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Fig. 1. Interdependent network model.
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Table 1. Definition of cascading failure model compon-
ent and process.
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Fig. 2. Cascading failures in BA and WS networks for different values of a (7 is fixed at 1): (a) Cascading failures in BA net-

works; (b), (c) cascading failures in the upper and lower levels of BA networks; (d) cascading failures in WS networks; (e), (f) cas-

cading failures in the upper and lower levels of WS networks.
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Table 2.  Correlation between « and the percent-
age of failed edges in the upper layer A of BA and
WS network.

a=1 a =2 a =3 a=4
BA 55.25% 47.61% 40.67% 31.03%
WS 39.33% 35.54% 40.37% 38.92%
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Table 3. Correlation between « and the percent-
age of loads in the upper layer A of BA and WS net-
work.

a=1 a =2 a=3 a =4
BA 60.74% 52.41% 46.83% 44.11%
WS 45.54% 46.70% 43.69% 41.15%
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Table 4.
time in the upper layer A of BA and WS network

Correlation between « and the passage

(with the length of each edge equals to 1).

a=1 a =2 a=3 a =4
BA 1.0454 1.0762 1.0968 1.1375
WS 1.1124 1.1287 1.0962 1.0931
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Fig. 3. Cascading failures in BA and WS networks for different values of v (« is fixed at 2): (a) Cascading failures in BA net-

works; (b), (c) cascading failures in the upper and lower levels of BA networks; (d) cascading failures in WS networks; (e), (f) cas-

cading failures in the upper and lower levels of WS networks.
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Table 5.

age of failed edges in the upper layer A of BA and
WS network when o= 2.

Correlation between ~ and the percent-

v=1 v =2 vy=3 v =4
BA 50.85% 50.59% 51.25% 52.20%
WS 56.30% 55.64% 50.71% 42.02%
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Table 6.
age of failed edges in the upper layer A of BA and
WS network when o = 0.

Correlation between ~ and the percent-

=1 vy=2 =3 v=4
BA 50.63% 52.21% 55.84% 57.16%
WS 48.15% 49.32% 55.47% 58.94%
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gy He, gk 6 g, el USSR, RASGH R
BT 5 5 AR, XU T SR ARG
nEEE.
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ARG BL. ARG K L, WU R X — I 202 4530

B4 &R 120785 24 FEN /N T R4
Fig. 4. Artificial network with 12 nodes and 24 edges on

each layer.
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Fig. 5. Cascading failure process in the artificial network.
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Fig. 6. Dynamic change of load on network A: (a)—(d) The situation of 8 =0.1; (e)—(h) the situation of 8 =0.2; (i)—(1) the situ-

ation of 8 =0.3.
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Fig. 7. Cascading failure simulation in BA and WS networks with different values of N (a and ~ are fixed): (a)-(d) Cascading

failure simulation in BA networks; (e)—(h) cascading failure simulation in WS networks. N is the average degree of network nodes.
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Fig. 8. Correlation between N and the percentage of failed edges (o and ~ are fixed): (a) Simulation in BA networks; (b) simula-

tion in WS networks.
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Fig. 9. An explanation for the connectivity effect.
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Table 7. Corresponding values of unequal distribu-

tion index and the proportion of failure edges with

the change of clustering coefficient in BA network.

REFRM 0.2311 0.4647 0.6536
AR5 B AR 4L 0.637 0.819 0.845
PRGBS /% 59.80 84.72 84.70

#8 WS MERERKEMU AT IR
R RAGIE ARSI FR

Table 8.  Corresponding values of unequal distribu-
tion index and the proportion of failure edges with

the change of clustering coefficient in WS network.

REFRI 0.2149 0.3681 0.4276
AR5 B AR 4L 0.452 0.611 0.656
PRGBS /% 54.78 70.46 67.07

ARG SIS R T LU I, 24 00 2% 1) SR 2 2R B0
RIS, o 45 G 28 ) A1 24 00 B i B0 L e 3 K
0 286 R 3000 R o HE AR TS R SR, Y
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Fig. 10. An example to enhance the coupling strength of the network.

218901-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 218901
6000 7000
5000 (a) (®) | 6000} () (d)
. 6000
- BA 5000 - BA - BA -+ BA
N - BA(A) - BA(A) 5000 | - BA(A) - BA(A)
4000 - BA(B) - BA(B) L - BA(B) 5000 - BA(B)
4000}
4000
3000 I 4000
n © 3000} o o
3000 |- 3000
2000 I
2000 2000 2000
1000 -
1000+ 1000 - 1000
0 p=15 rp=20 0
0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
0 05 1.0 1.5 2.0 25 0 05 1.0 1.5 2.0 2.5 0 05 1.0 1.5 2.0 2.5
B B B
2000 2800 3000 3500
- (f) (8) - (h)
2400 2500 WS 3000 - WS
| —~~WS(A) L —~WS(A)
1500 2000 - WS(B) 25001 ~WS(B)
I 2000 I
1600 2000}
w1000 - w 15001 " -
1200 1500
400 I 1000 I
500 1000
o " o0 M
0_p:1.0 0 O_p:2,0 O—p:2'5
0 05 1.0 1.5 2.0 25 0 05 1.0 1.5 2.0 25 0 05 1.0 1.5 2.0 2.5 0 05 1.0 1.5 2.0 2.5
B B B B
Bl 11 BA R WS M4 PORTR p B (R4S HEG 90 B ) BRI PR 5 FLA5 R (BE o 5 v)  (a)—(d) BA P45 B R IR B4y FL45

(e)—(h) WS I 4% 1) Sk ik e 5 L 445

R

Fig. 11. Cascading failure simulation in BA and WS networks with different values of p (coupling strength) (« and ~ are fixed):

(a)—(d) Cascading failure simulation in BA networks; (e)—(h) cascading failure simulation in WS networks.
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Fig. 12. Correlation between p and failed edges in different layers (a and ~ are fixed): (a) Results of the upper layer of BA net-

works; (b) results of the lower layer of BA networks; (c) results of the upper layer of WS networks; (d) results of the lower layer of

WS networks.
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Robustness paradox of cascading dynamics in
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Abstract

Cascading failure process in interdependent networks has always been an important field of network
cascading analysis. Unlike the previous studies, we take people’s demand for minimizing travel costs into
consideration in this article and propose a network dynamics model based on the cost constraint. On this basis,
we pay attention to the characteristics of different layers in the interdependent network, and taking the real-
world traffic network for example, we define different load propagation modes for different layers. Then, we
carry out the simulation experiment on cascade failure in the artificial network. By changing the structure of
the network and the parameters in the model, such as the capability value of the network side and the
connectivity of the network, we are able to focus on the effects of traditional protection strategies during the
simulation and obtain some interesting conclusions. It is generally believed that increasing the quantity of
connections in the network or improving the quality of edges will enhance the network robustness effectively.
However, our experimental results show that these methods may actually reduce network robustness in some
cases. On the one hand, we find that the resurrection of some special edges in the network is the main reason
for the capacity paradox, as these edges will destroy the stable structure of the original network. On the other
hand, neither improving the internal connectivity of a single-layer network nor enhancing the coupling strength
between interdependent networks will effectively improve network robustness. This is because as the number of
edges increases, some critical edges may appear in the network, attracting a large amount of the network load
and leading the network robustness to decrease. These conclusions remind us that blindly investing resources in
network construction cannot achieve the best protection effect. Only by scientifically designing the network

structures and allocating network resources reasonably can the network robustness be effectively improved.
Keywords: cascading failures, interdependent networks, robustness, capacity paradox
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