex 

Fig. 1. The structure of the fully aggregate Chinese ATN constructed by 

merging all 26 layers. Here the network contains N = 145 nodes and 

M = 1341 edges. The size of the nodes is proportional to the degree. (For 

interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

network literature [41–43] , including the cumulative de- 

gree distribution, the clustering coefficient, the average 

shortest path length, the network assortativity coefficient, 

etc. 
• The cumulative degree distribution p ( k ): 

The cumulative degree distribution denotes the proba- 

bility of finding a node with the number of connections 

not less than k . As a crucial property of complex networks, 

the degree distribution has been commonly used to char- 

acter the structural and dynamical features of real systems 

[42,44,45] . In the paper, the cumulative degree distribution 

is used to reflect the structural heterogeneity of the Chi- 

nese ATMN. 
• The clustering coefficient C : 

The clustering coefficient C is an important property of 

complex networks [18,20,42,46] . It quantifies the tendency 

of nodes to form triangles, i.e., the probability that two 

nodes with a common neighbor are connected together. 

The clustering coefficient of a node is defined as 

C i = 

2 e i 
k i (k i − 1) 

, (1) 

where e i is the actual number of edges between neighbors 

of node i , and k i is the degree of node i . The clustering 

coefficient C = 

∑ 

i ∈ N C i /N, where N is the total number of 

nodes in the network. Since the clustering coefficient re- 

flects the density of triangular motifs, we use it to estimate 

the probability of performing round trips of length 3 in the 

Chinese ATMN. 
• The average shortest path length 〈 L 〉 : 
The average shortest path length is the average length 

of the shortest paths among all the pairs of nodes in the 

network, i.e. 

〈 L 〉 = 

2 

N(N − 1) 

∑ 

i, j∈ N,i � = j 
d i j , (2) 

where N is the total number of nodes in the network, and 

d ij is the length of the shortest path from node i to j . 

The average shortest path length gives a measurement of 
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