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Invulnerability analysis of multi-layer metro network under cascading failure
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Abstract:  In order to investigate the impact differences of inter-layer and intra-layer passenger flow
transfer proportions after stations failure on the invulnerability of the metro network, a multi-layer directed
weighted metro network model was constructed, considering the train running time between stations,
station dwell time, passenger transfer walking time, and waiting time. Station initial loads were determined

by the actual passenger flow, and the station capacity was calculated using a nonlinear load-capacity
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model. Stations were sequentially targeted based on their relative importance. The maximum connected
subgraph ratio and passenger travel efficiency ratio were selected as the metrics to measure the
invulnerability of the metro network. An empirical analysis using the 2021 Xi“an metro network was
conducted to study the effects of different inter-layer and intra-layer passenger flow transfer ratios and
different capacity adjustment coefficients on the network’s invulnerability. The results show that when the
inter-layer passenger flow transfer ratio is 0.7, the impact on the invulnerability of the multi-layer metro
network is minimal. When the capacity adjustment coefficients are set at b = 0.6 and ¢ = 0.8,
appropriately improving station service levels can enhance the network’s invulnerability. As the number of
attacked stations increases, the invulnerability of the metro network gradually decreases. Under the same
attack conditions, the multi-layer directed weighted metro network demonstrates stronger invulnerability

compared to the single-layer network , and the network’s invulnerability is further reduced when cascading
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failures are considered.
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Fig.1 Station passenger flow load distribution
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Table 1 Structural indicators of Xi’an’s metro network

o) 26 235 4 ML | 22k | ZEMEE
PR WML | b | mimAUm g
REP=V ¢ 152 166 166

2431158 159 174 348
&)y 2.08 2.14 3.93

EEN=RE 48 51 78

125 SR 4L R AL 0 0. 006 0.049 7
BELY PN 0. 098 0.288 0.323

HI38 1 AJ 1. 22 )23 b Ak I 2% 1 1 i B, I 2 3
B LI R R4 BLAR A K T B 2 MR R 4% X
SR Ry 22 J2 K IO 2 5 18 T J8 T il 22 () g e 3fe 3
ZJ2AG 1) AR 45 14 X 45 30 B - X5 B 4% A%
o 4% 2R 41 2 B50FN I 28K 6 RE R T 2 )2 ik Fh b
A 245, ¢ WA 2% R 34 10 AL Ry 1] £ I 4% B W 30T 52
W28 SR T A 2%
4.2 HEISHHIEE

ZHESCHR[ 6 ] PRI, B0 b = 0.3,¢ =
0.8, Z54VH % T Ry g B /NI 1 7 1 2 i
FIF(9) Ak (10) 43531545 43 i 0 4 1 280 R
A, W T ECHE AR, Bl AL A A R B
10% , BV 17 ASZESh wia thdom 4 i, Wk 2, @il
D) TR G HEEE NE 3 fis



hoE e B o e

- 186 - China  Safety

Science

H35%
20254F

Journal

®2 KREFHHVBRHBNEE

Table 2 Initial load and capacity of representative

YR VG 4 M BRI 26 1090 1) 23, T I DL 3% 4
Yy Bl , % e e I, b 4

stations \ Ul AU, e B e B 4t Ife B AH SR N 4% )2 2R 0l 5 e
WYL | PIRER L WU LB s RIS 6 0 BRI B
s T anm | ssms Teos NEGH RN TR MRS 2 R 4
3 A 154 2809 | 5972 FASR A0, P2 22 2 [ JIAS ML 2k DO 248 e S8 P ) A
4 PN 3Bk 4107 | 7868 BN 4 B,
5 BFEH 6 T4 1166 | 5885 R4 BEFEHBEEENERLEIRF
6 ?%iﬂﬁé 14 ;%g)k“ 128 > 815 Table 4 Station attack sequence based on
; %:l%jf; g gi ;Z; 2 Z ; station importance
9 ek 154 5221 | 7918 i AT Gl £33
10 | e 254 6064 | 6119 ! ALt 25 PR
1 ik 2 5% 5844 | 6109 2 e L 52 e
12 TS I 1275 5891 3 FiNan| 1 52 . 3fe 3l
13 | L/ANE 65k 3836 | 6021 4 AT 154 el
14 PHE 354 4112 | 7869 5 s 255 ARt
15 SCEH 455 4622 | 6056 6 /NIE 354 vl
16 P WAC S 6 £k 5800 | 6108 7 Skt 354 el
17 Ak 35 4523 | 7887 8 [2kiET) 5 54 Bt
9 KT] 258 A fesfenl
o 10 i1 ] 554 e
60F n 11 ZAE]] 254 A fesfenl
st 2 [ 1B%& | A
45f ‘ ‘ 13 KIS 35k e fe i
=it | 14 Tt 258 | Bk
il ;2 ’ llf r\ ‘- 15 ﬁiﬂlq:l} 2 5 e fe
- ‘ﬂ\‘ ¥l H\ _ﬂ« 16 j/tﬁﬂ E.’ 2 i‘,—léi illi%ﬁﬁ@iﬁ
5P, el oo 17 KAy 154 e el
oFET LR o
05F =~ " - \‘ L ﬂ?'h'\.J\_-’.\ A ’\/"\\ . 0.85
007720730 60 80 100 120 140 160 osol
KR TS, 075l ' » HuFens
M3 EHEER g 070 AN AR
Fig.3 Station importance 'ﬁ 065k \
¢ g
53 91 % LS HE M U5 B 7 ( Intuitionistic =00 N
Fuzzy Analytic Hierarchy Process, IFAHP) " FIRFL Zzz ] ) D\
TR S T 4% e K B T R E IR R ATRICR L ousl
14 00 AN ZOULAL EE, ISR 2R 08 09 B X 040 T oy
24*‘51&%5@%%*1@;%%30 01 23456];ﬂ§$9ﬁ;%]”213]4]5]6]7

®3 ERGENE

Table 3 Comprehensive weight of indicators

N IFAHP ELEES LRAAEE
A 0.54 0.42 0.46
7 0.46 0.58 0.54

4.3 ZEMBMBERERKLST
4.3.1 ETESBEWERIEBEEMLE
B ey =0. 5,0, =0. 5, 4G 420 B LM P AR

4 BERTHHENKESERTN
Fig.4 Comprehensive performance changes in

Xi‘an metro network

HT P 4 720 7 PG T HUBR M 2% v 6 3T il 1Y) o
B T AR SR vl 7R B B ET 109 2wk R,
10 e sfe i, 7 A S AR ofe i s O EL7E 9 0l 9
10 N FEulirf A 8 A Aeuti gdsafent . A T Rl AR
FRSEIN VG 2 TIT bk I 2 25 5 PR R B B T B Tl



& 6 1]

A  GRIRRET 222 M BRI 2% B B A - 187 -

17 DN2ESG IS W8 2R GPERERE S 0. 45 DI, RUIPE L
T bR X 28470 B8 1 I A s 2 sl B 39 22 T sy
4.3.2 BEARH p, Mu, OFIG

SRtk — BT 2 AR 2 N % T % L 51 ) M4k
W E8 AT B PE R, o ARy =0.1~0.9 Fl w, =
0.9~0. 1 X Hbu 4K X 28 Bt 5 P B 52l AN [W) 26 i e
% LUAG XS A2k O 28 P B 1 A sE i 81 5 B, Her
A SO AN A O DR 43 3 R Tl FR A SRt

0.90 - —a—o— =01, 1,=0.9

——o—1,=0.2, 1,=0.8
0851 —a—— 11,=0.3, 1,=0.7
0.80 —v— 1, =04, 1,=0.6
075 F ——o—1,=0.5, 1,=0.5
s 070l ——<— ,uliO.6, ,uziOA
8 Y = 11,=0.7, 1,=0.3
z’ﬂ 0.65F —e—o— 1,=0.8, 1,=0.2
o
0.60 F
&K
¥ 0551
E 050f
045F
0.40F
0.35F
030 IIIIIIIIIIIIIIIII
012345678 91011121314151617

Bt R
5 HiRFET L6 XT ek M &R MR IE

Fig.5 Impact of passenger transfer ratios on

invulnerability of metro network

I 1] 5 ] R« I TG 2l 50 R 3 bk P
YRER G VEREZ A T [, 3 Y I 28 e S804k i A o i
PRI, )2 H %% 7% L A 0. 1 (RP
=0 1,0,=0.9) BFEIEME 0. 7(Bl u, =0. 7,1, =
0.3) B, it Mo 42k 270, W 4% 1 25 & M RE 1 Ag
I 2RI SR LA R 4R )2 ) ofe & 46 e L ) AT s 2
22 |2 MR I 28 1 S 38U 4 G s N 28 e Sk, AR,
MR ERE BN 0.7 (Bl w, =0.7,1,=0.3)
RSN ZE 0. 9(Bl w, =0.9,u,=0. 1) B}, MZELEE
PERE T B, 2840 St I Sk a5 , R = )2
() 75 L 7% LU A9 AT fig - B3 3fe 4 3l AR 48R 73 Rk
i — 2L AR R A AL R T R RN B B R, 2B
FINNZ B Z A% LBy 0.7 B, 22 2 b8k 1) 4%
BB Z BN /)N | I 22 2 M2k ) 4% BE A AE 2
() 12 P9 90 0 B 22 10 S B S 3 1) P A, e A B
b 7 A R AT A W R AR X 451 B A 52
4.3.3 BERETARI  Bx@

MR BB TEERS LB 0.7 B BRI G b Xt
R ZET B E R, B e = 0.8, 43 b =
0.1, 0.2, -, 0.9, M4 2 3k 55 ZEMAR AT 7] Asf 2B
A TRECR 420, 86 109% M 406 (B 17 N4 |
ANTA] b Xt b R 28 T PR RS I T A 6 IR

e
—e—0— h=|

0.80 —vvb=04
075F ¢ o505

: —e—0—-)p=0.6

g9 070 —>>-5p=0.7
& o6st DS S
’ o —**+—b=09

~ O

dn 0.60F
¥ oss|
¥ os0f
045}
040
035}
030f
025

01234567891011121314151617
LG TR

6 BEPETRHE b XM ERE RN
Fig. 6 Impact of capacity adjustment factor b on

invulnerability of metro network

HH I 6 AT I 48 25 G MR RE S b 11728 Ak R Ik
i R BN S R R e R
PR FF S 55 S PUSPE, b0 0.1 HmE
0.6 I, MZ8LR-AVERE W& S T, R IWTE Y8 & b v]
PR 1R AUl 2 o, S ) 2% HEAR XU (R BE 775 24 b M
0.6 ¥4I 0.9 B, LR LEA M RE b T A2, %
AL S 19 b X X 25 P S e i $E TR A R, R,
EHINK b=0. 6 RAEH AL N, ML LEA M REA F]
B IRZS , ATE $2 725 70 o 25 B AR AL W IR il =2
Vi) S PR B S 7T L o R M 8 0 285 14 47
3
4.3.4 BERTRY %N

SR tE—2 43 AT ¢ X LA I 24 Bt BB 1 5 ) B
b=0.6,08Hc=01,02, -, 09, K%k
SR YA 7] Bsf g o AN [R) a1 R i, Mt
10% /9 223 (B 17 A4k ) o AN [A) e X b 4k I 48 4t
e p AR SV

090
0.85F
0.80F
0.75F

0.25

01234567891011121314151617
B TE

7 BEPTERHY ¢ MM EIEERT M
Fig.7 Impact of capacity adjustment factor ¢

on invulnerability of metro network



hoE e B o e

- 188 - China  Safety

Science

H35%
20254F

Journal

M7 AT 7R b ARFEANS IS DL M L5 A
PERERE o (B AR fL AN e el Bl 13 n 2 3
TR RIS  FE OR R S H 55 2 B
PE, 24 e 0.1 I ZE 0.8 I, MK LE B EREZE AL
PET;, R WE M4 5 o, BERS 1 35 10 22 0 i IR 55 B
T3, VA DRI R AN P 4% 1 B A2 T, DA T 2 o b gk
R 25 BT ESEE 5 2 ¢ AN 0. 8 BN ZE 0. 9 B, W28 254
PEREAEIbE T P58, R S 1 ¢ X 48 T S8k 1)
BTRORAR, I, c=0. 8 BAEH &A@ By, M4 257
B PEBEIA BRI A AR 48 = 42l 2 i Ak
Al T 1 S W =R SRS C TR S B = a0 B
T L5 BT S
4.3.5 AEMEHR THXLDT

b =0.6,c=0.8,u,=0.7u=073KFMHE
T AR Gk B AR AL 0 Tk A B, A
Yoy 10% 20k (BP 17 D) TR 2 5 22 M
2 JEA KGRSO MR I 28 BT SR R R, AN
[73] P 2 S 5 6 AR PR £ B S8 () 52 i AN 5T 8 T

Gosf —ao £ U SRR 2
090k oo Z 12 Mk U2 JE B SR K
0.85 —a—— I A A8 DO 28 40 T 2K 3K

—v-v— R R 2% R B SR K

B EH
8 AEMEIFH =TI LT

Fig. 8 Comparative analysis in different

network scenarios

H1P 8 Al A0 Bl Bl 42 s B i Bk
ZRINER A TEREIZ I T [, W] I 28 40 B 1k BB U o 3
FlY Rz s . fEMFEREGE 5T, 221
BRI 2% LU B B 0 245 3 B0 B0 T S8, X

TR [N 22 JZ R I 2% 1 i e ofe 4wl R ofe i
I ISR T A TO AP, AT RIS 20 4l 2R A
AT it HAt 38 T R A o H U, DR A5 RO 45 B9 IE
WisAT, JCIER PRI e 2 R M4
5 TR AU 1 P 28T B Pk 2 A BT T o o B
T2 DR R 8l 1) S 2B R 2 T 1) 5 AR 4T ) 2
w2 T i B 22 1) 2R A8, JE IR AR, S B Bk
P 28 B L BB — AP i o

5 & it

1) 254 2% JEA 75 X [B) 32 17 B[] R 21 i 457 2 e
[, DA 3 % 4 T 25 47 sk [) A At 4 45 A B R 1) 2 2
A ] fIAS bR o 245 A5 7R B O ST S B, DO 4 25 R R AT
A s 7% JECIE A afe 4l A afe 42w iR AN [R] £ 2k 743
BT RE A S B 22 2 A ) IAS A D) 2% R R 80 1Y)
FeEEBITH .

2) MGGk E B HE Y MR B P Ak )
2 10% M FEulh , RS2 R FZ N & I L i 4)
SR 0.7 F0. 3 I, 22 )2 Mk W 4% Bt 58 A2 3] 1 5
Wi fe /N s 25 HE T BB b = 0.6.c = 0.8 R AiE
(4, T8 24 w5 4 3l 1) IR 55 K - 1T A A5k 20 R 0Bk 5K
X DR 28 PRS2 T, A By T4 v P 4 () T Sk

3) Wit Ty Al RO A Sk % R 2
PEBEZ W T B, 2 B T S M Wyl 55 . 76 AR [R] 1)
Wik N, 2202 14 I 2% L 2022 b 42k I 2% 26 30
RPN X R EAR 2 T 22 M M TR Rk
TH R, TCV 2 B2 A R 2% | A 2 22 2 MLk D 5%
X FE IR 5 |, Mk I 45 BT St BT R R,
FER LIRS 38025 T X 4% 1 15 640 DRI, 2 — 26 1 55
R,

4) SCH R T MR I 4 TE IR BT Y
U | BeAT 75 1 k5 At A LA 3y f 4 )
R FORFIRATR T H R — A S W 4% k-2 38 -
e A SRR ISR e S8k, DA 25
EHEY

2 % x o

(1] £&FF, BE, BNR, 5. 2023 THENMEHIERBIZELRIEMR[T]. EhmiE, 2024, 37(1) .

10-16.

HOU Xiufang, FENG Chen, YAN Hanmin, et al. Overview of urban rail transit operational lines in Chinese mainland in
2023[J]. Urban Rapid Rail Transit, 2024, 37(1). 10-16.

(2] 8%, £F, RXYE, 5. WiHESEMSESMENLEDMT)]. FELZERNZFR, 2017, 27(3) . 152-156.
DENG Xudong, WANG Xue, XU Wenping, et al. Comparative analysis of vulnerability of urban metro network [ J].



#

&

A B A8 L GBS 20 V2 R I 2T B 23 A - 189 -

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

China Safety Science Journal, 2017, 27(3). 152-156.

SUN Lishan, HUANG Yuchen, CHEN Yanyan, et al. Vulnerability assessment of urban rail transit based on multi-static
weighted method in Beijing, China[ J]. Transportation Research Part A Policy and Practice, 2018, 108. 12-24.
S8, BBAR, XN, F EFSRNINNBHINERBENSNRMEDITI]. PEZERFZZR, 2022,
32(12) . 141-149.

MA Min, HU Dawei, LIU Jie, et al. Invulnerability analysis of urban rail transit network based on weighted passenger
flow( J]. China Safety Science Journal, 2022,32(12) . 141-149.

YIN Dezhi, HUANG Wencheng, SHUAI Bin, et al. Structural characteristics analysis and cascading failure impact
analysis of urban rail transit network : from the perspective of multi-layer network[ J]. Reliability Engineering & System
Safety, 2022, 218, DOI. 10. 1016/]. ress. 2021. 108161.

ST, g8RI, =, 5. SENSWA MBHERMNBSIBIEDMI]. PERENZEZR, 2023, 33(8):
164-172.

MA Zhuanglin, SHAO Yiheng, SHU Lan, et al. Vulnerability analysis of metro network from perspective of multi-layer
network[ J]. China Safety Science Journal 2023, 33(8).164-172.

MOTTER A E, LAI Yingcheng. Cascade-based attacks on complex networks[ J]. Physical Review E, 2002, 66(6) .
DOI. 10. 1103/PhysRevE. 66. 065102.

DOU Binglin, WANG Xueguang, ZHANG Shiyong. Robustness of networks against cascading failure[ J]. Physica A.
Statistical Mechanics and its Applications, 2010, 389(11). 2310-2 317.

I35, KE5T, SRM. ERMES EOIFLMEAHESSEKRMT]. RIS, 2021, 48(6) . 282-287.

WANG Xueguang, ZHANG Aixin, DOU Binglin. Non-linear load capacity model of complex networks[ J]. Computer
Science, 2021, 48(6) . 282-287.

HONG Chen, ZHANG Jun, DU Wenbo, et al. Cascading failures with local load redistribution in interdependent Watts-
Strogatz networks[ J]. International Journal of Modern Physics C, 2016, 27(11) . DOI. 10. 1142/5012918311650131X.
ENER, BN, BRE®, F BONEKAENBERMNSEEMDHI]). REMDEFIR, 2019, 31(3):
538-548.

LI Congdong, LI Wenbo, CAO Cejun, et al. Robustness analysis of interdependent networks for cascading failure J].
Journal of System Simulation, 2019, 31(3)~ 538-548.

XEAE, 80K, NP, F. WHNEREEMEPIKRBARMEARLI]. RBTRAZLESER
2018, 18(5). 82-87.

LIU Zhaoyang, LYU Yongbo, LIU Bushi, et al. Cascading failure resistance of urban rail transit network[ J]. Journal of
Transportation Systems Engineering and Information Technology, 2018, 18(5). 82-87.

PENG Xingzhao, YAO Hong, DU Jun, et al. Invulnerability of scale-free network against critical node failures based on
a renewed cascading failure model[ J]. Physica A. Statistical Mechanics and its Applications, 2015,421. 69-77.
FER, VPK, 4, 5. SURERMSIBINFERDRPIVEFRL)]. WRRKZS2R: T, 2022, 52(6) :
14-22.

LAI Fengbo, XU Bing, XU Ying, et al. Study on topological characteristics and node centrality of high-speed railway
complex network[ J7]. Journal of Shandong University ;: Engineering Science, 2022, 52(6) . 14-22.

NIE Sen, WANG Xuwen, WANG Binghong. Effect of degree correlation on exact controllability of multiplex
networks[ J]. Physica A, 2015, 436(15) . 98-102.

LU Zheming, LI Xinfeng. Attack vulnerability of network controllability[ J]. Plos One, 2016, 11(9) . DOI. 10. 3390/
sul1051335.

SHI Jiangang, WEN Shiping, ZHAO Xianbo, et al. Sustainable development of urban rail transit networks: a
vulnerability perspective[ J]. Sustainability, 2019, 11(5) . DOI; 10. 3390/sul1051335.

BRE, KRB, R SYNMNSHREEENESRERBNBMEDII]. PERENFZZIR, 2022,
32(8). 161-167.

YANG Jingfeng, ZHU Dapeng, ZHAO Ruilin. Evaluation of station importance and cascading failure resistance analysis
of urban rail transit network[ J]. China Safety Science Journal, 2022, 32(8) . 161-167.

wEE, %R, Tich, & ETFSRENEMINERBNBILREZRINGTAN]. NERBAFFIR,



hoE T e B ¥ % iR H35%
- 190 - China  Safety Science Journal 20254F

2021, 42(4). 18-22,37.
XU Shukun, CHU Xianwu, WANG Yunming, et al. Evaluation method of station importance of urban rail transit network
based on passenger flow[ J]. Journal of Dalian Jiaotong University, 2021, 42(4). 18-22,37.

[20] &8, YA KDHWEMSERFUSREKRBMEEEDHI]. KERNZITEFR, 2019, 16(6):
1 587-1 596.
CAI Jianming, DENG Wei. Complex characteristics of Changsha metro network and robustness analysis of cascading
failures[ J]. Journal of Railway Science and Engineering, 2019, 16(6) . 1587-1 596.

[21] XU Zeshui, LIAO Huchang. Intuitionistic fuzzy analytic hierarchy process[ J]. IEEE Transactions on Fuzzy Systems,
2014, 22(4)~ 749-761.

[22] &1/, KB, RER ETHNANNZRAMERLRESOEAR]. BESIR, 2010, 7(1): 34-42.
ZHANG Sui, ZHANG Mei, CHI Guotai. The science and technology evaluation model based on entropy weight and
empirical during the 10th five-year of China[ J]. Chinese Journal of Management, 2010, 7(1). 34-42.

EZ®A: 4%9  (2000—) , L TRVEE N, AL AT ST A 2B T7 ) 3 BiE

s EHA 504, E-mail . 2022134030@ chd. edu. en,

(PEHZ=RZZHR) BREIN Y PERHRZIVERTH]”

i Z W AR IR AR LR B VT M FAT & ZZVF I
17, CR) PRI SR S o B R A O A )
(o BB T P b ERHH TS EHR S (OO ) (2024 7R
o 2023 AR MR A T 1.702(2 165 Fi A S8R
USRI T 0 5 ) R B 1.068) , ST
5, $rREE 1A SIUCH 3 946 Y (2 165 FELL I TIFIE N 1673 1K) .

St M F).

STIC

FTERSRFFR

20245698




