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Fig. 1. Schematic diagram of the cascading process in a net-

work with weak interdependency groups.
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Fig. 2. The graphical solutions of Eq. (1) for different values of p and a: (a) Result for o = 0.5; (b) result for o = 0.63; (c) result

for a«=0.8. For each panel, the degree distribution of networks follows a truncated power-law distribution P(k) ~ k=7

(kmin < k < kmax) With Epin = 2, kmex = 141, and v = 2.3.
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Fig. 3. Simulation results for the percolation transitions on random networks with group sizes M =3 and M =4: (a), (b) Re-
sults for random networks with the interdependency group sizes M =3 and M = 4 respectively, where the average degree (k) is
set to 4 for both panels; (c), (d) results for random networks with the interdependency group sizes M =3 and M = 4 respective-
ly, where average degree (k) is set to 5 for both panels. The network size is N = 10°. The solid lines behind the symbols denote
the theoretical predictions that were obtained by Eqgs.(1) and (2). The vertical dashed lines denote the first-order and second-order

percolation transition points predicted by Eqs.(7) and (5), respectively. The simulation results were averaged from 100 realizations

of different initial conditions.
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Fig. 4. Simulation results for the percolation transitions on scale-free networks with the interdependency group sizes M =3 and

M =4: (a), (b) Results for scale-free networks with the interdependency group sizes M = 3 and M = 4 respectively, where the

average degree (k) is 4 with kpin = 2, kmax = 63 and v = 2.5; (c), (d) results for scale-free networks with the interdependency

group sizes M =3 and M = 4 respectively, where the average degree (k) is 5 with kyin =2, kmax = 141 and v = 2.3. The
network size is N = 10°. The solid lines behind the symbols denote the theoretical predictions by Egs.(1) and (2), and the vertical

I

dashed lines denote the first-order or second-order percolation transition points predicted by Eqs.(7) and (5), respectively. The simu-

lation results are averaged from 100 realizations of different initial conditions.
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Fig. 5. The percolation transition point p. as functions of o on random networks and scale-free networks with uniform interdepend-
ency group size: (a) Results for random networks with the interdependency group size M = 3, where the average degree (k) is 4, 5

and 6 from high to low; (b) results for random networks with the group size M = 4, where the average degree (k) is 4, 5 and 6
from high to low; (c) results for scale-free networks with the group size M = 3, where the average degree (k) is 4, 5 and 6 (corres-
ponding to a power-law exponent of degree distribution ~ is 2.5, 2.3 and 2.1, respectively); (d) results for scale-free networks with

the interdependency group size M = 4, where the average degree (k) is 4, 5 and 6. The solid line is the first-order percolation

transition point pl, and the dashed line is the second-order percolation transition point p!!

from 100 realizations of different initial conditions.
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Fig. 6. Simulation results for percolation transitions on random networks with average group sizes (M) = 3 and (M) = 4: (a), (b) Re-
sults for random networks with the average group sizes (M) =3 and (M) = 4, respectively, where the average degree (k) is 4;
(c), (d) results for random networks with the average group sizes (M) =3 and (M) = 4 respectively, where (k) is 5. The net-
work size is N = 10%. The solid lines behind the symbols denote the theoretical predictions that were obtained by Egs. (12) and
(13), and the vertical dashed lines denote the first-order and second-order percolation transition points predicted by theory. The

simulation results were averaged from 100 realizations of different initial conditions.
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Fig. 7. Simulation results for percolation transitions on scale-free network with average group sizes (M) =5 and (M) = 6: (a), (b)

Results for scale-free networks with average group sizes (M) =5 and (M) = 6 respectively, where the average degree (k) is
4 with kpin = 2, kmax = 63 and v = 2.5; (¢), (d) results for scale-free networks with (M) =5 and (M) = 6 respectively, where
(k) is 5 with kmin = 2, kmax = 141 and v = 2.3. The network size is N = 10%. The solid lines behind the symbols denote the theo-

retical predictions by Egs.(12) and (13), and the vertical dashed lines denote the first-order and second-order percolation transi-

tion points predicted by theory. The simulation results were averaged from 100 realizations of different initial conditions.
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Fig. 8. The percolation transition point pc as functions of a on random networks and scale-free networks when the interdepend-
ency groups size follows poisson distribution: (a) Results for random networks with the average interdependency group size
(M) = 3, where the average degree (k) is 4, 5 and 6 from high to low; (b) the same results to panel (a) but for (M) =4; (c)
results for scale-free networks with the average interdependency group size (M) = 3, where the average degree (k) is 4, 5 and 6
from high to low (corresponding to a power-law exponent of degree distribution 2.5, 2.3 and 2.1, respectively);(d) the same results
to panel (c) but for (M) = 4. The solid line is the first-order percolation transition point p., and the dashed line is the second-or-

der percolation transition point pg .
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Abstract

In real complex systems, the overall function is maintained through the connections among nodes. Failures
of some nodes may destroy the connectivity of the system and thus damage the function of the system. In some
complex systems, some nodes can form “interdependency groups” through hidden interdependency. The failure
of one node may damage the rest of the nodes in the interdependency group. In this paper, we investigate the
effects of the interdependency strength of the nodes, the size distribution, and the size of the interdependency
groups on the cascading dynamics and the robustness of complex networks. Through numerical simulation and
theoretical analysis, it is found that the cascading failures of the networks can be divided into two processes at
a scale level: “intra-group cascading” and “inter-group cascading”. In the intra-group cascading process, the
failure of one node will result in damage to the other nodes in the group through the interdependence among
nodes, thus inducing more nodes to be unworkable and resulting in greater destructive force. In the inter-group
cascading process, the failed nodes will cause the networks to be fragmented, which leads some nodes outside
the interdependency group to isolate from the giant component and go to failure. Under the synergistic effects
of these two processes, it is found that there are continuous and discontinuous phase transition phenomena in
the cascade dynamics of the network. The occurrence of these two kinds of phase transition phenomena is
related to the interdependency strength of nodes, the network degree distribution and the size distribution of
the interdependency group. This means that by controlling the characteristics of interdependency groups, such
as the interdependence strength of the nodes in the interdependency group or the size distribution of
interdependency groups, the system can avoid collapsing suddenly and thus the robustness of the network can

be improved.

Keywords: interdependency group, weak interdependence, cascading failure, giant component, robustness
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