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on Complex Network
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Abstract: In order to reveal the complex network characteristics and evolution principle of China aviation network, the probability
distribution and evolution trace of arithmetic average of edge vertices nearest neighbor average degree values of China aviation network
were studied based on the statistics data of China civil aviation network in 1988, 1994, 2001, 2008 and 2015. 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 route between cities as the edge of the network. Based on the statistical data, the arithmetic averages of edge vertices nearest
neighbor average degree values of China aviation network in 1988, 1994, 2001, 2008 and 2015 were calculated. Using the probability
statistical analysis method, it was found that the arithmetic average of edge vertices nearest neighbor average degree values had the
probability distribution of normal function and the position parameters and scale parameters of the probability distribution had linear
evolution trace.
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1. Introduction arithmetic averages of edge vertices nearest neighbor
average degree values in China aviation network in

Aviation network is typical complex network with
1988, 1994, 2001, 2008 and 2015 were calculated.

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

aviation network, there are some unknown features in
the field of complex network. This paper faces the
aviation network of China through analyzing the
passenger data [3] of civil aviation airlines in year 1988,
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 probability distribution
of arithmetic average of edge vertices nearest neighbor
average degree and its evolution trace of aviation
network of China. Based on the statistical data, the
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Using the probability statistical analysis method, it was
found that the arithmetic average of edge vertices
nearest neighbor average degree values had the
probability distribution of normal function and the
position parameters and scale parameters of the
probability distribution had linear evolution trace.

2. Probability Distribution of Arithmetic
Average of China Aviation Network Edge
Vertices Nearest Neighbor Average Degree
Value

For network G =(V,E) ,where v, €V is the node
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of G,V isthesetofnodes. E isthe setofedges[4],

(Vi’vj) €E Maix A= (& )nn was constructed,
where:

. 1
0, otherwise @
Matrix A was called adjacent matrix of network

a, :{1,(vi,vj)e E

G . Thedegree of node V; was defined as the number
of edges connected to Vi . The nearest neighbor

average degree knn,i of node V; was defined as

following [4]:
|zae @

nn,i k

1
In Eq. (2): Ki—the degree of node Vj:; K; —the
degree of other node Vj in the network; &,j —the
element of adjacent matrix.
The arithmetic average of edge vertices nearest

k

. EVA ]
neighbor average degree Knn,i,j was defined as

following:
KnEnleJ == (knn i nn j) (3)

In Eq. (3): knn,i —the nearest neighbor average
degree of edge vertex Vi; K, j —the nearest neighbor
average degree of edge vertex Vj: (Vi,V;) €E.

2.1 Probability Distribution of Arithmetic Average of
Edge Vertices Nearest Neighbor Average Degree Value
in China Aviation Network in 1988

The adjacent matrix A, Was gotten from statistic
data [3]. The arithmetic averages of edge vertices

nearest neighbor average degree value KnEVA
(n=123,..... ,265) of 265 edges in 1988 were

gotten from A, and Egs. (2) and (3). Statistics was
done to the data in Table 1 according to the interval in
Table 1. The scattered points in Fig. 1 were drawn by
the data in Table 1. Let the interval median be the
horizontal axis x and the probability be the vertical axis
y. Let the quantity of edges be N , the quantity of
interval be m, the spacing of interval i be s, the

times of appearance in interval i be k., the frequency
of appearance in interval i be ¢, the probability of
appearance in interval i be P,. Here Ny =265,
Miggs =5 S108=4-46 |t could be known from the
probability theory [5]:

k. Myogs
o =r >0 =1 @
1988 i=1
Myogg
0 = PiOiogs = P; = 5 Z Pi = ()
1ogg  i=1 1988

The normal distribution function is N(u,o), u« IS
the location parameter, o is the scale parameter, its
probability density functionis f(x).

—(x—p)?

e 2 (6)

f(x)= _1

N2rno

It could be gotten from the statistical properties of
normal distribution [5]:

E
N1988

Zx =17.2 (7)

1988 i=

Hiogg =

1 N1%ss

&1988:\/NE 1Z(X,—X) =4.07 (8)
1988

i=1

Let /inqe and &4 be location parameter and
scale parameter to substitute in Eq. (6), the equation of
fitting curve could be gotten:

91988 = 0.098670'03(#17_2)2 ©)

The fitting curve in Eq. (9) and sample points
Piisss were drawn in Fig. 2 with good fitting effect.
Take €igss (i =123 4,5) as residual to investigate
the degree of approximation of fitting through the
residual distribution [6].

-, 1988 (10)

The residual €988 was drawn in Fig. 3. All points
in Fig. 3 were random fluctuation around ¢=0 and
the range of fluctuation was very small.

|1 1068 | < 0.01< 855 = 4.07

This illustrated that the fitting effect was very good.

1088 = Piross
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Table 1 Probability distribution of arithmetic average of edge vertices nearest neighbor average degree value in 1988.

Interval [4.5, 8.96] (8.96, 13.42] (13.42, 17.88] (17.88, 22.34] (22.34, 26.8]
Median 6.73 11.19 15.65 20.11 24.57
Times 4 34 119 81 27
Frequency 0.015 0.128 0.449 0.306 0.102
Probability 0.0034 0.0287 0.1007 0.0686 0.0229
0.12
0.1 )

- 0.08

3 °

;: 0.06

= 0.04

Z °

= 0.02 o

0 [ )
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Fig. 1 Probability distribution diagram of arithmetic average of edge vertices nearest neighbor average degree value in 1988.
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Fig.2 Fitting effect diagram of probability distribution of arithmetic average of edge vertices nearest neighbor average degree
value in 1988.
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Fig. 3 Residual diagram of fitting curve of probability distribution of arithmetic average of edge vertices nearest neighbor
average degree value in 1988.
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2.2 Probability Distribution of Arithmetic Average of
Edge Vertices Nearest Neighbor Average Degree Value
in China Aviation Network in 1994

A1994

statistic data. The arithmetic averages of edge vertices

nearest neighbor average degree value KnE Y
(n=123,...... ,589) of 589 edges in 1994 were gotten

from Age, and Egs. (2) and (3). Statistics was done
to the data in Table 2 according to the interval in Table
2. The curve in Fig. 4 was drawn by the data in Table
2. It was similar to normal distribution function by
observation. The definition of parameters and
relationship of parameters were similar to Egs. (4) and
(5) in Section (2.1). Here, NS, =589, My, =5,
0,06, =6.2 . It could be gotten from the statistical

The adjacent matrix was gotten from

properties of normal distribution:

E
N1994

. 1
Phgos = 17— D x =27.63 (11)

1994 =1

n l N1E994 _
Bros = 4| ——— 2. (X —X)* =5.07 (12)
N1994 -1 i=1

Let {4, and Oises be location parameter and
scale parameter to substitute in Eq. (6), the equation of
fitting curve could be gotten:

)71994 = 0.079e4-019(x727.63)2 13

The fitting curve in Eqg. (13) and sample points
Pi0es were drawn in Fig. 5 with good fitting effect.

Take €0 (i=1,2,3,4,5)as residual to investigate
the degree of approximation of fitting through the
residual distribution.

Ei1994 = Pitges — 9i 1994 (14)

The residual €199 was drawn in Fig. 6. All points
in Fig. 6 were random fluctuation around ¢=0 and
the range of fluctuation was very small.

|1 1904 | < 0.005 < 60, =5.07

This illustrated that the fitting effect was very good.

Table 2 Probability distribution of arithmetic average of edge vertices nearest neighbor average degree value in 1994,

Interval [13.3,19.5] (19.5, 25.7] (25.7, 31.9] (31.9, 38.1] (38.1, 44.3]
Median 16.4 22.6 28.8 35 41.2
Times 32 171 283 86 17
Frequency 0.054 0.290 0.481 0.146 0.029
Probability 0.0087 0.0468 0.0776 0.0235 0.0047
0.09
0.08 ®
0.07
0.06
g 0.05 ®
g 0.04
= 0.03
g 0.02 ®
0.0(1) ® °
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Fig. 4 Probability distribution diagram of arithmetic average of edge vertices nearest neighbor average degree value in 1994.
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Fig.5 Fitting effect diagram of probability distribution of arithmetic average of edge vertices nearest neighbor average degree
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Fig. 6 Residual diagram of fitting curve of probability distribution of arithmetic average of edge vertices nearest neighbor

average degree value in 1994.

2.3 Probability Distribution of Arithmetic Average of

Edge Vertices Nearest Neighbor Average Degree Value
in China Aviation Network in 2001

The adjacent matrix Ay, Was gotten from statistic
data. The arithmetic averages of edge vertices nearest

neighbor average degree value KnE i
(n=123,...... ,730) of 730 edges in 2001 were

gotten from A, , Egs. (2) and (3). Statistics was
done to the data in Table 3 according to the interval in
Table 3. The curve in Fig. 7 was drawn by the data in
Table 3. It was similar to normal distribution function
by observation. The definition of parameters and
relationship of parameters were similar to Egs. (4) and
(5) in Section (2.1). Here, Nyg =730, m,,, =5,
0,001 =8.88 . It could be gotten from the statistical
properties of normal distribution:

E
N2001

R 1
Py =—5— D, X =30.66 (15)

2001 i=1

1 Nonm
——— > (% —-X)?=5.62 (16)

E
Nzom -1 i=1

Let fbgy and G,y be location parameter and

Oo001 =

scale parameter to substitute in Eq. (6), the equation of
fitting curve could be gotten:

92001 =0.07 1e—0-0158(x—30_66)2 (17)

The fitting curve in Eq. (17) and sample points
Pi2001 were drawn in Fig. 8 with good fitting
effect.

Take Sipo1 ( 1=12,3,45 ) as residual to
investigate the degree of approximation of fitting
through the residual distribution.
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Table 3 Probability distribution of arithmetic average of edge vertices nearest neighbor average degree value in 2001.

Interval [6, 14.88] (14.88, 23.76] (23.76, 32.64] (32.64, 41.52] (41.52, 50.4]
Median 10.44 19.32 28.2 37.08 45.96
Times 1 70 416 211 32
Frequency 0.0014 0.0959 0.5699 0.289 0.0438
Probability 0.0002 0.0108 0.0642 0.0325 0.0049
0.07
0.06 i
0.05
o 0.04
S 003 e
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g 0.02
< 001 °
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Fig. 7 Probability distribution diagram of arithmetic average of edge vertices nearest neighbor average degree value in 2001.
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Fig.8 Fitting effect diagram of probability distribution of arithmetic average of edge vertices nearest neighbor average degree
value in 2001.
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Fig. 9 Residual diagram of fitting curve of probability distribution of arithmetic average of edge vertices nearest neighbor
average degree value in 2001.
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gi,ZOOl = pi,ZOOl - yi,ZOOl (18)

The residual € 2001 was drawn in Fig. 9. All points
in Fig. 9 were random fluctuation around £=0 and
the range of fluctuation was very small.
| 2001| < 0.005 < G50, =5.62 . This illustrated that
the fitting effect was very good.

2.4 Probability Distribution of Arithmetic Average of
Edge Vertices Nearest Neighbor Average Degree Value
in China Aviation Network in 2008

The adjacent matrix A,ps Was gotten from statistic
data. The arithmetic averages of edge vertices nearest
neighbor average degree value KnE YA
(n=123,...... ,940) of 940 edges in 2008 were gotten
from A,s, Egs. (2) and (3). Statistics was done to the
data in Table 4 according to the interval in Table 4. The
curve in Fig. 10 was drawn by the data in Table 4. It
distribution function by
The definition of parameters and

was similar to normal
observation.
relationship of parameters were similar to Egs. (4) and
(5) in Section (2.1). Here, Ng; =940, m,s =5,
o003 =9.44 . It could be gotten from the statistical

properties of normal distribution:

1 No0s
Poong = &~ Zl x, =35.9 (19)
2008 i=
R 1 Nonos >
O008 = ﬁ Zl (x, —X)* =6.53 (20)
2008 =

Let fhos and &, be location parameter and
scale parameter to substitute in Eq. (6), the equation of
fitting curve could be gotten:

92008 _ 0.061870'0117()(735'9)2 1)

The fitting curve in Eqg. (21) and sample points
Pi 2008 were drawn in Fig. 11 with good fitting effect.

Take (1=12,34,5) as residual to
investigate the degree of approximation of fitting
through the residual distribution.

gi,2008

Ei 2008 = Pi 2008 ~ )7i,zoos (22)

The residual €i2008 was drawn in Fig. 12. All points

in Fig. 12 were random fluctuation around ¢=0 and

the range of fluctuation was very small.

|‘9i,2008| <0.003 < 6,505 =6.53 This illustrated that the
fitting effect was very good.

Table 4 Probability distribution of arithmetic average of edge vertices nearest neighbor average degree value in 2008.

Interval [8.5, 17.94] (17.94, 27.38] (27.38, 36.82] (36.82, 46.26] (46.26, 55.7]
Median 13.22 22.66 32.1 41.54 50.98
Times 2 89 434 355 60
Frequency 0.0021 0.0947 0.4617 0.3777 0.0638
Probability 0.0002 0.0100 0.0489 0.0400 0.0068
0.06
0.05 ®
0.04 ®
o
3 0.03
g
g 0.02
< 0.01 °
' [ )
0 ®
0 10 20 30 40 50 60
Median of interval

Fig. 10 Probability distribution diagram of arithmetic average of edge vertices nearest neighbor average degree value in 2008.
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Fig. 11 Fitting effect diagram of probability distribution of arithmetic average of edge vertices nearest neighbor average
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Fig. 12 Residual diagram of fitting curve of probability distribution of arithmetic average of edge vertices nearest neighbor

average degree value in 2008.

2.5 Probability Distribution of Arithmetic Average of

Edge Vertices Nearest Neighbor Average Degree Value
in China Aviation Network in 2015

The adjacent matrix A5 Was gotten from statistic
data. The arithmetic averages of edge vertices nearest

. EVA
neighbor average degree value Ky
(n=123,..... ,1924 ) of 1,924 edges in 2015 were

gotten from A5, Egs. (2) and (3). Statistics was
done to the data in Table 5 according to the interval in
Table 5. The curve in Fig. 13 was drawn by the data
in Table 5. It was similar to normal distribution
function by observation. The definition of parameters
and relationship of parameters were similar to Eqgs. (4)
and (5) in Section (2.1). Here, N, =1924
My =5, Gr015=15.74 It could be gotten from the
statistical properties of normal distribution:

n 1 N2E015
fos =—F— Zl x, =51.74 (23)
2015 1=
1 NzEms 5
Oo015 = NE_ _1 Z (x, —X)* =9.83 (24)
2015 i-1

Let Abois and Ozois be location parameter and
scale parameter to substitute in Eq. (6), the equation of
fitting curve could be gotten:

92015 = 0-041670'0052“*51.74)2 (25)

The fitting curve Eq. (25) and sample points  Pi 2015
were drawn in Fig. 14 with good fitting effect. Take
g5 (1=1,2,3,4,5) as residual to investigate the
degree of approximation of fitting through the residual
distribution.
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Table 5 Probability distribution of arithmetic average of edge vertices nearest neighbor average degree value in 2015.

Interval [4.08,19.82] (19.82, 35.56] (35.56, 51.3] (51.3, 67.04] (67.04, 82.78]
Median 11.95 27.69 43.43 59.17 74.91
Times 1 111 779 931 102
Frequency 0.0005 0.0577 0.4049 0.4839 0.0530
Probability 0.00003 0.00367 0.02572 0.03074 0.00337
0.6
05 °
§ 0.4 °®
g 0.3
g 0.2
0.1
[ ) [ ]
0 ™
0 10 20 30 40 50 60 70 80
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Fig. 13 Probability distribution diagram of arithmetic average of edge vertices nearest neighbor average degree value in 2015.
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Fig. 14 Fitting effect diagram of probability distribution of arithmetic average of edge vertices nearest neighbor average
degree value in 2015.
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Fig. 15 Residual diagram of fitting curve of probability distribution of arithmetic average of edge vertices nearest neighbor
average degree value in 2015.
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Table 6 The evolution of probability distribution parameter of arithmetic average of edge vertices nearest neighbor average
degree value.

Year 1988 1994 2001 2008 2015
Location parameter 17.2 27.63 30.66 35.9 51.74
Scale parameter 4.07 5.07 5.62 6.53 9.83
0.12
0.1
o
S
g 0.08
5
0.06
0.04 )
\.
0.02 \
®.
0 ._—.c&i‘ \.
0 10 20 30 40 50 60 70 80 90
Median of interval —0— 1988 —0— 1994 2001 —@— 2008 —8— 2015

Fig. 16 The evolution diagram of probability distribution curve of arithmetic average of edge vertices nearest neighbor

average degree value.

& 2015 = Pigo1s — yi,2015 (26)

The residual €i2015 was drawn in Fig. 15. All points
in Fig. 15 were random fluctuation around ¢=0 and
small.

the range of fluctuation was very

| <0.003< 6,5 =9.83. This illustrated that the

|5i,2015
fitting effect was very good.

2.6 Evolution of the Probability Distribution of
Arithmetic Average of Edge Vertices Nearest Neighbor
Average Degree Value in China Aviation Network

The probability distribution parameters of the
arithmetic average of edge vertices nearest neighbor
average degree values in China aviation network were
listed in Table 6. In order to more intuitively observe
the evolution trend of the probability distribution of the
arithmetic average of edge vertices nearest neighbor
average degree values, the probability distribution
function curves of these five years were plotted in Fig.
16. It could be found that in Fig. 16, the five normal
distribution curves from left to right were the

probability distributions in 1988, 1994, 2001, 2008 and
2015 respectively. The width of the curve changed
from narrow to wide and the peak value of the curve
changed from high to low. The change of the position
parameter reflected the same situation, that was, the
median point of the curve moved to the right and
became larger year by year. The change of scale
parameters was also the same, that was, the scale
parameters increase year by year, and the curve
gradually becomes wider. Because the area under the
curve was unchanged and all were 1, the peak value
became lower.

3. The Evolution Trace of Probability
Distribution Parameter of Arithmetic Average
of China Aviation Network Edge Vertices
Nearest Neighbor Average Degree Value

The evolution trace of probability distribution
parameters of arithmetic average of edge vertices
nearest neighbor average degree values in China
aviation network was discussed here. Let the location
parameter of normal distribution be x. Let the scale
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parameter of normal distribution be y. To take x as
abscissa and y as ordinate, the location parameters and
scale parameters in Table 6 were drawn in Fig. 17 as
scattered points. The correlation coefficient r of
scattered points in Fig. 17 was calculated.

] > 04 =93 -7)

r= LXVL - n n
\/ e Z(xi—i)zz(yi—y)z

Here, n = 5. Using the data in Table 6, the value of
correlation coefficient r was calculated, r = 0.985. The
critical value of was 0.959 found in critical

(27)

r‘ail%
value table [6] at degree of freedom f =n—-2=3 and

level of significant o of 1% Since

|r|=0.985>0.959 = Frgo the scattered points in Fig. 17

had significant linear correlation. Least square method
[6] was used as an approach in Eq. (28) to fit the line
with points in Fig. 17.

B, =y — X =0.645

~ L 28
B =—2=0.171 (28)
LXX
The linear equation:
y =0.171x+0.645 (29)

The fitting line of Eq. (29) was drawn with the
sample points in one diagram of Fig. 18 with good
fitting effect.

To take t test [6] of Eq. (29), test hypothesis is:
H,:5 =0
When the hypothesis was true, there is:

A 02
B~ N(O,L— (30)

XX

Here, ﬂl fluctuates near zero, statistic t is build.

t: ﬂAl :ﬁl’\/g

62 c (31)
LXX
where:
62=ii(yi—9i)z (32)
n-24

Statistic t was calculated by data in Table 6 and
Egs. (30)-(32): t=9.92.

To check the t distribution table [6], at significant
and degree of freedom
., Intable is 4.541. So,

level o« of 001
f =n—2=3 the value of ¢

a=0.
f=3

lt|=9.92>4541=t _, null hypotheses H, s refused.

@=0.0;
=3

The linear correlation of Eq. (29) is significant. The
linear relationship between location parameter and
scale parameter in Fig. 18 illustrated that the evolution
of probability distribution of arithmetic average of edge
vertices nearest neighbor average degree value of
China aviation network had linear trace.

11
10

Ja1ewrered 9|eds
w b~ 01O N 0 ©

15 20 25 30

Location parameter

35 40 45 50 55

Fig. 17 The scattered points diagram of parameter relationship of probability distribution of arithmetic average of edge

vertices nearest neighbor average degree value.
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Fig. 18 The fitting effect diagram of linear relationship of probability distribution of arithmetic average of edge vertices

nearest neighbor average degree value.
4. Conclusion

Based on the statistics of China civil aviation in 1988,
1994, 2001, 2008 and 2015, the probability distribution
and evolution trace of the arithmetic average of edge
vertices nearest neighbor average degree in China
aviation network 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 route between
cities as the edge of the network. The arithmetic
average of edge vertices nearest neighbor average
degree of each edge was calculated, and it was found
that it had the probability distribution of normal
function, and the position parameters and scale
parameters of the probability distribution had linear
evolution trace.

Reference

[1] Hossian, M. M., and Alam, S. 2017. “A Complex Network
Approach towards Modeling and Analysis of the Australia
Airport Network.” Journal of Airport Transport
Management 60: 1-9.

[2] Rocha, L.E.C. 2017 “Dynamics of Air Transport Networks:
A Review from a Complex Systems Perspective.” Chinese
Journal of Aeronautics 30 (2): 469-78.

[3] Division of Development and Planning of Civil Aviation
Administration of China. 1990, 1996, 2003, 2010, 2017.
Civil Aviation Statistical Yearbook of China. Beijing: Civil
Auviation Press of China. (in Chinese)

[4] Sun, X. J, and Si, S. K. 2016. Complex Network
Algorithms and Applications. Beijing: National Defence
Industry Press. (in Chinese)

[5] Zzhang, G. F., and Zhang, Y. 2017. Probability and
Statistics. Beijing: Higher Education Press. (in Chinese)

[6] He, X.Q., and Liu, W. Q. 2006. Application of Regression
Analysis. Beijing: China Renmin University Press. (in
Chinese)


http://www.youdao.com/w/civil%20aviation%20administration%20of%20china/#keyfrom=E2Ctranslation
http://www.youdao.com/w/civil%20aviation%20administration%20of%20china/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/statistical/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/yearbook/#keyfrom=E2Ctranslation
http://dict.youdao.com/search?q=National%20Defence%20Industry%20Press%0D%0A&keyfrom=fanyi.smartResult
http://dict.youdao.com/search?q=National%20Defence%20Industry%20Press%0D%0A&keyfrom=fanyi.smartResult

