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Fig. 1. The model of percolation of interdependent net-

works with multiple support-dependence relations. The red

node fails after the initial attack. Then the cascading fail-

ure process leads to a catastrophiccollapse of the interde-

pendent networks. Finally, only a small fraction of nodes

survive.
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Fig. 2. The model of percolation in interdependent net-
works with conditional dependency clusters. Nodes in net-
work A randomly depends on k (k > 0) nodes in network
B and vice versa. One of the three nodes which node a in
network A depends on fails, but the failure proportion does
not exceed = 0.5, node a still works. Two of the three
nodes which node b in network B depends on fail, the fail-

ure proportion exceedsy = 0.5, node bfails.
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responding analytical predictions. (a) The size ofthe giant

component pooversus p ; (b) number of iterations.

ER-ER 1Bk M 2&
Erdos-Reényi (ER) M4 2 [ B8 0 A 54 o
Xﬁiﬂﬁ@ﬁ*ﬁlﬁl, B H Go(z) = G1(x) = e_<k>(1_x),
BB~ ER W45 B MR Ao A0, IR28 Ak

4.2

BCREURA (7) AT R
{uoo = p[l — e F=]h (o),
f=pll—e " Nh(peo).
KIS ER 2% B 43411 5 4% BE 43 A1 A 18U pR BOR
), BTl oo = f, W) B AT — 254 h
f=p[1=Go(1 = fIr(f), (13)
- SCRIAARTR BE 4376 9 ER-ER AR M 45 5 43
AR EX D)W
D(f)=p[l = Go(L = NIR(f) = £,  (14)
W plE KA, D(f) 2SRRI, AP p
B po A ARAE 5. & 4 AR 43#i ER-ER K M
25 AR BUESR, B 5 AR y BUE R ER-ER A
REE S S blyp=ka
K 6. B 7 5B T ER-ER AR M 25 A [H]
Py (k) 4341 B3 15 45 R FNASTR]  BUE AR S 5.

(12)

SF-SF e 4k o 2%
Tobr BE M4 (scale free network, SF) J&78 ik
MTF P(k) = ck= A BBEHLIN 2% | & 09 BE 43 A A
PR BSR4 B A e i pRESCRT DA 43 Sl A AR Ay 2

4.3

: '('b) 7:'0.9 '

oo . .
(c) v=0.7

B3

|

olLv

o

1.0 0 02 04 06 08 1.0

T y=01

—_04} p =0.69 L
- pe=0.733 —p=092
—0.5 p=0.77 5t p=0.96
— p=0.81 - pe = 0.997
06552 04 06 08 10 0 02 04 06 08 10
f f
B4 ORI (86 9 ER-ER A A4S s, 45F- 3% (k) = 6, P(10) =1
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Abstract

Modern systems are always coupled. Previous studies indicate that coupled systems are more fragile than
single systems. In a single system, when a fraction of 1-p nodes are removed, the percolation process is often of
the second order. In a coupled system, due to the lack of resilience, the phase transition is always of the first
order when removing a fraction of nodes. Most of previous studies on coupled systems focus on one-to-one
dependency relation. This kind of relationship is called a no-feedback condition. Existing studies suppose that
coupled systems are much more fragile without a no-feedback condition. That is to say, if a node depends on
more than one node, the coupled system will breakdown even when a small fraction of nodes are removed from
the coupled system. By observing the real world system, real nodes are often dependent on a dependency
cluster, which consists of more than one other node. For example, in an industry chain, an electronic equipment
factory may need several raw material factories to supply production components. Despite part of the raw
material factories being bankrupt, the electronic equipment factory can carry out productionnormally because
the remaining raw material factories still supply the necessary production components. But theoretical analysis
shows that the robustness of such a coupled system is worse than that of one-to-one dependency system.
Actually, the coupled system in real world does not usually disintegrate into pieces after some nodes have
become invalid. To explain this phenomenon, we model a coupled system as interdependent networks and
study, both analytically and numerically, the percolation in interdependent networks with conditional
dependency clusters. A node in our model survives until the number of failed nodes in its dependency cluster is
greater than a threshold. Our exact solutions of giant component size are in good agreement with the simulation
results. Though our model does not have second order phase transition, we still find ways to improve the
robustness of interdependent networks. One way is to increase the dependency cluster failure threshold. A
higher threshold means that more nodes in the dependency cluster can be removed without breaking down the
node depending on the cluster. Other way is to increase the size of dependency clusters, the more the nodes in
the dependency cluster, the more the failure combinations are, which increases the survival probability of the
node depending on cluster. Our model offers a useful strategy to enhance the robustness of coupled system and

makes a good contribution to the study of interdependent networks with dependency clusters.
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