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Fig. 1. Examples of tree network vulnerabilities.
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Fig. 2. Example of node removal in a tree-like network.
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Fig. 3. Example network and cycle ratio matrix: (a) Example network topology; (b) cycle matrix and node 1 cycle ratio procedure.
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Fig. 4. Weighted example network and weighted cycle ratio matrix: (a) Weighted example network topology; (b) weighted cycle

matrix and node 1 weighted cycle ratio calculation procedure.
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Fig. 6. Improved weighted cycle matrix and calculation procedure for node 1 weighted cycle ratio.

F 1 BT RASEA R LU AR PR (H
Table 1. Value of the base cycle for each node as well as other metrics.

T BB WCR WCR! CR NS BC CC EC
1 {1, 2, 3}, {1, 2, 4}, {1, 3, 4}, {1, 2, 5} 2.72 3.76 3.92 1.93 5 0.101 0.158
2 {2,3,1}, {2, 4, 1}, {2, 5, 1}, {2, 4, 3} 2.98 3.80 3.92 1.47 25.75 0.117 0.099
3 {3, 1, 4}, {3, 2, 4}, {3, 2, 1}, {3, 10, 11, 9} 3.63 4.78 5.67 2.60 22 0.109 0.170
4 {4, 1,2}, {4, 1, 3}, {4, 2, 3} 1.90 2.33 2.50 1.47 2.25 0.100 0.080
5 {5,1, 2} 1.32 1.57 1.50 2.13 21 0.105 0.143
6 0 0 0 0.60 0 0.051 0.031
7 0 0 0 2.07 17 0.070 0.092
8 0 0 0 0.53 0 0.053 0.027
9 {9, 11, 10, 3} 2.156 2.38 3.25 0.60 8 0.099 0.027
10 {9, 11, 10, 3} 1.90 2.38 3.25 1.73 0 0.058 0.117
11 {9, 11, 10, 3} 247 3 3.25 1.20 0 0.074 0.055
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IRUE BJE B IA Rt rp, 15 05 4 Y S 2
T, B T 10, SR UEHIAUE B HR T T A
SN TR NS R A LRl E AR AL TR
EWREE, J5 830 e 20 i A L 5 by it
Je 1. BN R I — 48 A g T B A I 4%

h, DABSIE A R FEAE DU S B i 7 T A PR RE A
AL

4 AR MR

TER BTN SCHETY fURE ) Z i, 1 S50 b

— IR 5 HAB LA FE AR AR DG PE. SEERTE

6 /™A [) S50 355 1 S o D) % b i A e DO G B A 3

W25 (road), HLFHRAE P24 (E-mail), 3¢ a5

Jit 4% (USAair), E/RFEHREEFE L F (rwd96),

VR K kL 22 4% (dolphin) A1 &5 78 28 41 38 ] 4%
(advogato). ‘B THFAFNERIUNFE 2 FR.
E2 6N ESL LA MR

Table 2. Six basic topological characteristics of real net-

works.
T R PHE RIRCHE PHREREK
Usa 332 2.1k 12 -0.20788 0.625
Dolphin 291 3.2k 21 0.177476 0.68233
Email 906  12.1k 26 -0.0878 0.6139

Rw496 496 2k 0.045056 0.395
Road 1.2k 1.4k 2 0.126684 0.0167
Advogato 5.2k 47.3k 18 -0.0834 0.2868

K /R B A R (Kendall's Tau) KA
R bR Z A A e, X2 — RS R O ik,
JFH T 1 S 7 B 2 (] ) B A S B 2 TR
ME MR ETA NAT RAHCHIEE, X = (o1,
T, an) MY = (y1, 92, ,yn), XIS &S
') N ASPICA (z1,91), (22,92) s+ (N, YN) -
XHFEANPICH (25, y) M (2;,y) , DR ENTHHES
— 8, Bl >a, Hy>yy 80K o <a; Hy<y;,
WA EATE 2. AR e HES A —2 B
T; >93jﬂy<yj@z%$i <z Hy>uy, NEAAE
IIA—E nt Fln~ 53 5R R — B FA— O
B, WA, ty BT 2 # 2 H oy = y FRJCA R
B, TR RN, R e £ 2 Hy =y, WIZM
TCHART A tx Bty . BAXTTAE NN -1) /2
T LU, BRI + R EplE SCh

7= (n* —n”) C®
VN (N =1)/2) x (tx +ty)
WER X H Y BAMSTHY, r ROZHEEE, XEWRE T
() TE R 75 P2 1 22 JB) Y TE AR DG, TSR (E R
TR, H IR C R - -1 FI 1 2
], Horp 1 RRERIEME, -1 RRTERTAAMK,
0 FORIA FHIHE.
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FIE R A HEARA AR Rl L ATIA 19 2 Hh
NS e O 273 s el S (R = R

BT R 6 DM 6 AR AR IF- A
FRAWOERE, UM SR 38 Mk R AR, m]
L BLEEL L 55 AL R L i 1 PR R BRAH G R4 (1)
EN R, HAAHAREART ~ (AR, BIAE t
5V LAY 3 e ALY, PR TS 2 A4 1Y o
HEFAERAR AR, S50 35 m PR A ) (L B 2
KA, XA 2 AR B A5 R — B TR
PRz, FATIEEE] AL L REAEA A8 X 3K
SELEALGERE L JCTE X i A, XIS TR
SGIA, HON T 1 R 2 b )
Bk, NSRS O N 3T} 1 A FE AR A7y
SEBIHER. EAh, AR bE S Al ) 2% 4 B 22 ] Y
FHRAERAR, 1X— S BUFR W, AL He BT A 1 i 1
AL E T HAHES Frif b po 5 5, b mish
(L ER NS S DI EFSVEI TR

CR [RE 053 051 032 0.11
1.0

WCR 052 030 0.11 | [t 0.9
0.8

NS 0.46 0.7
0.6

0.5

BC| 0.51 0.52 o4
0.3

ccl 032 0.30 0.2

EC|0.11 0.11 0.17 0.16

CR WCR NS BC CC EC

BT ey S B 6 AN b 9 1 AR DG PR AR
Fig. 7. Average correlation moments for six indicators of

node importance in the network.

5 RETARIBRLBRERE 2

FE T RBA VR AR AR ARG B 035 s HE . 2%
JE A Rl HEAE U SBT3 07 T Y RE T,
B85 S s SR WL I 2% 14 68 e, 3 i A2 i A
TR0 2 ) AL A

51 TRHERAIL

% 3 PR NEET 6 N EARS R . I
K8 Frzi, A R AR 2 B A5 HE 24 RBP4
AR, HEABEERT, TR/ NEOR, BE
(PR AR RS BERER. IAIET 8 ] LALLM A Y, S5

HLOPE AP AREAE 1) O PR BT R A 56

SEETY LB B I, O ELABTA) T IR AR AR R 28 B

TE X A Z T, $23 O PR T A8 S B A5,

U AR 8 o3 T R L AN P L T i 9 1) S
3 MBEERIGEE SHET

Table 3. Email network partial node ordering.
EfEl
% crR  WCR NS BC CC  EC
1874 1874 1874 1669 599 1874

—_

2 1258 1258 1258 1874 1669 1258
3 453 999 999 599 1731 999
4 999 453 1586 453 1874 1963
5 1669 1963 1963 713 1854 1586
6 1586 1669 1576 1952 272 1576
7 1963 1586 1987 702 339 1987
8 203 1159 1120 1258 344 1792
9 1987 1768 1792 511 1453 1120
10 1159 203 1669 1159 1782 465
11 511 1377 419 272 74 1323
12 1768 1440 1440 585 92 419
13 412 511 1323 1563 108 1669

1440 1987 465 1987 136 1440

I
HENSS

n 2029 2029 2028 2029 2028 984

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P8 B 2 e T LA

Fig. 8. E-mail network node ranking viewable.
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IS T TR LS T L A L R A
P 4% T 1 43 AR SR AR AR AL, S LR R AT A& B, 1%
LR T RO 2 TP e AN AS R G P A i HEA
FEAE SR s HER B/ N E AR B, FE ] A
MELL 3 HE.

9 JE 7R R 71 s B D )8 JR A 22 I 45 v e
Fe S R e TR S SR, NSk 4 TR, Ry
TS HER, AHER 3 2 R X, — S AN
IMAKCE B FER e, 15 5 HEA Kt T ARk, R
LT A5 B 0 S YT A T I T A R AR R 2% R Y
T, FEVERE— AR S, InAE R
TR QIR T G SR s R R AR
K —A XN, BN RS S RS,
AT 1 553 %o X 485 3 R By S i) . ML, ISP EL
BRI H A A T T 0 SRR i, SR BT RS T 4
T 1t 52 T X1 285 () 25 R R B, PRI M TR S
B, A AR AL T — o 5 A o A5ORT 4 T P
300 Fofr 4 T A TSP L2 SR s 43 6 T 2 A
il 2 S S R S, R — R B T

WCR

[ |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P9 IR 52 0 2615 s HE 44 TR IA]

Fig. 9. Dolphin network node ranking viewable.

5.2 EREERR

TSI R R, il A T R
Z N RS VAl T R B A ) — A HE TR 39801,
7 B R G MR R R 2 e T e I A PR 4%
PEREM AR Ak, DT 75 19 mSCHE P IR R . FE AL
T 5T, RHIMAGLEE (weighted efficiency,
EFF)BY A i it ) 2% & R vE Y OB B b . 19T
RN/

1 1

_n(n—l);eij’

Forfr, n PR AR, e T AR R 5 1Y
e

9)

F 4 AR S HE T
Table 4.  Dolphin network partial node ordering.
£zt
% crR  WCR NS BC CC  EC

1 202 202 43 89 118 43
2 32 118 118 79 202 118
3 118 32 32 32 129 232
4 185 185 173 271 173 243
5 173 173 202 202 174 49
6 4 43 232 133 4 185
7 271 4 107 174 32 107
8 222 232 243 4 35 202
9 174 107 185 222 42 173
10 43 174 49 35 133 32
11 201 222 20 47 135 164
12 232 271 164 118 218 20
13 86 201 4 291 222 266
14 47 243 86 201 243 225

n 156 156 156 285 156 274

R T B b ZE RN L3 I 265 25 K AE RS IR Ot
WA AT R R, RN BB
AT, BIESE— K S PEREFR bR r AOME. AR FR
7 MR 19 o507 A S B0 L), i 3 ek A
1SR BERYAS A AT, AT LA LA R o5 HE e S s
LS R . BEAh, AR SRR AR
rEMLREBLS R y BT S A R, RIS
PR SRR RN, R ITERE bR ZE U DG
ST A R

10 fits ol 6 ASSEPRMLE b 6 AR [R S AR
A IR 2 it R, SRS R IB HE (CR), 21651
NI L (WCR), B (2R R i 5 (NS), &
SR ANEL (BO), L8 Zohizn otk (CO),
S0 5 RGN FRAE [ UG (EC), % 5 8RR
FEbR T4 M E N R BOBE, % 6 W18
PRI HER A R H.

1 10(c), (f) Hr, P8 LA in A R L i il 26 L
T A, FEXT I S SR R 2 b A R
FIPE LU A8 b1 20 0 1 S HE P AR LB L s, 240005
S HEA AR Ta bR TP AU 22 L4 (VF WL 5%
% A1), BB M4 SNSRI B2 T8N, B
BEPEREAR R ORE, AR HLms e — 25 . /B ih 28
EAEREE, N RIEFE, INBUE AR T

e i@
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— CR — WRC ---NS

1.0 1.0
0.9k (a) USAair 0.9 Dolphin Email
0.8 F\
0.7F \
0.6F %
0.5F
0.4
0.3 F
0.2F
0.1F
. 0 ) \ S Y .
1.0 0 0.2 0.4 0.6 0.8 1. 0.8 1.0
1.0 1.0
0.9 0.9 \\(e) Road Advogato
0.8 Ht 0sh
0.7} o7l
0.6 0.6 F
0.5+ 0.5 Ht
0.4F 0.4 |\
0.3F 0.3F
0.2F 0.2F
0.1f 0.1f
0 ) ) S 0 1 1 Ltox - t
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0.8 1.0

Bl10 6 Flfy s R AR AT 6 BTS2 19 2 35 5 F% BR 1) 0 28 200 A8 Ak

Fig. 10. Changes in network efficiency of six node importance metrics for six real network node removals.

£ 5 TSR T2 MK ERENE R
Table 5. The robustness of each network under

different metrics R.
Networks CR ~ WCR NS BC CcC EC
USAair 0.0740 0.0738 0.1047 0.0817 0.2520 0.1147
Dolphin 0.3801 0.3713 0.4293 0.3577 0.3793 0.3889
Email  0.0173 0.0141 0.0205 0.0146 0.0287 0.1003
Rw496 0.2177 0.1548 0.200 0.1919 0.2508 0.2150
Road  0.1341 0.1031 0.1221 0.0979 0.1838 0.3152
Advogato 0.2746 0.2575 0.2800 0.2632 0.706 0.3006

6 SRR T HFHEA A R
Table 6. Average ranking and R-mean under each

indicator.

CR WCR NS BC cC  EC
FHEZ 3.67 1.5 4167 1.67 4.67 5.3
RVYIE 0.1830 0.1626 0.1928 0.1678 0.2275 0.2391

& 10(e) Hr, JASCRE b iy it 2 ek B Atk pie
Tl L, A B K 10(b) Hr, /i M2 A
SR B W OLF AR Lt B B T
ZE, FRHJFE, &I Dolphin W 45 454 H 3L A4 [
B KALH 3, ML R 25 F 5y e — ) (L RE 254
BB X, [T R 520 IEREE, b
O PETE S R R 25 E-mail 284549 5 Dolphin
FAL, (B2 T —FR T BEARRE R 4 BYREISSHE, 45405 2%
T4, R EIEET L (ISR AL). [ 10(e)

HAARARELAE 0.1 Z i, AR B i Tt S8R B
LT HAtabr, B SetE 18 B —E R
AR R, 1O BT R IR S 20
AT EON LA/ ME B R, N REER, R
BT IALE L, EAE 2R T, AR LAY
ARSI EERE (R8N T 90%, ORI T 4K

M 5 FIF 6 FHASHENLEE ], AL LRI 2
i 3 —, (HEAE 6 R4 - K HER A
R WFEMERTE, AR L 25 5 Ba HE 44 5 —,
WAL T HE, R A RCR TP LA AR, 350 PR
RAAIE 1] RO O RCR VIR, BB AL L2
PRI 2315 X 28 U e P S B 3  T TEAR _ ArF RY
Eizpi 8

5.3 fRiElEieLE

SIR AEE4BL I 3t (35591 S AL A% 2 7 27 ff BE A 6
WA BT A, AN R AT s AL %
AE 1, HEIT AR S s HE P B . 7ESC s, AR
SR T BRUER SIR & Ye d5i AY B3:390 5 5 4 Jal 43
=2 Ayl S T A T2 R R 2
Horh iy iR 5 B | B IR A, AR B
G, S T s — A SR Y 5 40 8 T g
AR TR, S R A — MR AW . &
B s R AR 1/10 MR Hopl Sy 5k
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Gy, IFTEREE I R A0 3R ¢ 10 5% R R IR G #
SR E A SR, D T HES, B Z, HE4
AR, OS] AR TR R B B 3 S E 52
T REN=R

TESLRZHBOE T, W HER v 3R 0.01, R
WERWER B, HPHEAK R B = (k) /((k*)—
(k)), FoH (k) F1 (k%) 43 B2 BE K — B4
B 2 R B AL R, B SRR B =
Be X €ijy ey eI i F AL X — T ST
R AEAGRE T A EZAE T, R RE R
RN B R

11 fos it e = 1, 2, 4, 6, 8, 10 f,
6 AN [F 2% Hh A FE bR AR Y s8R AT LA
I, AEXRE LA L i AR T B % 7R
USAair, Rw496, Advogato =M%, TN & L
(%) R RER 34 40 e HoA A8 4%, 7E Road M5, X
TEt = 1200 T fig, A 2] 2 405 oAl 454,
Dolphin Fl E-mail ® 4% H inAC e L i 52 R o i

USAair

CR CR [BEEE

WCR WCR

NS NS

BC BC

cC cC

146.67

EC EC

80 100 120 140

Rw496

CR 272.93 CR

WCR WCR

NS NS

BC BC

CC CcC

EC EC

149.26

B 11

ZETIEL, AEATS LR HERICR 47

Pl 12 s g AR 1] BEAS RN HES , 35 7
Je BRI B AE AN [ 0 285 r (4 HE22 DL KBTI B2
SEHES . T LA, AR LU AR A I ] BEAY-F
WA PN —, HERZ PR NS —. 25 1
JIvidR, A R ARVl 7 s A AL Qe i g e
RESI 7 IR B €, JUHIEAE S SR R
AL T X —4 R R, IRl He 2 — A
R, BEAS MR S AT 5 78 100 2% Hh By Fi v

T KT BRYAHA
Table 7. Cumulative node rankings under each indicator.
t=1 t=2 t=4 t=6 t=8 t=10 VHHH
CR 267 2.83 283 267 267 267 2.72
WCR 1.67 1.50 133 133 133 1.33 1.42
NS 350 4.00 4.50 450 450 4.50 4.25
BC 333 283 250 250 250 @ 2.50 2.69
CC 467 4.67 4.67 483 483 483 4.75
EC 517 517 517 517 517 517 5.17
Dolphin Email

181.24

183.03

173.39

187.19

176.67

80 100 120 140 160 180 200 220

Road

200 300 400 500 600 700 800

206.60 CR 259.09 | 27471

297.86

WCR

215.65

NS Ly

305.23

BC

cC 28101 | 288.92

EC 26378 | 27638

Advogato

PSLWER 1583.54  1913.02 EPAT:LEER:]

36 | 1172.46 [RLLIBNS 2185.96

PSSLEON 1500.79 1822.14 lLrBUS

EREI LN 1576.18 2178.36

1102.79

1514.68 2126.80

1089.67 [RUIENEINBVEEREN 206015 2288.35

1000 1400 1800 2200

AT i 220 e SRR

Fig. 11. Cumulative number of nodes at different moments.
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CR CR

WCR WCR
NS NS
BC BC
CC CC

EC EC

t=2

USA Dol Ema RW Roa Adv

t=6

CR

WCR
NS
BC
CcC 6 4 6 5 4
EC 5 6 = 6 6

USA Dol Ema RW Roa Adv USA Dol Ema RW Roa Adv USA Dol Ema RW Roa Adv
1 2 4 5 6

B 12 KIS bR HEA

Fig. 12. Ranking of indicators at different moments.

6 %

AR SCHE T Bl HE AR AT 0 24 i AR P L )
LS, T RO IAS 0 28 v 9 SR 5. e A i
RUFERARE L, sl T2 SR LeAe s 46 v
AR FRE, B 19 S EE BRI A R .
Xof 7 49 O 465 4 434, SRk T AR K be i AT AT AR
RSN oM SN DS € w T | DR A R R ey )
AL, Sk 1A e 5 R L R AR Y
FEBR T AL (5 S 22 51, G s I SR oG B i 7
R 455 P ) A (A T e A g R L) S
TR EARRE ST, Bk 1A P HE A B 1Y R
ROR AT Rl L AR AL TS 19 465w A1 i 2
FEFR. SCEEAE R, A BOR I B A 0 A A
P25 T INALFE L, EA7 S8 28 r (O ROCR BT, 78
T RHERS P25 TS SRR A B, A BRI 5%
SHET R IR AEAE 2 R DX, X T B
A, T BCE SCTE SRR A AL, T A He U RE RS R
M S B SCBEY fL ASRITFE ] ARE— B4R
INALFE) LE A5 HABE b, A Bohoc P, 7R ) 2%
R OGBHETT U 5 T A 22 5 A

kA

(b)

Bl A1 ML (a) Dolphing MI%%; (b) E-mail /4%
Fig. Al. Network topology (a) Dolphing network; (b) E-

mail network.
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Z Al Email 1 Advogato M %+ CR 5 WCR

BT 9 A4

Table Al. Ranking of nodes under CR and WCR

metrics in E-mail and Advogato networks.

Email Advogato

4 CR WCR CR WCR
1 1874 1874 157 157
2 1258 1258 46 46
3 453 999 597 597
4 999 453 30 30
5 1669 1963 232 126
6 1586 1669 328 328
7 1963 1586 126 232
8 203 1159 438 438
9 1987 1768 286 286
10 1159 203 1223 610
11 511 1377 610 1223
12 1768 1440 429 62
13 412 511 9 1378
14 1440 1987 736 429
15 1792 412 62 736
16 1377 457 22 22
17 457 1792 1378 780
18 1706 1576 780 9
19 585 1587 19 604
20 1751 585 326 326
21 1587 852 604 19
22 1952 1144 194 175
23 1144 1833 329 739
24 852 1751 214 329
25 1278 1323 739 214
26 713 1278 1775 1992
27 1277 1277 1992 172
28 1576 1510 801 45
29 155 155 172 719
30 1287 1952 175 1775
31 350 329 45 801
32 1998 419 399 194
33 1833 1287 719 584
34 1550 1894 584 764
n 2029 2029 6550 6550
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Abstract

In the face of the surge of air transport demand and the increasing risk of flight conflicts, it is very
important to effectively manage flight conflicts and accurately identify key conflict aircraft. This paper presents
a novel method for identifying critical nodes in flight conflict networks by integrating complex network theory
with a weighted cycle ratio (WCR). By modeling aircraft as nodes and conflict relationships as edges, we
construct a flight conflict network where the urgency of conflicts is reflected in edge weights. We extend the
traditional cycle ratio (CR) concept to propose the WCR, which accounts for both the topological structure of
the network and the urgency of conflicts. Furthermore, we combine the WCR with node strength (NS) to form
an adjustable mixed indicator (MI) that adaptively balances the importance of nodes based on their
involvement in cyclic conflict structure and their individual conflict strength. Through extensive simulations,
including node deletion experiments and network robustness analyses, we demonstrate that our method can
precisely pinpoint critical nodes in flight conflict networks. The results indicate that regulating these critical
nodes can significantly reduce network complexity and conflict risks. Importantly, the effectiveness of our
method increases with the complexity of the flight conflict network, making it particularly suitable for scenarios
with high aircraft density and complex conflict patterns. Overall, this study not only deepens the theoretical
understanding of complex aviation network analysis but also provides a practical tool for improving air traffic
control efficiency and safety, thereby contributing to achieving more environmentally friendly and sustainable
air transportation.

Keywords: complex network, cycle ratio, weighted cycle ratio, vital node
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