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Abstract: In order to reveal the complex network characteristics and evolution principle of China aviation network, the relationship
between the node degree and the nearest neighbor average degree and its evolution trace of China aviation network in 1988, 1994,
2001, 2008 and 2015 were studied. According to the theory and method of complex network, the network system was constructed with
the city where the airport was located as the network node and the airline as the edge of the network. According to the statistical data,
the node nearest neighbor average degree of China aviation network in 1988, 1994, 2001, 2008 and 2015 was calculated. Through
regression analysis, it was found that the node degree had a negative exponential relationship with the nearest neighbor average degree,
and the two parameters of the negative exponential relationship had linear evolution trace.
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1. Introduction neighbor average degrees of nodes in China aviation

network in 1988, 1994, 2001, 2008 and 2015 were

Aviation network is typical complex network with _ o
calculated. Through regression analysis, it was found

small world characters [1, 2]. About certain nation’s

. . that the node degree had a negative exponential
aviation network, there are some unknown features in & & p

the field of complex network. This paper faces to the relationship with the nearest neighbor average degree,

and the two parameters of the negative exponential

China aviation network through analyzing the

C S relationship had linear evolution trace.
passenger data [3] of civil aviation airlines in year 1988, p Vol

1994, 2001, 2008 and 2015 to reveal the complex
network feature. According to complex network theory,
network system of airports and airlines of China was
constructed with airports regarded as nodes and airline
regarded as edges to study the relationship between
node degree and the nearest neighbor average degree
and the relationship evolution trace of China aviation
network. Based on the statistical data, the nearest
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2. Nonlinear Relationship between Node Degree
and Nearest Neighbor Average Degree of
China Aviation Network

For network G = (V,E), where V,€V'is the node
of G. v isthesetofnodes. E isthe setof edges [4],
(V,-an)e E  Matrix A=(4,;),x, was constructed,

where:
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i,]

:{1, (v,v,)EE 0
0, otherwise

Matrix A was called adjacent matrix of network
G. The degree of node V; was defined as the number
of edges connected to V; . The nearest neighbor
average degree k,m,i of node V; was defined as
following [4]:

{Z(aw. -kj)}

knn P
s k

2

In Eq. (2), k,—the degree of node V;; k;—the
degree of other node V; in the network; ¢, ; —the
element of adjacent matrix.

Then the nearest neighbor average degree £, (k) of

all nodes with degree k was defined as following [4]:

z knn,i

_ilk=k

In Eq. (3), N—amount number of node; P(k)—
distribution function of node degree.

2.1 Nonlinear Relationship between Node Degree and
Nearest Neighbor Average Degree of China Aviation
Network in 1988

According to the data of China aviation network in
1988, Ny =85. Using the adjacency matrix A, g4

neighbor average degree corresponding to each degree
could be obtained by using Eq. (3). Thus, there were 21
pairs of data, forming functional relationships, as
shown in Fig. 1.

Let the node degree be x axis and the nearest
neighbor average degree be jp axis in Fig. 1. Let
v =1In yin Fig. 2. The points in Fig. 2 were calculated
by the points in Fig. 1. The correlation coefficient » of
the points in Fig. 2 was calculated by Eq. (4).

. gu,.—f)(v,.—m

r:\/valJ - n n
T \/Z(xi—f)ZZ(vi—V)z

Here, n=21. The value of correlation coefficient

“4)

was calculated, »=-0.868 . The critical value of

r‘a:l% was 0.549 found in critical value table [5] at
f=19

degree of freedom f =n—2=19 and level of
significant o of 1%. Since

|r|=0.868 > 0.549=r‘

?:l% , the scattered points in
=19

Fig. 2 had significant linear correlation. Least square
method [5] was used as an approach in Eq. (5) to fit the
line with points in Fig. 2.

B =v-Bx=3.17

and Eq. (2), there were p =21 different degrees of 85 ,B _ L, —_0.0213 (%)
nodes in 1988 China aviation network. The nearest ! L. '

z 35

8

g 30 °

8 25

g 20 o4 ¢ o ,

g 15 ® o O °

U% 10 ®

§ 5

0
0 10 20 30 40 50
Node degree

Fig. 1 Diagram of relationship between node degree and nearest neighbor average degree of China aviation network in 1988.
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Fig.2 Diagram of relationship between node degree and logarithm of nearest neighbor average degree in 1988.
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Fig.3 Fitting linear relationship between node degree and logarithm of nearest neighbor average degree in 1988.

The linear equation:

v=-0.0213x+3.17 (6)
The fitting line Eq. (6) was drawn with the sample

points in Fig. 3 with good fitting effect.
To take ¢ test [5] of Eq. (6), test hypothesis is:
H,: 5 =0. When the hypothesis was true, there is:

2

B~ NGO,
L

XX

)

Here, [ fluctuates near zero, statistic ¢ is build.

_ B _BNL.

t ®)
g 6
LX)C

where:

l n

A2 A N2

o = V. —V. 9
n_zg(l ) ©

and is calculated by statistic data:

t=-7.65
Tocheckthe ¢ distribution table [5], at significant level
0 of 0.01 and degree of freedom [ =n-2=19, the

of ¢ in table is 2.539. So,

=0.01
/=19

value

, null hypothesis H, is refused.
1

0.0
19

I :7.65>2.539=t‘a=

7=
The linear correlation of Eq. (6) is significant. The fitting
curve Eq. (10) of nonlinear relationship between node
degree and the nearest neighbor average degree was

deduced from Eq. (6):
$=23.807¢ " (10)

The points of the fitting curve Eq. (10) and the
sample points were drawn in Fig. 4 with good fitting
effect. It showed that the node degree in China aviation

network in 1988 had a negative exponential relationship
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with the nearest neighbor average degree.

2.2 Nonlinear Relationship between Node Degree and
Nearest Neighbor Average Degree of China Aviation
Network in 1994

According to the data of China aviation network in
1994, N4, =122, Using the adjacency matrix 4,
and Eq. (2), there were n =236 different degrees of
122 nodes in 1994 China aviation network. The nearest
neighbor average degree corresponding to each degree
could be obtained by using Eq. (3). Thus, there were 36
pairs of data, forming functional relationships, as
shown in Fig. 5.

Letthenode degreebe X axis and the nearest neighbor
average degree be y axisin Fig. 5. Let v=Iny in
Fig. 6. The points in Fig. 6 were calculated by the points
in Fig. 5. The correlation coefficient  of the points in
Fig. 6 was calculated by Eq. (4), » = -0.878. Here,

n =236 . The critical value of V‘cﬁ,&, was 0.424 found in

critical value table at degree of freedom

f =n—-2=34 and level of significant & of 1%.

Since |r| =0.878>0.424=r,__, » the scattered points
/=34

in Fig. 6 had significant linear correlation. Least square
method was used as an approach in Eq. (11) to fit the
line with points in Fig. 6.

B, =v—-Bx=3.669

s _L, (an
B = L =-0.0144
The linear equation:
v=-0.0144x+3.669 (12)

The fitting line Eq. (12) was drawn with the sample
points in Fig. 7 with good fitting effect.
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Fig. 4 Fitting nonlinear relationship between node degree and nearest neighbor average degree in 1988.

” 45
@ 40 " 4
74 35 ® ® o
g 30 ° v
aQ [ ) “
g 25 ° g
<] [ ™Y
= 20 ®
© [}
é 15 e
& [ )
% 10
&
a9
9
&
0 20 40 60 80
Node degree

Fig. 5 Diagram of relationship between node degree and nearest neighbor average degree in 1994.
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Fig. 6 Diagram of relationship between node degree and logarithm of nearest neighbor average degree in 1994.
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Fig. 7 Fitting linear relationship between node degree and logarithm of nearest neighbor average degree in 1994.

To take ¢ test of Eq. (12), test hypothesis is:
H,: 3 =0. When the hypothesis was true, there is Eq.
(7). The statistic ¢ was calculated by Egs. (8) and (9),
t = -10.74. To check the ¢ distribution table, at
significant level & of 0.01 and degree of freedom

f =n—2=34, the value of tl}:g_401 in table is 2.443.

So, |f|=10.74>2.443 =1 null hypothesis H,

2=0.01°
/=34

is refused. The linear correlation of Eq. (12) is
significant. The fitting curve Eq. (13) of nonlinear
relationship between node degree and the nearest
neighbor average degree was deduced from Eq. (12):

$=39.212¢ "% (13)

The points of the fitting curve Eq. (13) and the
sample points were drawn in Fig. 8 with good fitting
effect. It showed that the node degree in China aviation
1994 had a negative

network in exponential

relationship with the nearest neighbor average degree.

2.3 Nonlinear Relationship between Node Degree and
Nearest Neighbor Average Degree of China Aviation
Network in 2001

According to the data of China aviation network in
2001, N,y =130. Using the adjacency matrix A,
and Eq. (2), there were 5 =38 different degrees of 130
nodes in 2001 China aviation network. The nearest
neighbor average degree corresponding to each degree
could be obtained by using Eq. (3). Thus, there were 38
pairs of data, forming functional relationships, as

shown in Fig. 9.
Let the node degree be x axis and the nearest

neighbor average degree be jp axis in Fig. 9. Let
v=1Iny inFig. 10. The points in Fig. 10 were calculated

by the points in Fig. 9. The correlation coefficient » of
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the points in Fig. 10 was calculated by Eq. (4), » = -
0.952. Here, n=38. The critical value of r, ., was

[=36
0.413 found in critical value table at degree of

freedom f =#n—2 =36 and level of significant &
of 1%. Since |r|=0.952>0.413=

o=1%
=36

, the scattered

points in Fig. 10 had significant linear correlation.
Least square method was used as an approach in Eq.
(14) to fit the line with points in Fig. 10.

B, =v-[px=3819

. L (14)
B = L: =-0.0143
The linear equation:
v=-0.0143x+3.819 (15)

The fitting line Eq. (15) was drawn with the sample

points in Fig. 11 with good fitting effect.

To take ¢ test of Eq. (15), test hypothesis is:
H, Zﬁ =0. When the hypothesis was true, there is Eq.
(7). The statistic ¢ was calculated by Egs. (8) and (9),
t = -18.62. To check the ¢ distribution table, at
significant level & of 0.01 and degree of freedom

f =n—-2=36, the value of t‘ in table is 2.437.

2=0.01
1-36

So, |t| =18.62>2437=t,_,, , null hypothesis
/S=36

H, is refused. The linear correlation of Eq. (15) is

significant. The fitting curve Eq. (16) of nonlinear

relationship between node degree and the nearest

neighbor average degree was deduced from Eq. (15):

P =45.559¢ 001+ (16)
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Fig. 8 Fitting nonlinear relationship between node degree and nearest neighbor average degree in 1994.

55
45 oo
40

35 )
PRI LY

20
15
10

90130p a8eI10A® 10qQUSIIOU ISATBIN

25 "Q

40 60 80 100
Node degree

Fig. 9 Diagram of relationship between node degree and nearest neighbor average degree in 2001.
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Fig. 10 Diagram of relationship between node degree and logarithm of nearest neighbor average degree in 2001.
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Fig. 11 Fitting linear relationship between node degree and logarithm of nearest neighbor average degree in 2001.

The points of the fitting curve Eq. (16) and the
sample points were drawn in Fig. 12 with good fitting
effect. It showed that the node degree in China aviation
network in 2001 had a negative exponential
relationship with the nearest neighbor average degree.

2.4 Nonlinear Relationship between Node Degree and
Nearest Neighbor Average Degree of China Aviation
Network in 2008

According to the data of China aviation network in
2008, N, =150 . Using the adjacency matrix
A,,,s and Eq. (2), there were n = 42 different degrees
of 150 nodes in 2008 China aviation network. The
nearest neighbor average degree corresponding to each
degree could be obtained by using Eq. (3). Thus, there
were 42 pairs of data, forming functional relationships,
as shown in Fig. 13.

Let the node degree be x axis and the nearest
neighbor average degree be j axis in Fig. 13. Let

v=Iny in Fig. 14. The points in Fig. 14 were

calculated by the points in Fig. 13. The correlation
coefficient 7 of the points in Fig. 14 was calculated
by Eq. (4), r = -0.963. Here, n =42 . The critical
value of ’”\725‘};“ was 0.393 found in critical value table

at degree of freedom f =n-2=40 and level of
significant o of 1%. Since

|r|= 0.963>0.393=r _, » the scattered points in
£=40

Fig. 14 had significant linear correlation. Least square
method was used as an approach in Eq. (17) to fit the
line with points in Fig. 14.

L 17)
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Fig. 12 Fitting nonlinear relationship between node degree and nearest neighbor average degree in 2001.
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Fig. 13 Diagram of relationship between node degree and nearest neighbor average degree in 2008.
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Fig. 14 Diagram of relationship between node degree and logarithm of nearest neighbor average degree in 2008.

The linear equation: To take ¢ test of Eq. (18), test hypothesis is:
v=-0.0133x+4.002 (18) H,: 5 =0. When the hypothesis was true, there is Eq.

The fitting line Eq. (18) was drawn with the sample (7). The statistic ¢ was calculated by Egs. (8) and (9),
points in Fig. 15 with good fitting effect. t = -22.62. To check the ¢ distribution table, at
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significant level & of 0.01 and degree of freedom

f =n—-2=40, the value of #,_,, in table is
/=40
2.423. So, |f=22.62>2423=¢,_, . null
/=40

hypothesis H, isrefused. The linear correlation of Eq.
(18) is significant. The fitting curve Eq. (19) of
nonlinear relationship between node degree and the
nearest neighbor average degree was deduced from Eq.

(18):

P =54.707¢" (19)

The points of the fitting curve Eq. (19) and the
sample points were drawn in Fig. 16 with good fitting
effect. It showed that the node degree in China aviation
network in 2008 had a negative exponential relationship

with the nearest neighbor average degree.

2.5 Nonlinear Relationship between Node Degree and
Nearest Neighbor Average Degree of China Aviation
Network in 2015

According to the data of China aviation network in
2015,
A,,,s and Eq. (2), there were n =59 different degrees
of 203 nodes in 2015 China aviation network. The
nearest neighbor average degree corresponding to each

N,y s =203 . Using the adjacency matrix

degree could be obtained by using Eq. (3). Thus, there
were 59 pairs of data, forming functional relationships,
as shown in Fig. 17.

Let the node degree be x axis and the nearest
neighbor average degree be y axis in Fig. 17. Let
v=Iny in Fig. 18. The points in Fig. 18 were
calculated by the points in Fig. 17. The correlation
coefficient 7 of the points in Fig. 14 was calculated
by Eq. (4), » = -0.968. Here, n = 59. The critical
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Fig. 15 Fitting linear relationship between node degree and logarithm of nearest neighbor average degree in 2008.
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Fig. 16 Fitting nonlinear relationship between node degree and nearest neighbor average degree in 2008.
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Fig. 17 Diagram of relationship between node degree and nearest neighbor average degree in 2015.
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Fig. 18 Diagram of relationship between node degree and logarithm of nearest neighbor average degree in 2015.

value of 7 was 0.334 found in critical value

a=1%

f=57
table at degree of freedom f =n—2 =57 and level
Since

of significant o of 1%.
|r| =0.968>0.334=r _, the scattered points in Fig.

=
18 had significant linear correlation. Least square
method was used as an approach in Eq. (20) to fit the
line with points in Fig. 18.

‘7
L (20)

The linear equation:
v=-0.00968x+4.378 21)
The fitting line Eq. (21) was drawn with the sample
points in Fig. 19 with good fitting effect.

To take ¢ test of Eq. (21), test hypothesis is:
H, iﬁ =0. When the hypothesis was true, there is Eq.
(7). The statistic ¢ was calculated by Egs. (8) and (9),
t = -29.1. To check the ¢
significant level & of 0.01 and degree of freedom

distribution table, at

f=n—-2=57, the value of t‘a:om in table is
f-57
2.395. So, |t| =29.1>2.395=¢__ .. , null hypothesis
=57

H, s refused. The linear correlation of Eq. (21) is
significant. The fitting curve Eq. (22) of nonlinear
relationship between node degree and the nearest

neighbor average degree was deduced from Eq. (21):
P =79.679¢ " 22)

The points of the fitting curve Eq. (22) and the
sample points were drawn in Fig. 20 with good fitting
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Fig. 19 Fitting linear relationship between node degree and logarithm of nearest neighbor average degree in 2015.
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Fig. 20 Fitting nonlinear relationship between node degree and nearest neighbor average degree in 2015.

effect. It showed that the node degree in China aviation
network in 2015 had a negative exponential relationship

with the nearest neighbor average degree.

3. Evolution of Relationship between Node
Degree and Nearest Neighbor Average
Degree of China Aviation Network

3.1 Negative Exponential Relationship Evolution
between Node Degree and Nearest Neighbor Average
Degree of China Aviation Network

The fitting curve Eq. (10), Eq. (13), Eq. (16), Eq. (19)
and Eq. (22) of relationship between node degree and
the nearest neighbor average degree of China aviation
network in 1988, 1994, 2001, 2008 and 2015 were
drawn in Fig. 21.

In Fig. 21, the relationship curves between the node

degree and the nearest neighbor average degree from

1988 to 2015 were arranged in parallel from bottom to
top. They all had a negative exponential relationship,
and as node degree increased, the average degree of the
nearest neighbor average degree slowly decreased. The
change of curve spacing was positively correlated with
the change in the number of nodes in the aviation

network.

3.2 Parameter Evolution of Negative Exponential
Relationship between Node Degree and Nearest
Neighbor Average Degree of China Aviation Network

The two parameters in fitting curve equation were taken
as one point. Then the parameters in five fitting curve
equations could consist five points: (23.807, -0.0213),
(39.212,-0.0144), (45.559,-0.0143), (54.707, -0.0133),
(79.679, -0.00968). These five points were drawn in

Fig. 22. The correlation coefficient 7 of the points in
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Fig. 22 was calculated, » = 0.929. Here, n = 5. The
critical value of 7

a=5%
F=3

was 0.878 found in critical value

table at degree of freedom f =n—-2=3 and level

of significant o of 5%. Since
|r|=0.929 >0.878= , the scattered points in Fig.

TQ:S"/

22 had relatively significant linear correlation. Least
square method was used as an approach in Eq. (23) to
fit the line with points in Fig. 22.

B =7-B%=—-00238

. L 23
B = =0.000189 2

XX

The linear equation:

$=0.000189x—-0.0238 (24)

The fitting line Eq. (24) was drawn with the sample
points in Fig. 23 with good fitting effect.

To take ¢ test of Eq. (24), test hypothesis is:
H,: 3 =0. When the hypothesis was true, there is Eq.
(7). The statistic ¢ was calculated by Egs. (8) and (9),
t=437 . To check the ¢
significant level & of 0.05 and degree of freedom

f =n-2=3, the value of t‘ s in table is 2.353.

distribution table, at

a=0.0
-3

So, null hypothesis 1,

1|=4.37>2353= tgig’-“ :

is refused. The linear correlation of Eq. (24) is
relatively significant.
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Fig.21 Evolution diagram of negative exponential relationship between node degree and nearest neighbor average degree of

China aviation network.
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Fig. 22 Diagram of relationship between the two parameters of negative exponential curve.
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Fig. 23 Fitting linear relationship between the two parameters of negative exponential curve.

4. Conclusion

In order to reveal the complex network characteristics
and evolution principle of China aviation network, the
relationship between the node degree and the nearest
neighbor average degree and relationship evolution
trace of China aviation network in 1988, 1994, 2001,
2008 and 2015 were studied. According to the
statistical data, it was found that the node degree had a
negative exponential relationship with the nearest
neighbor average degree and the two parameters of
the negative exponential relationship of these five
years had linear evolution trace through regression

analysis.
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