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Abstract: In view of the problem that the multimodal transport
network is vulnerable to attack and faces the risk of cascading
failure, three low polarization linking strategies considering
the characteristics of the multimodal transport network are
proposed to optimize network robustness. They are the low
polarization linking strategy based on the degree of nodes(D_
LPLS), low polarization linking strategy based on the
betweenness of nodes(B_LPLS), and low polarization linking
strategy based on the closeness of nodes (C _LPLS). The
multimodal transport network in the Sichuan-Tibet region is
analyzed, and the optimization effects of these three strategies
are compared with the random linking strategy under random
attacks and intentional attacks. The results show that C_LPLS
can effectively optimize the robustness of the network. Under
random attacks, the advantages of C_LPLS are obvious when
the ratio of increased links is less than 15%, but it has fewer
advantages compared with B_LPLS when the ratio of increased
links is 15% to 30% . Under intentional attacks, as the ratio of
increased links goes up, the advantages of C_LPLS become
more obvious. Therefore, the increase of links by C_LPLS is
conducive to the risk control of the network, which can
provide theoretical support for the optimization of future
multimodal transport network structures.
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ue to its advantages of low cost, low energy con-
D sumption and high efficiency, multimodal transport
has developed rapidly in China. But at the same time, the
wide distribution of transport nodes also renders the nodes
in the multimodal transport network vulnerable and under
failure risk. Due to the flowing of loads in the network,
the redistributions of failure nodes may overload normal
nodes and lead to a cascading failure of the network'' ™.
Therefore, it is necessary to optimize the robustness of
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the multimodal transport network. At present, for optimi-
zing its robustness, the relevant literature is mainly divid-
ed into two parts: One is to propose the nodes’ immune
strategies through the selection of immune nodes'*”; the
other is to optimize the network structure through linking
strategies. In the context of attacks on network nodes, the
robustness optimization effect of the linking strategies is
obvious. The linking strategies were first applied in the
information network™ and the virus propagation net-
work"”" | By increasing links to reduce the risk of net-
work failure, the linking strategies are also applied to the
Related
research mainly proposed a random linking strategy
(RLS), a low degree linking strategy (LDLS), a high
betweenness linking strategy, and a low polarization link-
ing strategy based on betweenness (LPLS)"", and ex-
plored the applicability of different linking strategies.
These strategies are based on the nature of a single node

11-12 . 13-14
power network'''"* and the traffic network'” ™.

to select the links, but they ignore the impact of the link-
ing strategies on the global structure, which is one of the
shortcomings of the existing research. At the same time,
existing research is carried out on a single network, but
the multimodal transport network needs to consider the
dependence and complexity between subnetworks. As a
result, the existing research cannot be applied to the mul-
timodal transport network.

Inspired by Cao et al.'”', this paper proposes a low
polarization linking strategy with the degree of nodes(D_
LPLS), a low polarization linking strategy based on the
betweenness of nodes(B_LPLS), and a low polarization
linking strategy based on the closeness of nodes ( C _
LPLS) with the consideration of the structural characteris-
tics of the multimodal transport network. Three strategies
take the enhancement of the network robustness as the o-
verall goal and can optimize the network structure. Tak-
ing the multimodal transport network in the Sichuan-Tibet
region as an example, we compare the effects of D _
LPLS, B_LPLS, C_LPLS and RLS under two attack
modes, respectively, and verify the effectiveness and ap-
plicability of the three strategies.

The optimization of the multimodal transport network
plays an important role in promoting the development of
the region and even the country. The purpose of this pa-
per is to find the optimal linking strategy for the multimo-
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dal transport network based on the network structure. It is
an important part of the optimization of the multimodal
transport network structure, which can provide theoretical
support for the development of the network, and has im-
portant practical significance.

1 Multimodal Transport Network Structure Anal-
ysis

A multimodal transport network is composed of two or
more independent transport networks. Each transport net-
work is regarded as a subnetwork. There are some nodes
connected to the nodes of other networks,
called associated nodes, and subnetworks are connected
by associated nodes to form a multimodal transport net-
work. The structure of the multimodal transport network
is shown in Fig. 1.

which are

/ Subnetwork A
/ Subnetwork B

\
@L Subnetwork C

Fig.1 Schematic diagram of the multimodal transport network
structure

In Fig. 1, the complex network consists of three sub-
networks, which are connected by multiple associated
nodes. In the multimodal transport network, different in-
dicators such as the subnetwork connection structure and
the proportion of connected nodes will have an impact on
the network robustness. In reality,
transport networks are asymmetric, and the number of
nodes in each subnetwork is not the same. Meanwhile,
the number of associated nodes among subnetworks is less
than 100% of the total number of nodes in each subnet-
work, which is a partially connected network. Therefore,
the research of this paper is carried out on the complex
network connected by asymmetric parts.

2 Cascading Failure Model of Multimodal Trans-
port Network

most multimodal

In a multimodal transport network, when one or more
nodes or links fail due to network attacks, it will cause
the successive failure of other nodes or links, and eventu-
ally cause partial or even entire network failure. This phe-
nomenon is called a cascading failure phenomenon'.
For example, in the subway network, the interruption of
a station will affect the normal operation of the corre-
sponding lines and even the whole network. In the power
network, the failure of a key node may hinder the normal
transmission of the whole power network, which are all

actual cascading failures. Due to space limitation, this
paper only studies the failure of nodes, and the change
process is shown in Fig. 2.

Subnetwork Ci

_________________________________

Subnetwork A i

[ S N Y

_______________________________
|
|

Subnetwork C

® Normal node; O Failed node; —— Normal link

--- Link of the disconnected node after the node fails

Fig. 2  Cascading failure process. (a) Initial state; (b) Fault
state; (c¢) Final state

The initial state of the network is shown in Fig.2(a).
When A2 and B2 in the network are attacked and fail, the
network presentation is as shown in Fig. 2(b). According
to the percolation theory'” ™"
to the largest connected component in the network can
maintain their functions, and some nodes fail immediately
due to their inability to connect. The load of the failed
nodes is redistributed to the neighboring nodes, the load
of node A2 is distributed to nodes Al, A3 and C3, and
the load of node B2 is distributed to nodes B1, B3 and
C2. It is assumed that C3 fails due to load redistribution,
and C2 and C4 cannot connect due to the percolation the-
ory. Under the effect of cascade failure, the changes in
the network connectivity are shown in Fig.2(c).

, only the nodes that belong

2.1 Load-capacity model

The node load-capacity model is used for calcula-
% " Let node i have an initial load of L,, a capacity
of C,, and a degree of k,, and then

Ci=(1+B) Ly =(1 +p)k; (1

where B is the tolerance factor. The greater the 8, the

tion
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larger the capacity of the node. « is a variable parameter,
which is used to adjust the relationship between the node
degree and the initial load. According to the previous re-
search”™, ¢ = 1. 6.

In the multimodal transport network, due to the limita-
tion of the basic settings, the nodes and links in the net-
work are interrelated, which causes the cascading failure
phenomenon in the multimodal transport network to have
particularities. We define the particularities.

Definition 1 When a node failure occurs in a subnet-
work in the multimodal transport network, the failed node
becomes a unidirectional circulation node. The load can
only flow out, and this process is irreversible. At the
same time, the load on the failed node can only flow to
other subnetworks.

Definition 2 When a node in an intermodal network
becomes overloaded, the overloaded node can only redis-
tribute the load once. When the node becomes overloaded
again, it will fail and will be removed from the largest
component.

‘When node i fails, the load on it needs to be allocated
to neighboring node j, and the load redistribution method
based on the local weighted traffic distribution is adopted
with the goal of network balance. Then, the additional
load AL, received by node j is

AL, =L, — (2)

ij
;

feT,

where I, is a set of all nodes adjacent to node i; 0 is a
variable parameter. When L, + AL, > C;, node j is over-
loaded. When node j becomes overloaded for the first
time, the part beyond C; will be redistributed according to
Eq. (2). When node j becomes overloaded for the second
time, the node will fail and be removed from the largest
component.

2.2 Cascading failure measurement index

In the multimodal transport network, the proportion of
nodes in the largest component G is taken as the measure-
ment index. In the network, We define that the total
number of nodes in the multimodal transport network is
N, and the total number of nodes in subnetworks A, B, C
are N,, N, and N, respectively. In the largest compo-
nent, the total number of nodes is N’, and the total num-
ber of normal nodes in subnetworks A, B, C are N, N}
and N(, respectively.

N N, +Nj +N¢

G‘W‘1\IA+NB+NC (3)

3 Linking Strategies and Algorithm Design

3.1 Linking strategies

In the multimodal transport network, due to the limita-

tions of practical factors, no link between any two nodes
can be added to the network. The link strategies can be
described according to the characteristics of different
transport networks:

1) For the highway, it depends on the construction of
infrastructure. Considering the high cost of infrastructure
construction and a long construction period, it is difficult
to increase links within the highway network. Therefore,
the highway network can only increase links with other
transport networks.

2) For the railway, the method of increasing links is to
organize the direct trains between two nodes.

3) For aviation and waterways, the way of increasing
links is to increase routes between two nodes where routes
have not been scheduled.

4) Increasing a link between two different transport
networks means building a logistics park between the two
nodes so that cargos can be transferred quickly.

Increasing links is one of the most effective methods to
improve network robustness. According to the previous
research'”™"' | the more uniform the network, the higher
its robustness. Based on the node attributes, we compare
three low polarization linking strategies to improve the
network uniformity: D_LPLS, B_LPLS and C_LPLS.
Related concepts are defined as follows'™':

Definition 3 The degree of all nodes in the multimo-

dal transport network are k = {k,,,.... kg, .... k¢, ... ],
the corresponding pole number in the network is 7 =
kmax - <k>

T’ where 77 represents the degree of polarization
based on the overall degree distribution of nodes in the
network, k. is the maximum degree of nodes in the net-
work, (k) is the average degree of nodes in the network,
and the smaller the 7r, the more uniform the distribution
of the entire network.

Definition 4
multimodal transport network is b = {b,,, **
witen 0,
sents the number of paths through node i between node s

The betweenness of all nodes in the
’ bBl s T,

be ,orf, and b, = , where 5, (i) repre-

and node 7, and §,, represents the number of paths be-

tween node s and node r**'. The corresponding pole

b = (b)
(b)

Definition 1, the smaller the 7,, the more uniform the

number in the network is 77, = . It is similar to

network.

Definition 5 The closeness of all nodes in the multi-
modal transport network are ¢ = {c,, -
N, -

2 di )

total number of nodes in the network, and d(i,j) repre-

s cBl’ e

Castrth, and ¢, = . Among them, N is the

sents the distance between node i and node j in the net-
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work ', The corresponding pole number in the network

, Con — () e
i1s 7, = <T’ and it is similar to Definition 1. The

smaller the 7r_, the more uniform the network.
3.2 Algorithm design

In this paper, the algorithms of three low polarization
linking strategies are designed. We take D_LPLS as an
example to present the process of the algorithm.

1) Determine the number of the nodes N in the trans-
port network and number them from 1 to N. Meanwhile,
determine the serial numbers of highway N, to N, and
Ny > 1.

2) Determine the degree of all nodes k,, and the nodal
degree matrix k.

3) Calculate the pole number based on degree .

4) Leti=1, j=2, w.=m,, E=10,0}.

5) Connect node i and node j so that k;, =k, +1,k; =k,
+1,and the updated nodal degree matrix is k.

6) Calculate the updated pole number based on degree
m -

7) If w, <m,, then =7, , E={i,j{ and turn to
step 8).

8) j=j+1.

9) If j>N, then i =i + 1 and turn to step 10), else
turn to step 5).

10) If i > N -1, then turn to step 12), else turn to
step 11).

11) Ifie [Ny ,Ny ], then i =i +1 and turn to step
10), else turn to step 5).

12) Output 7, , E.

The obtained links can be added to the original net-
work, and according to the increased number of links,
the required results can be obtained by setting the number
of cycles.

4 Case Study

We take the multimodal transport network consisting of
chain-type subnetworks as the research body, which is the
most common network in western China. This paper se-
lects the multimodal transport network in the Sichuan-Ti-
bet region, which is composed of three subnetworks: The
Sichuan-Tibet railway, Sichuan-Tibet highway, and avia-
tion. The pivot point of each transport mode is the node
in the network. A multimodal transport network with 71
nodes and 98 links is formed. The network structure is
shown in Fig. 3.

Al to A43 represent the nodes in the highway network ;
B1 to B23 represent the nodes in the railway network; C1
to C5 represent the nodes in the aviation network. In this
paper, MATLAB and Origin software are used to deter-
mine the values of different parameters. Then, the chan-
ges of the proportion of connected nodes under different

A23
—— Connection of internal nodes of a certain transport mode
----Connection of nodes between different transport modes

Fig.3 Network structure diagram

attack modes and different linking strategies are analyzed
to prove the effectiveness of the strategy. The attack
modes include random attacks and intentional attacks. A
random attack refers to randomly selecting a certain pro-
portion of nodes in the network for failure processing.
For example, when the network is attacked by natural dis-
asters, such as earthquakes, floods, mudslides, etc. , the
occurrence of natural disasters and the destruction of
nodes are random and such attacks are random attacks.
An intentional attack refers to selecting nodes with a large
degree of nodes in the network for failure processing. For
example, when the network is artificially damaged, the
node with the highest degree is the most intuitively impor-
tant one, and attacking the node with the highest degree
can make the network have a greater impact.

4.1 Parameter determination

In the multimodal transport network, the maximum
load redundancy of nodes is less than or equal to 0. 5, that
is0<pB=<0.5,and the value of § is usually distributed
from 0.5 t0 2.0'"". Therefore, when 8=0.3,0=10.5,
1.0,1.5,2.0,2.5} and =1.0,8=10.1,0.2,0.3,0.4,
0.5}, respectively, the impact of random attack mode on
the proportion of connected network nodes can be calcu-
lated as shown in Fig. 4.

The overall trend of Fig.4(a) and Fig.4(b) are con-
sistent. The changes of parameters will affect the reduc-
tion speed of G, but they will not change the reduction of
G. It can be seen from Fig.4(a) that the greater the val-
ue of the tolerance factor B, the higher the proportion of
attacked nodes that can be dealt with, the slower the net-
work crash rate, the more stable the network. When B8 =
0.5, the network robustness is relatively optimal. It can
be seen from Fig. 4 (b) that the crash speed of the net-
work is the slowest when the variable parameter § = 1.0,
and the reticle of 0.5 and 1.5 almost coincides. When
the value exceeds 1.0, the robustness of the network de-
creases with the increase in §. Therefore, in the follow-
ing, 3=0.5,0=1.0.
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Fig.4 Parameter value analysis. (a) §=1.0, 8 changes; (b) 8=0.3,6 changes

4.2 Effect comparison of different linking strategies

In fact, when the network is under attack, the connec-
tivity of the network depends on the robustness of the en-
tire network rather than a certain subnetwork. Therefore,
we consider the multimodal transport network as a whole,
with the goal of minimizing the number of poles in the
network, and the optimal links are increased in turn. Con-

sidering that it is difficult to achieve a large-scale increase
of links in actual networks, we set the ratios of the increased
links to be 5%, 10% , 15% , 20% , 25% , and 30%. Ac-
cording to the algorithm in Section 3.2, the optimized net-
works using different link strategies can be obtained. The
effects of cascading failure in multimodal transport are simu-
lated under random attacks and intentional attacks, and com-
pared with RLS, as shown in Fig.5 and Fig. 6, respectively.

1.01 1.09 1.0
——C_LPLS ——C_LPLS
0.8+ ——B_LPLS 0.8 ——B_LPLS 0.8
——D LPLS ——D_LPLS
0.6} 0.6F 0.6
) ) )
04} 04} 0.4
02 02 0.2
0 1 L 1 Sy 0 1 1 1 - 0 1 1 1 1 -
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Proportion of attacked nodes Proportion of attacked nodes Proportion of attacked nodes
(a) (b) (¢)
1.09 1.04 1.0
—=—C_LPLS —=—C_LPLS —=—C_LPLS
0.8 ——B LPLS 0.8 ——B _LPLS 0.8 ——B LPLS
——D LPLS ——D LPLS ——D LPLS
06k —~—RLS 06k —~—RLS 06k ——RLS
&) &) O
04} 04} 041
02 02 02F
0 . . . f " 0 . . . f " 0 L . . X .
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0

Proportion of attacked nodes

(d)

Proportion of attacked nodes

Proportion of attacked nodes

()

Fig.5 Effect comparison of different linking strategies under random attacks. (a) The ratio is 5% ; (b) The ratio is 10% ; (c¢) The ratio
is 15% ; (d) The ratio is 20% ; (e) The ratio is 25% ; (f) The ratio is 30%

In the random attack mode, from the view point of the
changes of the ratio of attacked nodes, when the ratio is
less than 1, different linking strategies have various posi-
tive effects on the connectivity of the network. The
effects of linking strategies are sorted in a descending or-
der.C_LPLS, B_LPLS, D_LPLS, RLS, and the effects
of three low polarization strategies are better than that of
RLS. Meanwhile, C_LPLS and B_LPLS have obvious
advantages over D_LPLS. However, although C_LPLS
has the best effect in resisting random attacks, it is sur-
prising that with the rising of the ratio of increased links,

the gap between C_LPLS and B_LPLS gradually narrows
down. As a whole, we also find that the differences be-
tween the four strategies also decrease with the rising of
the ratio of increased links, and the reason is that the
random attack does less damage to the network. With
the rising of the ratio of increased links, the overall ro-
bustness of the network is enhanced, which results in a
reduction in the differences between the four strategies.
In addition, the differences weaken until the network
completely collapses with the rising of the ratio of in-
creased links.



354

Guo Jingni, Xu Junxiang, He Zhenggang, and Liao Wei

1.0 1.0 1.09
—=—C_LPLS —=—C_LPLS —=—C_LPLS
0.8 ——B_LPLS 0.8 ——B_LPLS 0.8+ ——B_LPLS
——D LPLS ——D LPLS ——D LPLS
0.6 —~—RLS 0.6 —~—RLS 06+ —~—RLS
O © ©
0.4r 0.4r 04
02r 021 02
0 . . " + > 0 ! . - . 0 ) . . .
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Proportion of attacked nodes Proportion of attacked nodes Proportion of attacked nodes
(a) (b) (¢)
1.09 1.09 1.09
——C_LPLS ——C_LPLS ——C_LPLS
0.8 ——B_LPLS 08F ——B_LPLS 0.8 ——B_LPLS
——D_LPLS ——D_LPLS ——D_LPLS
0.6k —~—RLS 0,61 —~—RLS 06l —~—RLS
&) o o
0.4r 0.4r 04r
02r 02r 02r
0 . ) A . . 0 . ! . 3 . 0 . . . 3 e
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Proportion of attacked nodes Proportion of attacked nodes Proportion of attacked nodes
(d) (e) (f)

Fig. 6 Effect comparison of different linking strategies under intentional attacks. (a)The ratio is 5% ; (b) The ratio is 10% ; (c) The ra-
tio is 15% ; (d) The ratio is 20% ; (e) The ratio is 25% ; (f) The ratio is 30%

In the intentional attack mode, the connectivity effect
of the network is weaker than that of the random attack
mode, because intentional attacks can cause more damage
to the network than random attacks. With the rising of the
ratio of increased links, the connectivity of the network is
optimized as a whole. The effects of linking strategies are
sorted in descending order; C _LPLS, B _LPLS, D _
LPLS, RLS, and it shows that C_LPLS has the best de-
fense effect against intentional attacks. But different from
random attacks, with the rising of the ratio of increased
links, the differences between the four strategies become
more obvious until the network completely crashes. We
think this is because the intentional attacks are more dis-
ruptive to the network, and the optimization degree of
each link to the network robustness needs to be consid-
ered, which is called the marginal optimization degree of
a link. The marginal optimization degree of a link of C_
LPLS is greater than that of other strategies. Under the
superposition of many new links, the advantages of C_
LPLS become more obvious.

All in all, under different attack modes, the effects of
different linking strategies on the network connectivity va-
ry. Under random attacks and intentional attacks, the op-
timization effect of C_LPLS on network connectivity is
more obvious.

4.3 The comparison of algorithms

To verify the feasibility of the proposed algorithm, we
compare it with the genetic algorithm, and set the parame-
ters of the genetic algorithm as shown in Tab. 2.

Tab.2 Parameter setting

Parameter Value Parameter Value
Population length 10 Number of iterations 200
Population width 10 Crossover probability 0.8
Population size 100 Mutation probability 0.35

With three linking strategies C_LPLS, B_LPLS and D
_LPLS under intentional attacks, the calculation results
under different algorithms can be obtained as shown in
Fig.7. The ratio of increased links is 20% , and the ratio
of attack nodes is 40% , 8=0.5,0=1.0.

0.44r 0.381 0.37r
0.42+ 0.36
0.40f 036 035
0.38F 0.34
) b
©0.34 O

0.36f 033
0.34r 0.32 0.32
0.32 —=— The proposed algorithm —=—The proposed algorithm 031 —=—The proposed algorithm
0.30F —— The genetic algorithm - —— The genetic algorithm ' — The genetic algorithm

0 50 100 150 200 250 0 50 100 150 200 250 O'300 50 100 150 200 250

Number of iterations Number of iterations Number of iterations
(a) (b) (c)

Fig.7 Algorithms comparison. (a) The effect of C_LPLS; (b) The effect of B_LPLS; (c¢) The effect of D_LPLS
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It can be seen from Fig. 7 that the final calculated re-
sults of the two algorithms are the same. But due to the
randomness of the search for the genetic algorithm, the
calculated results fluctuate greatly, and the convergence
effect is far less than that of the algorithm proposed in this
paper.
strategies, which can prove the effectiveness of the algo-
rithm proposed in this paper.

This result is consistent with the three linking

5 Conclusions

1) We take the multimodal transport network com-
posed of chain-type subnetworks as the research subject,
and study the linking strategies of the multimodal trans-
port network. Research on linking strategies for the multi-
modal transport network can contribute to enhancing the
robustness of the network.

2) We describe in detail the linking methods in an
multimodal network, and propose three linking strategies
considering the characteristics of the multimodal network :
D_LPLS, C_LPLS and B_LPLS. Taking the Sichuan-Ti-
bet multimodal transport network as an example, the re-
sults show that the increase in links by C_LPLS is condu-
cive to the risk control of the network.

3) We will consider the structure optimization strategy
of the multimodal transport network under different dis-
turbances, which can provide theoretical support for the
optimization of future multimodal transport network struc-
tures.
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ETEBMMMHN 2 XNEIT W 2 5% 5% 7R B
R EM KB B 4

('EH B RFRBIER S WA F IR, RAR 611756)
CAHIZETRRFHAFR, RAL 610225)

FE 4Tt 5 XBRIE M % 2 2 3] 0Ef @ 6 R & AR 69 1938, 42 i T 3 fF % 8 § X BRIE 45 M 69 1R AR 1L
bR RS AR R &Sk T & 09 IR AL 4 74 Fwk (D_LPLS) (& F 9 & A3k 09 1K AR AL 4 38 5 0k
(B_LPLS) A T3 & ML & 091K AR AL 4% 2% & (C_LPLS). )] B X 69 % X Jtiz M & 47 T SLIE 4
Moo ERMME £ 5 EELERX T3 A RBGRIR LS AR Rt f7 k. R £,
C_LPLS#HE 45 A B ARAL W 25 6 G- A E. 2 RALE EAE X T, C_LPLS f2 45 343% hm Yo 5]  15% VA T B 48 %A
2, B R FE It A 15%~30% Bt 55 B_LPLS AL LA M8 a3 B E B F X T, M £ 4538 ik
% 6 E 5+, C_LPLS 694k % Ak A 2. B st T % X B2 M %, 5k A C_LPLS ¥ hukk 35 77 | T M 469 X,
Red2 ], FE4% A Rk % X BRIE W & 45 M ey RACIR AL 2248 3 3%
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