45 51 %45 6 1 Moal it & it KR ¥ ik Vol. 51 No. 6
2019 4F 12 H Journal of Nanjing University of Aeronautics &. Astronautics Dec. 2019

DOI:10. 16356/j. 1005-2615. 2019. 06. 004

ETPCNCHEEMEMINEHE BN

THHE FEW FTEzx EIHE
(R HUML A LR K2 RS B, B AT, 210016)

HE: PR EBEWHEE K EAMBRNLBIEMORBEREIEANR, LSRRI ECRER, ALERNL
WML, SHMERNEIBIEMH, BT HERE XML EMKIP E L (Prefrential configuration

node-protecting cycle, PCNC) 8 7 %, #Z 7 sk A T HEALE B EH R KN B A F RAEY EFAAR KN LT

B Wik B R Y SRR R AL W éﬁ«féﬂwaﬁﬂ%ﬁs' o VAP E KM K 69 AL P & A ) R R g

1017 Mg & Ae 1 568 oAt bt AR M /T8 101 /AN X A &, 2R ES6 5473k, oMM ERATH SE

HE B RIEFR RIS MBI B THALET G GHRREAFH AR R LELELET

P G He bk B E AR BT

KB ALIE W L5 dB AN L5 M G XA AR Y R R IR

HESES V355 XEKAR RS A M EHS:1005-2615(2019)06-0756-07

Robustness Optimization of Air Route Network Topology Based on PCNC

WANG Shijin, SU Siyu, LIHaiyun, WANG Yanjun
(College of Civil Aviation, Nanjing University of Aeronautics & Astronautics, Nanjing, 210016, China)

Abstract: With the continuous increase of air traffic volume, the vulnerability of the air route network
topology has become increasingly prominent, and its robustness optimization has become increasingly
important. This paper proposes a method called prefrential configuration node-protecting cycle (PCNC) that
uses complex network theory to analyze the topology structure of air route network. Based on degree fitness
technology, it detects key nodes with large degree values of itself and neighbor nodes, increases links,
configures node protection rings, and optimizes air route network topology robustness. Taking the air route
network in the mainland of China as an example, 1 017 waypoints and 1 568 segments were selected; 101 key
nodes were detected; and 56 new edges were configured. Combined with random attacks and attempted
attacks based on node degrees, robustness of the air route network topology for both attack modes is
significantly enhanced after optimized, and the robustness of the ARN topology under deliberate attacks is
better.
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Fig.1 Network schematic diagram
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Tab.1 Comparison of F; and node k;

T G F, k
1,2,3 2.1818 1
4,5,6 2.1818 1

7,8 1.636 4 1
9 8.181 8 3
10, 11 13.090 9 4
12 18 3
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Tab.2 Chinese ARN topology parameters in 2015

S Kl
% %L 1017
LIRESUIE i 1568
V2 3.09
- B AR B 15.49
BRAEK 0.084
K1 /km 638.06
81 /km 1.94

M 2 R A] DL, 2015 4E B ARN A4 °F-
BEAH A 3.09, AHALBAA Fe R EEAH R &, P BEHAR
N IR 2K BB T 0.084, % 18 B AR Sl FH Y %
it 2 2 3k A 5 R 1, O 4 3R 2R R B SE PR
Lb 0.084 T i , 33 S A5 A I 265 T AL AL 11 5 3 35 s 4%
K 15.49, 3% K WP 75 BE 4 5 15.49 A 1
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Fig.4 Distribution of key nodes
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Fig.5 Distribution of 56 newly added segments
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Tab.3 Data of key nodes
- UL B A 5, b | LB K F, P UL B A F, i
2 FR 4 2R
1 TAO 445.564 4 13 35 LADIX 62.126 63 6 69 FIC 45.300 67 5
2 HCH 378.584 2 13 36 CHG 62.126 63 8 70 P77 45.300 67 5
3 MAKNO  213.560 3 12 37 TOREG  62.126 63 6 71 P184 45.300 67 4
4 OF 171.4954 10 38 W 61.1559 7 72 ZUH 44.653 52 6
5 P06 137.196 3 8 39 JTA 61.1559 7 73 TEKAM  44.006 36 4
6 VYK 128.136 2 9 40 DAX 61.1559 7 74 ZH]J 43.035 63 7
7 HG 116.487 4 9 41 KR 60.185 17 6 75 YQG 42.712 06 6
8 POU 111.310 2 8 42 P303 59.861 6 5 76 PLT 42.712 06 6
9 CD 110.663 1 9 43 GAO 59.538 02 8 77 NOLON  42.064 91 5
10 FZ 108.721 6 8 44 ZHO 58.890 87 7 78 YA 42.064 91 5
11 DO 106.780 1 11 45 HFE 58.243 72 9 79 BIZ 42.064 91 5
12 TYN 104.838 7 9 46 KALBA 58.243 72 6 80 AVNIX 42.064 91 5
13 XDX 104.838 7 6 47 LIN 56.302 26 6 81 TGO 40.770 6 7
14 WEX 95.778 56 8 48 LIB 56.302 26 6 82 WHA 40.447 03 5
15 SHL 93.189 95 8 49 YIN 56.302 26 6 83 PIX 40.447 03 5
16 SHX 90.277 76 9 50 SGM 54.360 8 8 84 HUY 40.447 03 5
17 ITG 88.012 73 8 51 TRN 54.360 8 6 85 CTU 40.447 03 5
18 FD 85.424 12 8 52 QNX 54.360 8 6 86 MAPMU  38.829 14 5
19 UDETI 81.541 2 6 53 BOBAK  53.390 07 5 87 ZYG 38.829 14 5
20 SUBUL 79.276 17 7 54 GUSNA  52.419 34 6 88 HX 38.829 14 6
21 BIKOB 79.276 17 5 55 GYA 52.095 77 7 89 OMUDI  38.829 14 5
22 P44 77.658 29 6 56 DOGAR  50.154 31 5 90 KHN 38.829 14 6
23 CON 77.011 14 7 57 NONIT 48.536 43 6 91 SHZ 38.829 14 6
24 PIMOL 75.069 68 8 58 TOL 48.536 43 6 92 P143 38.829 14 5
25 MABAG 74.746 1 7 59 DBL 48.536 43 5) 93 OGOMO  38.829 14 4
26 VAl 72.481 07 7 60 HUR 48.536 43 5 94 XSH 38.829 14 6
27 IDZ 69.892 46 8 61 WXI 47.5657 7 95 WYN 37.211 26 5
28 KWE 66.980 27 9 62 NSH 47.5657 7 96 UGAGO  37.21126 5
29 HOK 65.685 97 7 63 NOMUK  46.918 55 5) 97 ELNEX 37.211 26 5
30 LLC 65.685 97 7 64 JB 46.594 97 6 98 YBL 36.887 69 6
31 PIDOX 64.715 24 8 65 KAMDA  46.594 97 6 99 BZ 36.887 69 6
32 WTM 64.068 09 6 66 UGSUT  46.594 97 6 100 ENH 36.887 69 6
33 VMB 63.420 94 7 67 TAXOR  46.594 97 6 101 SJG 36.887 69 6
34 TZH 62.126 63 6 68 LBN 45.300 67 7
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Tab.4 Data of 56 newly added segments

%S it B 24 K KE/km | %% il B2 44 Bk K /km | %i 5 i B 24 B K /km
1 BEGRI RENOB 89.70476 | 20  QIG HUY  276.3668 | 39 LEMOT BUTID 191.7748
2 DOTOS  Pp2s84 299.151 | 21 PA XSH  164.2853 || 40 BUTID ISBOP  139.2806
3 VANVO P20l  204.0584 | 22 P60 P291 190.14 | 41 P92  ELBAD  195.029
4 TGO CHG  267.0329 | 23  P223 P353  192.2382 | 42 ESBAG NIVIK  98.0495
5 ENGIL  HUR 2054829 | 24 PIMOL GORPI  220.2138 | 43 REPOL NOKAK 113.3145
6 P130 P279  260.1033 | 25 UNTAN GORPI  193.4735 | 44  P229 P187  252.8257
7 YCE NUGLA 166.9561 | 26 = WFG  NOBUP 170.5596 | 45 ~ XSH  MIDOX 1144875
8 P347 ZHI  188.1312 | 27  WFG  REPOL 116.1929 | 46  P308 P65 90.936 03
9 GUGAM LKO  59.37439 | 28 WEH LATUX 229.0406 | 47 P89 P278  142.8916
10 LKO XSH  162.5539 | 29 REMAX PEXEK 108.6582 | 48  LXI DIT 110.879 3
11 LIU P108  290.7175 | 30 NIKUN OTLEK 74.05671 | 49 VIPAP  SHL  78.83467
12 NLG IDUMA 56.91431 | 31 AGTIS  P253 9388573 | 50  P176 P120  184.3917
13 PU DBL  318.2397 | 32 SAKPU OTLEK 236.2806 | 51  P168 AKNAV 55.64251
14 P99 GOBIN 2315754 | 33  P266 P373  204.9748 | 52 P159 P281  147.3579
15 P99 ELBAD 2404476 | 34  WZH P124  141.0471| 53  P173  ELKAL 105.8809
16 YAV  APOGO 165.3982 | 35 EKVOK UPNAT 387.7913 | 54 P63 P62 51.471 85
17 CEH SGM  251.7494 | 36  LIB  OTABO 171.9783 | 55 SANKO KAGIP  76.020 52
18 A P134  201.1959 | 37  LJB  EKADO 156.8215 | 56 SANKO  P306 151.547
19  P374  TOREG 117.872 | 38 JMU HEK  436.506 5

®5 MBS HE ARNFHHIFEHBIRILER 1 F L T i 5 2 8 e T R I o 20 A )

Tab.5 Comparison of Chinese ARN topology data be-

fore and after optimization

S WA ML eEmgs A/ %
At i 5~ B 1017 1017 —

Mt B i % 1568 1624 3.57
V-1 3.09 3.28 6.148
T AR 15.49 12.6 —18.65
KRR 0.084 0.092 9.5
K il /km 638.06 638.06 —

il /km 1.94 1.94 —
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Fig.6  Trend of network efficiency after network attack
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