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Fig. 1. Super network model of air traffic management technology support system.

TR R R 5 G0 2 (8] ) 25 A A 2D R A
FEULTR 5 4

1) S EH AR RS HIEE . A B
WA TARRRPE S SEBrAE G Bl S R 3., 1l e X R4
R £ 3R AT Frl1 5% T A4 P D DU

2) WA Bt o B T A S0, B 2 A R IR B &R
i A BT R AR S (RS VHE i

SHu) AT RES (F42 VOR/DME &
ui \NDB Gl AR EM RGR) MR & RES
(FEE—REIE . IR IE);

3) LA TRE 45 17 sl S IE ST m 2 () (1) 32 )
BRI RGN 4, SR E M IS A 145 7T
RS BT AL, AR T AR 7R ARV
] 184 ol SR it DX 2 P 31, 49 380 248 RO IR B 3R 4 X 4%
X5 N FR) G AR G i) P s i 32 3 P

4) g5 A G H AR ORBE R G0t B I A B R PR AN
2 = T AR 6 1] P PR S AT R0 0l TR T B, 1
BI) 7 AR AR IR 28 45 W0 28568 L R AL P

5) 73 A1 W 4% i = 2 23 4 U £ 2 TA] ) 55 R
KFR, FEIL AT N 28 06 87 (1) SC IR B, ALFG i Ok
ERFR BRI BN 25 KRR AR

WA Z B DS OB R BAEIR JLA

1) 815 ST AT 23— 17 556

2) £ S it 7 A I X e, /b ST E A |
TIAE 5 E S, WA KRG, TEE R
Fr g, IR S PRI

3) EEi A mEAs & VOR K B iy T 6 7 Il 1
BN NDB;

4) TR £ SR R0 e FH 4% B SR 8 1

Fiiise .

HE

3 ZEBARERAZMNERIEEE

MRIEE. SN, BT HEES
ERARMREE RS M EEE. SRR E 48
F1HTR.

R FEEARGRE RGN R E BRI
Table 1. The measure index of air traffic management

technical support system network.

BE R P ¥

— R R 55 o R B
Rt BERIES

RIHE - BRI 7RG G R

RiEME R TGS 4 26 o =1 e ) R FE
RiENE REGEMRERE  RMARGHELRE
ES LV E S S Bralhn
FMT, RGBEARFFIEN
B RELEMNBA BITC RN BURME A
EAE CPRIREREKE  RBRENRCEE
SR G4 B A e
e

BEE REEMHISE

AR Mg B

1) & K S o3 Am
PLZS B RO AR B 2R G b (W48 R IR % 1 5,
B 5 AR R, T AEIC A

kz' = Zaij, (1)

aij T RS R Z AR AR EOH

WA 28 R T B B AT 1 DU 23 AT B R p (k) R
71N A 28 TR RE D e R AR RS I 2% o BT o5 ) B
4545 2 BOR PRI 22 GU0S B () BURFVE AN AT I

140203-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 14 (2016) 140203

R B BRI ANT R R AL, A3 B R
R 28 G50 DX 268 oS82 FR) R .
J& - FEAR A FE R 25 1) — A BB (R LR AR .

1
kpn: = k[ E aijkj:|7 (2)
th

Ki 7T v (AR, g NAREEREPE U R, &1 M
Mo, FIUAHEN a;; = 1, B a;; = 0, Fra AN
K B R B ARV B AR BT 2IME ke (K) 9

ilki=k
N T UKL, P(k) A ATRREL R k() 2
BEAE kb T e R, T A DRI TS U ) A
(B R H T m e, W2 BAT IEAR G RR %, 2 A TC A
4, [ 2% BAT UM SR, 2 R C R 4%

2) FiY
TR AU 5 SRER AR T, A TG AL
P 5% T SURE ) B AR

Si = Z wij, (4)

wij R RS G IR,
3) RGEHRERI
RGGE TR R BB T R G4 M AR LR
B, RGLRERBOBAR, RG] B AR
R G IR R BT A U B R G R T
ZIEEHL H D 5Eh 4G FRIE, 2R R
ZEC AP AR S
Tl R REON
2F;
Ci = mv (5)
n AT R RAR T A, B N n T R TR SEBR AR
BRI
BN ARG REREN

c=1 > G (6)

" Yv; €V

CHER, AN W28 o1 s 2 A P 2 0K AR FO R
K.

4) ARG L P

B G GE M PUEBRE A R R G4 ) R K
HR AR RN E ZIBE AT, RS RE
HEWRIAES). RALHIPIBSLMA, Rom RGER
FEBEBRGT, B He ey

i FH W 2% 1) B AR S RE EE N B & b Stk
SNEi=pAN
E:Ci2 S 1/dg, (7)
N 1<iEN
iy 5 vy vy 2 1] T BB, N2 0 2 o 0
T v MRS, SRR &N
Cpm) = 22, (5)
TEFEARRERG ISR M RA N R &I
iy, M PTEHIRRE . AR T R
AL B AR BT R A 0 2 S B,
IR Bt 2 48 7 FEAE e ORI A, W52 o 485 B AR 2%
REHIARAL, 5 BEALECE 1 DL T 28 B AR R e 2 AT
Xt Eb, s o 2% 1 W

5) RGN E AT

RGN mAN BRI RGP A B A
R IZ ARG SR LR, IR TIZ R E T A
RN RGEMFIERIRISEm ), R RAR S E
P ) — A E B B FR AR,

D) 286 H AN RH AT 17T 1 o Aoy 22 8] (1) B o B AR
SRR T A W R AN 5 v ALY 2
R, WZAT S AE M R R E B 5
A

Bi= Y [nu()/nl, 9)
SEA
iy AT R v Bl R B R B AR 25 B, my (4) 910
Mooy Mo Z 181 B B B BR AR 220 799 mlo 258 N
I S RS
uliubhe o
Bjj = Z
T 3)
Ny, F979 55 vy T vy, Z 18] B 5 R BR AR 25, Ny (e45)
N R o Ml vy, Z 1B R FE AR A e, 2R EL
6) ~1- ¥4 i R R AT KT
W) 24 1) ~F- 35) i R A AR AN Y R (AR
B IE, R T 2 . PR AR KRR,
BCAAT Jm 7 i, IR AR B, WA R
L= Ciz > dy, (11)
N 1N
A, dy T S flo; Z A EEES, N J2 W 2%
R AR

[Nim(€ij)/Niml], (10)

140203-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 14 (2016) 140203

7) M4 B AT
I 8% HH AT o P A TR R B T e R B FR N
DX 26 AT, T DA e B o0 6% 86 A 322 3 41 R AN A .
D= max & dij, (12)

Z_EQEF', dij IEéilj"){—:_'\ (7 ;FD 1)]‘ ‘ZI‘ETJ E/‘]EE%

4 EPlaAr

fER AR B ML B TEREL 22N
KAT R X (flight information region, FIR) )%
R R B 2R G B 23 ol A A LR AT R AR X
PR ORBE WA 45 FE 0T P2 R PR BEAT 0 A, b
SIE i DX BOR DR B 2R 4 0 2% 25 ey 1 i 1 2 i
i, BT RN A2 VOR 3 &, 7EER
NI e NDB 3T &, 19 5 18] T 2 K4 R A
Z:0pul

Jeaty BTN B TRRE S 2= AT I AR X
TE BRI RGN RFIE R 2 PR,

W) 2% B4 5T R BB R I 28 P A R R B T
i, WA R IR TIHIR X N 5% S B
BRI AN S EHCR, BT A T B IR XA B
B AR, A Re B BN E 1 U, BT A
o 5% 1 15 2 SR B AE 7% T RAT A X IR 4R A, 75K
TR IX T35 FE R 3.38, U B3R T B HR
PRbEE &5 3.38 Mk 1EHE

RAERBU W28 I EERLE L, BRI R
VR EHEAR, RERTO0 < O < 1. & UATER
X B R AR OR B 2R 45 1)1 35 2R 5 R 80HE 0.25—0.39
Z 18], B RN, ) 2% TR R P i 1K

WA 28 [0 ~F- 257 i L A2 K BE S T A T A P TR T

I R BR AR IR YA, 2 i D 2% v M Y — A E
BAR. I8 X 2% R AR FEHE B, B Floyd &K H
RS Z MR, & ITHMX KT
PR ETE 3.16—5.05 2 [A], M4 KIE A
3.4, BPPANBE £ 2 [R]85 5 B 3 3 A1 AR AT )
K. REE RIS /N TR 28 AR

Iy FE R X 4% e 5 B R A T 4% LR RO
DR 28 Hh RIT A B L B AR R P B R AL, SR 4% R I —
PRBRIE DL, g CAT IS 4R X 2 3 AR IR B R G 4%
BHAN13, A KA.

StAb gt B ML B JERH. 2200 K
715 ] IX 2 58 R AR B R G0 W 2% 3E 4T 40 A ;-
TEZ BT, 3% CAT I I X 25 8 AR AR [ R G 5 40 A
TE XU BUA AR R [ 43 AT a0 B 3 Fos. B8 HARR
b R G B MH > 3BT AT & A AT, B AR

P 2 bR AT X 28 BOR DRI 2%
Fig. 2. Beijing FIR air traffic management technical

support network.
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Table 2. The network properties of air traffic management technical support system.

X 45 R REPEYE s =) RERY S8 B R AR K 2% B A%
JER AT IR IX 39 146 3.74 0.33 3.16 6
i AT IR IX 67 235 3.51 0.28 5.05 13
TN RAT IR IX 47 148 3.15 0.25 4.54 10
BB AT IR IX 57 196 3.44 0.39 4.66 10
TLBH AT I R IX 38 118 3.11 0.25 4.16 10
2N AT IR IX 34 114 3.35 0.38 3.74 8
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Fig. 3. The cumulative degree distribution in double logarithmic scale: (a) Beijing FIR; (b) Shanghai FIR;
(¢) Guangzhou FIR; (d) Kunming FIR; (e) Shenyang FIR; (f) Lanzhou FIR.
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Fig. 4. The degree-degree correlation of network: (a) Beijing FIR; (b) Shanghai FIR; (c¢) Guangzhou FIR;
(d) Kunming FIR; (e) Shenyang FIR; (f) Lanzhou FIR.
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Fig. 5. Overall performance of networks under different attack conditions: (a) Beijing FIR; (b) Shanghai
FIR; (c) Guangzhou FIR; (d) Kunming FIR; (e) Shenyang FIR; (f) Lanzhou FIR.
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Abstract

Air traffic management technical support system provides communication, navigation and surveillance service for
air traffic management system and air traffic controller. The failures of some facilities may lead to large delay, even
affect air transportation safety. In order to improve the ability of air traffic management technical support system
to respond to emergencies, a network model of air traffic management technical support system is presented. The
network model of air traffic management technical support system is established according to the effective coverage of
communication, navigation and surveillance facilities, the position of air traffic management technical support system
and air route network. Flexibility, robustness and efficiency are used to measure the network. The measure index of air
traffic management technical support system network includes degree, degree distribution, strength, clustering coefficient,
network performance, betweenness centrality, average shortest path and diameter. For Beijing, Shanghai, Guangzhou,
Kunming, Shenyang and Lanzhou flight information regions, the air traffic management technical support networks
are built by using the data of air traffic support facilities, air route, air traffic flow, etc. The average degrees, degree
distributions, degree-degree correlations, clustering coefficients, average shortest paths and diameters of these netwoks
are comparatively analyzed. The results show that the degrees of most nodes are between two and four. The network
has a power law distribution, which is the same as that of air transportation network. The degree-degree correlation of
air traffic management technical support system network is not assortative nor disassortative mixing, which has random
network characteristics. The clustering coefficients of several air traffic management technical support system networks
are between 0.25 and 0.39. The clustering value is lower than that of air transportation network. The shortest paths
of air traffic management technical support system networks are between 3.16 and 5.05. The average shortest paths of
these networks are all 3.4, which exhibits small world characteristics. Network attack based on degrees of priority and
random is conducted to several flight information regions of air traffic management technical support network, showing
the network is vulnerable. The network performance decreases quickly after degree priority attack. Some key nodes play
an important role in the network. The network survivability can be improved after targeted immunized key nodes. The
network performance can be improved by using more satellites based air traffic management technical support system.
These rules provide theoretical support for improving and expanding air traffic management technical support system,
and have practical significance for reducing the influence of emergency on air traffic management system support ability

and ensuring the continuous safety of air traffic.

Keywords: complex network, air traffic management, technology support, network properties
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