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KEYWORDS Abstract Drawing on complex network theory, this paper combines bus network and subway net-

work into a multi-subnet composited complex network (MSCCN) of urban public transport (UPT).
Then, the cascading failure of the MSCCN nodes and edges was modelled, and the passenger flow
transfer rules were established under node and edge failures. Considering the impact of extreme
weather on the UPT, a synthetic operator was created to measure the robustness of UPT MSCCN,
in the light of network topology and passenger flow, and used to quantify the robustness of UPT
MSCCN under extreme weather. Finally, a UPT MSCCN was set up for Qingdao, China, and sub-
ject to cascading failure simulation. The simulation results reveal how MSCCN robustness changes
with different variables. The research findings help to optimize the response of the MSCCN to

extreme weather.
© 2020 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction normal travel of residents, exposing the vulnerability of the
UPT to violent attacks and severe damages. Therefore, it is
important to evaluate the robustness of the UPT based on
the complex network theory.

Many scholars have explored the robustness of the UPT.
Some [4,5] held that the robustness only depends on the failure

consequence of certain nodes, and has nothing to do with the

In urban areas, public transport is the primary means to meet
the daily travel demand of numerous urban residents. How-
ever, urban public transport (UPT) might operate abnormally
under emergencies, and even get paralyzed in severe cases. For
instance, UPT stations and lines could fail continuously, when

a huge number of passengers transfer simultaneously. Since the
UPT is a typical complex network [1,2], the continuous failure
can be described well with the cascading failure model [3] of
complex network. The cascading failure seriously hinders the
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probability of failure. Some [6—8] argued that the robustness is
related to risk, and regarded UPT robustness as the product of
failure probability and failure consequence. However, most stud-
ies on the UPT only consider a single public transport network
(e.g. bus network or subway network). Even if the two networks
are both considered, the researchers rarely distinguish between
them, but treat the stations and lines of the two networks as
homogenous. This is obviously in conflict with the actual situa-
tion. In the real world, the bus network and subway network dif-
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fer greatly in station capacity, load capacity, line length, etc. The
robustness of urban public transport system is the specific appli-
cation of the concept of robustness in the field of urban public
transport. Extreme weather will have an impact on all stations
and lines of urban transportation system, and this impact will
spread through the conversion of system passenger flow between
different stations and lines, which will lead to the occurrence of
cascading failures of stations and lines in urban public transport
system.

Inspired by the composited complex network of multiple
subsets [9], this paper composites the bus network and subway
network of UPT into a multi-subnet composited complex net-
work (MSCCN). Then, the passenger flow was imported to the
UPT MSCCN to simulate the functional change of the actual
UPT under cascading failure. The consequences and influenc-
ing factors of UPT cascading failure were discussed in details.
The research findings provide theoretical guidance for the UPT
to deal with extreme situations.

2. Literature review

Many scholars have evaluated the robustness of various
real-world systems [10-12], using the feature indices of com-
plex networks. When it comes to the robustness of trans-
port networks, the evaluation aims to assess the effects of
node and edge attack strategies on the performance of
the entire network. Dakic et al. [13] analyzed the attack
vulnerability of UPT in L space and P space. By scanning
the entire network, Sui et al. [14] examined the impact of
partial failure of UPT functions on social cost. Yap et al.
[15] determined the most vulnerable edge of multi-level
UPT, and quantified the social cost of that edge, revealing
the extreme fragility of the congestion connection in light
rail or subway. Dong et al. [16] evaluated UPT robustness
with complex network indices: node size, mean shortest
path, and network efficiency. Zhang et al. [17] quantified
the structural vulnerability of urban rail transit network
under random and deliberate attacks. Taking the relative
size of the most connected subgraph and network efficiency
as indices, Han et al. [18] measured the invulnerability of
UPT under different attack modes, and attributed the
UPT reliability to the stability of key bus hubs.

The effect of UPT under extreme conditions has also
attracted much attention. Rowan et al. [19] studied the
UPT changes induced by extreme weather and climate
change. Based on the data on smart bus card and weather
conditions, Miao et al. [20] investigated the impact of
weather variables on UPT, and found that temperature
has the greatest impact on the travel of urban residents.
Xu et al. [21] expounded the impact of rainstorm and other
extreme weathers on urban road operation, from the angles
of travel demand, travel mode, road operation, and traffic
safety. Starting with measured data on traffic flow, Vla-
hogianni et al. [22] summarized the micro- and macro-
scale features of traffic flow on expressways under rain-
storm and other extreme weathers. Zhao et al. [23] ana-
lyzed the influence of rain and snow over traffic
congestions on urban expressways, predicted the state of
traffic congestion with the Markov model, and verified
the effectiveness of the model against the actual congestion
situation.

3. Construction of UPT MSCCN

Bus and subway are the main transport modes of UPT. If any
emergency or extreme weather occurs, traffic congestion and
accident will ensue, making some UPT stations and lines fail
(i.e. unable to transport passengers). In this case, the passen-
gers need to be transferred from the failed stations and lines
to other normal stations and lines. The transfer might overload
the normal stations and lines, resulting in functional failure.
This process will continue until all UPT stations and lines
resume the normal state or enter the failure state. In other
words, the UPT will end up in cascading failure.

In most of the relevant studies, the UPT cascading failure is
abstracted into a single complex network, and the network
change under random or deliberate attack is simulated with
various cascading failure models. However, a single complex
network only contains one kind of nodes and edges, failing
to reflect the heterogeneity of nodes and edges in different
UPT subnetworks. This defect can be solved by the MSCCN,
a network of heterogenous nodes and edges that illustrates the
relationship between various subnetworks and their elements.
Compared with signal complex network, the MSCCN can fully
demonstrate the heterogeneity of different UPT subnetworks,
and provide a full picture of the UPT.

In this paper, the bus network and subway network are
composited into the UPT MSCCN under the following
hypotheses:

(1) Each station in the bus network is a network node. If
two stations are adjacent to each other on a bus line,
the corresponding network nodes must be connected.

(2) Each station in the subway network is a network node.
If two stations are adjacent to each other on a subway
line, the corresponding network nodes must be
connected.

(3) If the distance between a bus station and a subway sta-
tion is shorter than 200 m, the stations are transfer sta-
tions, and the corresponding network nodes must be
connected. The edge between these nodes represents
the transfer path between bus and subway in the UPT.

(4) If more than one bus lines or subway lines pass between
two stations, the corresponding network nodes should
be connected by only one edge, in order to prevent
repeated connections; these lines are differentiated by
the passenger flow distribution of the edge.

(5) The MSCCN is unidirectional, without considering the
direction of bus or subway train.

(6) If a station fails, all the passengers at the station will be
transferred to its adjacent nodes. The number of passen-
gers at each station depends on the passenger flow on
the edge between the station and the failed station as a
proportion of the passenger volume of the failed station.

The MSCCN can be defined as a four-tuple
G = (V,E, R, F), where V is the set of various nodes, E is the
set of edges, R=R| X ... X R; X ... X R, is the set of relation-

ships, and F: E-% R is the function that maps each relationship
to specified edges. During the composition of the MSCCN, the
relationship between bus network and subway network was
established based on transfer stations. The sketch map of
UPT MSCCN is shown in Fig. 1.
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Fig. 1  The sketch map of UPT MSCCN.

The adjacency matrix 4 of the UPT MSCCN consists of an
adjacency matrix of bus network 4,, an adjacency matrix of
subway network A, and an adjacency matrix between the
two networks A4,,. Among them, the adjacency matrix of bus
network A4, can be defined as:

ajip o Aing
Ay =
anl,b e ann,b

where, n is the number of nodes in the bus network; g, is an
indicator of the adjacency between two nodes n;, and n;, in the
bus network:

0, when node n;; and node n;, are not directly connected
Aijp =

1, when node n;;, and node nj; are directly connected

The adjacency matrix of subway network A4, can be defined
as:

ayys T alm,s

AS =
Amis = Aumgs

where, m is the number of nodes in the subway network; a; is
an indicator of the adjacency between two nodes n;, and n;, in
the subway network:

0,when node n;; and node n;, are not directly connected
Ajj s .
’ 1, when node n;; and node n;; are directly connected

The adjacency matrix between the two networks 4, can be
defined as:

Ailps =~ alm,bs
Ab,.v =
Anips  *° Aumbs

where, n and m are the number of nodes in the bus network
and subway network, respectively; g, is an indicator of the
distance between a node n;, in the bus network and a node
n;, in the subway network:

0,when the distance between node n;, and node n;, is less than 200m
Qijps = N .
R 1,when the distance between node n;, and node n; is not less than 200m

a;ps becomes the outer edge connecting the two subnets. The
number of outer edges determines the quality of connectivity
between the two subnets.

In the MSCCN, the weight of an edge is the passenger flow
on that edge as a proportion of the total passenger flow in the
network. Then, the weight matrix W of the MSCCN can be
defined as:

Wi o Wy

WiNE o Wi

where, |N| is the total number of nodes in the MSCCN;
|N| = n+m, wy is the weight of edge e;:

Wij = f;j/ ftolal

where, f;; is the passenger flow on edge ey; f,,,, is the total
passenger flow of the MSCCN.From the perspective of passen-
ger transport function, the importance of each node »; in the
MSCCN was measured by the passenger flow through the
node per unit time, a.k.a. the passenger flow intensity S;:

Si = ny

The capacity of nodes and edges was measured by the max-
imum passenger volume that can be transported by them per
unit time. Hence, the edge capacity matrix C of the MSCCN
can be defined as:

i QN

ANt NN

where, c; is the capacity of edge e, i.e. the maximum passenger
volume that can be transported by edge e; per unit time.

The capacity c¢; of a node n; in the MSCCN can be deter-
mined by that of its directly connected edges:

Ci = E C,’j
i

According to the classical load capacity model [24], the
capacity of an edge in the network is proportional to its initial
load. Therefore, the capacity of edge e; can be expressed as:

e =(1+ By

where, f is the tolerance coefficient, reflecting the proportion
of additional flow that can be accommodated by edge ¢;; I;
is the initial load on edge e;.

4. Cascading failure model of UPT MSCCN

In the actual UPT, the failure of any node or edge will propa-
gate to other nodes or edges, as all nodes and edges are cou-
pled with each other. The failure propagation continues until
the entire network is restabilized or collapses. This chain reac-
tion is called cascading failure.

The proposed UPT MSCCN is an unidirectional weighted
network, in which each edge is weighted by the passenger flow
on the edge as a proportion of the total passenger flow. Under
extreme conditions, the cascading failure of the MSCCN will
unfold as follows: At first, the MSCCN belongs to normal
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state, where all nodes and edges can transport passengers nor-
mally. Once an extreme condition occurs, some nodes or edges
will fail directly. Then, the passengers transported by the failed
nodes or edges will be transferred to adjacent nodes and edges.
The transport might overload the adjacent nodes and edges,
causing them to fail. The node or edge failure will continue
to spread until the entire network ceases to have any node or
edge failure, or eventually collapses.

To sum up, the initial failure of nodes and edges is induced
by the extreme condition, but the subsequent cascading failure
process is driven by the transfer of passenger flow from the
failed nodes and edges.

4.1. Flow-based cascading failure model

Here, a flow-based cascading failure model is designed for
UPT MSCCN. The model consists of two parts: a model of
node failure and a model of edge failure.

(1) Node failure model

In the model of node failure, the state variable v; of node i
can be expressed as:

[N]ar

vi(t+ 1) = |(1=90)/0(0) + 90 Y S/ vi(0)/Si

J=1j#i

where, ¢ is time; v;(z + 1) and v;(¢) are the state variables of
node i at time ¢+ 1 and time ¢ respectively (if
0<wv(t+1) <1, the node operates normally; if and
vi(t+ 1) > 1, the node fails); ¥, is the coupling strength of
node i, reflecting the degree of interaction between node i
and its adjacent node (in the real world, ¥, represents the
impact of the state of a bus or subway station on the state
of its adjacent bus or subway station); |N|,, is the number of
nodes in the most connected subgraph of the MSCCN (with
chaotic features, traffic flow can be represented by chaotic
Logistic map [25,26]); f is the function indicating that each
MSCCN node is a chaotic dynamic system, which simulates
the local dynamic behavior of a bus or subway station in the
actual UPT.

Next, the external disturbance variable edv was introduced
to the model of node failure. The variable was generated under
extreme conditions, which will affect all nodes in the MSCCN.
Thus, the state variable of node i under extreme conditions can
be expressed as:

1 [N]ar

=T (L= it = 1)) + 91 D fflle = 1)/Si

A

vi(1)

The state variable of node i multiplied by 1/1 — gedv" indi-
cates that extreme conditions will increase the failure probabil-
ity of MSCCN nodes. Besides, the growth of edv will increase
the probability of v;(z) > 1, that is, cause more nodes to fail.

Once node i fails, the node and its directly connected edges
will be removed. The state variables of the removed nodes and
edges will always be infinitely positive, and the passengers
transported by these nodes and edges will be transferred to
their adjacent nodes and edges.

The model of node failure can accurately describe the cas-
cading failure process of MSCCN nodes under extreme condi-
tions. In the beginning, the UPT MSCCN operates normally,

where the state variables of all nodes fall within [0, 1]. After the
occurrence of extreme conditions, some nodes might fail and
their state variables will change. The state change of a failed
node will propagate to its adjacent nodes through the transfer
of passenger flow, kicking off a new round of node failure. The
propagation will continue until the network resumes normal
operation or collapse as a whole.

(2) Edge failure model

In the model of edge failure, the state variable of an edge in
the MSCCN is not solely dependent on the edge itself, but also
affected by the two nodes on its ends. The state variable u; of
edge e; can be expressed as:

95

(1 =0y (0)) +

"V M ‘N‘ M
( > Suflun)/Si+ > .f,;f'(w:(ﬂ)/&)

w=T Wi, =12

w(t+1) = max{

»vi(D), V/(f)}

where, v;(¢) and v;(¢) are the state variables of node / and node j
at time ¢, respectively (if v;(f)>1 or w(z)>1, then
uy(t+ 1) > 1; that is, edge ¢; will fail as long as one of the
two nodes on its ends fails); u;(1 + 1) and wu;(¢) are state vari-
ables of edge e; at time ¢ and time 7+ 1, respectively (if
0 <uy(t+1) <1, edge e; operates normally; if u;(r+1) > 1,
edge e; fails); 9, is the coupling strength of edge e, reflecting
how much the state change of the edge is affected by that of its
adjacent edges. The above equation indicates that the state of
the edge ¢; is affected not only by its own disturbance, but also
by node i and node ;.

Similar to the model of node failure, an external distur-
bance variable edv was also introduced to the model of edge
failure. The variable was generated under extreme conditions,
which will affect all edges in the MSCCN. Thus, the state vari-
able of edge e; under extreme conditions can be expressed as:

u;(t) = max {%OW (1= 02)f(uy(r = 1))

g [N [Ny
5 (3 - vyss 3 st nyss )|

w=1,w#ij z=lz#ij

1 1
1= (e 1)

1= oedv "

The state variable of edge ¢; at time ¢ is affected by two fac-
tors: (1) the state and passenger flow of adjacent edges ¢;, and
e¢;- as well as nodes i and j at time ¢ — 1; (2) the intensity of
external disturbance variable edv. If w;(z—1)> 1, then
u;(t) > 1, and the state variables of the edge e; will remain infi-
nitely positive after time ¢. If 0 < u;(# — 1) < I, then the u;(r)
value will be calculated by the failure model.

According to the model of edge failure, the growth of exter-
nal disturbance variable edv will increase the failure probabil-
ity of edges; the more intense the disturbance, the greater the
probability for bus and subway lines to fail. Once fails, edge
e; will be removed from the network, and its passenger flow
will be transferred to its adjacent edges.

The model of edge failure can accurately describe the cas-
cading failure process of MSCCN nodes under extreme condi-
tions. In the beginning, the UPT MSCCN operates normally,
where the state variables of all edges fall within [0, 1]. After the
occurrence of extreme conditions, some edges might fail and
their state variables will change. The state change of a failed
node will propagate to its adjacent edges through the transfer
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of passenger flow, kicking off a new round of node failure. The
propagation will continue until the network resumes normal
operation or collapse as a whole.

4.2. Transfer rules of passenger flow

In UPT MSCCN, passenger flow transfer takes place under
three conditions: passenger overload, node failure and edge
failure. The transfer occurs under the assumption that the pas-
senger flow of overloaded or failed nodes and edges will be
transferred to the normal nodes or edges directly connected
with them. After all, passengers in real-world UPT tend to
move from the failed station or line to the nearest station or
line to shorten the travel time.

The proposed flow-based cascading failure model focuses
on the passenger flow transfer in the most connected subgraph
(M) of the MSCCN. The isolated failed nodes and edges are
removed from the MSCCN, along with their passenger flows.
The transfer rules of passenger flow were defined as follows in
each of the three conditions:

(1) Transfer rules of passenger flow under passenger overload

Step 1. Search for overloaded edge e; in the most connected
subgraph of the MSCCN.

Step 2. Remove edge ¢; from the MSCCN.

Step 3. Transfer the passenger flow f;; of edge ¢; to its adja-
cent normal edges e;, and e;.. The transfer from edge e; to edge
e, can be described as f,, —f, + Af,, where
Afy, =1 (faw — ¢3)/(Si — f;;). The transfer from edge e; to
edge e;. is similar to that from edge e; to edge e;,.

Step 4. Judge whether all edges have been traversed. If yes,
terminate the search; otherwise, repeat Steps 1-3.

(2) Transfer rules of passenger flow under node failure

Step 1. Search for failed node i in the most connected sub-
graph of the MSCCN. Since the failed node cannot operate
normally, no bus or subway could pass through this node,
not to mention transporting passengers via the node.

Step 2. Remove node i and all edges connected to it.

Step 3. Transfer the passenger flow S; of node i to the nor-
mal nodes j adjacent to it.

Step 4. Change the passenger flow of edge ¢;. connected
with node j by f;. — f,, + Af,., where Af,, = f; - f../(Si = f)-

Step 5. Judge whether all nodes have been traversed. If yes,
terminate the search; otherwise, repeat Steps 1-4.

(3) Transfer rules of passenger flow under edge failure

Step 1. Search for failed edge i in the most connected sub-
graph of the MSCCN. Since the failed edge cannot operate
normally, no bus or subway could pass through this edge,
not to mention transporting passengers via the edge.

Step 2. Remove edge ¢; from the MSCCN.

Step 3. Transfer the passenger flow of edge ¢; to its adjacent
normal edges e;, and e;.. The transfer from edge e; to edge e;,
can be described as S, = fon + Mins where
Afy, =1+ (faw — ¢3)/(Si — f;;). The transfer from edge e; to
edge e;. is similar to that from edge e; to edge e;,.

Step 4. Judge whether all edges have been traversed. If yes,
terminate the search; otherwise, repeat Steps 1-3.

The above three passenger flow transfer processes can be
expressed by the flow chart shown in Fig. 2.

5. Simulation and results analysis

5.1. Robustness indices of UPT MSCCN

The network robustness under different attack strategies is
usually measured by the change of node size and network effi-
ciency in the most connected subgraph [27-29]. This paper
considers how the topology and functions of UPT MSCCN
change under cascading failure. Since the UPT MSCCN
mainly serves to transport passengers, the change of network
function could be measured by the change of network passen-
ger flow. Therefore, the following indices were selected to eval-
uate the robustness of UPT MSCCN.

(1) The change of node size

Initially, all the nodes of the UPT MSCCN are concen-
trated in one connected subgraph. The number of nodes in this
graph is denoted as |N|,. When node and edge failures cease,
the network may contain multiple connected subgraphs. The
number of nodes in this subgraph is denoted as |N]|,,. Then,
the change of the node size of the most connected subgraph
can be expressed as:

p(IN]) =

where, p(|N|)€[0, 1] is the node loss rate of the most connected
subgraph. Cascading failure propagation is usually regarded as
a branching process. The initial failure (the root node of the
tree) will cause more failures (the leaf node of the tree) to form
a tree structure. Therefore, the change of the node size of the
most connected subgraph can be expressed linearly.

(2) The change of network efficiency

The convenience of connection or communication between
a pair of nodes can be measured by efficiency, which depends
on the shortest path. If node i and node j are disconnected, the
shortest path dj; between them is infinitely positive. Then, the
connectivity efficiency E; between the two nodes can be
expressed as: E; = 1/d;. The network efficiency E is the mean

connectivity efficiency of all node pairs:
P 1 1
INL(INL = 1) &= d;

i#j
Let E; and E be the efficiencies of UPT MSCCN in the ini-

tial state and after cascading failure, respectively. Then, the

change of network efficiency p(E) € [0, 1] can be expressed as:

 E - Ec

==F

p(E)

(3) The change of total passenger flow

Passenger flow mirrors functional integrity of UPT
MSCCN. In this paper, only the change of total passenger flow
in the most connected subgraph is considered, while that in
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Fig. 2 The flow chart of three passenger flow transfer processes.

other isolated parts is directly removed. The total passenger
flow f,,,; of the most connected subgraph can be obtained by
adding up the passenger flows of the edges in the subgraph:

[Ny [Nl

f;olal = Z Z f;/

ieM jeMj>i

where, f; is the passenger flow on edge e;.

Let £, and f, be the total passenger flows of the most con-
nected subgraph in the initial state and after cascading failure,
respectively. Then, the change of the total passenger flow
o(f) € [0, 1] of the subgraph can be expressed as:

fi—Je

p(f) = 7

5.2. Synthetic operator

Based on the three robustness indices, a synthetic operator for
robustness evaluation was designed by assigning weight to
each index. The main index weighting methods include addi-
tion scoring method, weighted addition scoring method, mod-
ified weighted addition scoring method, and product scoring
method. In this paper, the weighted addition scoring method
[30] is adopted to synthesize the robustness operator R:

R =d1p(IN) + 02p(E) + 03p(f)

where, 0,, 0, and 05 are the effects of node size, network effi-
ciency, and total passenger flow on network robustness

(01,012,065 € (0,1), and J, + 6, + 95 = 1). Obviously, the R
value is negatively correlated with network robustness. In
other words, a high value of the operator means the network
topology and passenger transport function are greatly affected
by extreme conditions of the same intensity.

5.3. Simulation of UPT MSCCN

Qingdao, a coastal city in northern China, was selected as an
example to verify the robustness of PTS under cascading fail-
ure induced by extreme conditions. Figs. 3 and 4 present the
subway lines and bus lines of Qingdao, respectively.

According to the statistics of Gaode Map, there are 56 reg-
ular bus stations, 23 subway stations, 97 bus lines, and 2 sub-
way lines in Qingdao. The node degrees of the bus network,
subway network, and the UPT MSCCN in Qingdao are dis-
played in Fig. 5. It can be seen that the node degrees of the
three networks obey the power-law distribution to a certain
extent. The distribution indicates that all three networks are
scale free: most nodes have a few connected edges, and a few
central nodes have many edges. Therefore, any small local
change will be amplified and spread to the entire network,
causing a total collapse.

According to Qingdao Municipal Transportation Commit-
tee, the bus network of Qingdao transports 2.74 million per-
son-time of passengers each day, while the subway network
carries 420,000 person time. The transfer rules of the bus net-
work were defined as follows: first, the double track coefficient
of each edge was counted; then, the total double line coefficient
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Fig. 3  The subway lines of Qingdao.

Fig. 4 The bus lines of Qingdao.
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of all edges, and the proportion of double line coefficient of
each edge were calculated; after that, the passenger flow of
each edge was obtained by multiplying the mean daily passen-
ger volume of a bus with the proportion of double line coeffi-
cient of that edge. The transfer rules of the subway network
were designed in a similar manner.

In this paper, the local sensitivity analysis method is mainly
used to analyze the influence of the state changes of each node
and edge on the network robustness in UPT MSCCN. Similar
to the method of node sensitivity analysis, the local sensitivity
analysis method is also used in the edge sensitivity analysis.
Therefore, sensitivity is regarded as the feature of network
robustness.

Next, the passenger flow was loaded into the MSCCN for
simulation, which aims to (1) disclose the effect of external dis-
turbance variable edv on cascading failure of MSCCN; (2)
clarify the relationship between tolerance coefficient f of sta-
tions/lines and the robustness of the MSCCN; (3) reveal the
influence of the coupling strength of nodes and edges ¥, and
¥, over cascading failure of MSCCN.

(1) Effect of external disturbance variable

In view of the above objectives, the control variates method
[31] was introduced to analyze the influence of different vari-
ables on the model results. Firstly, the states of all nodes
and edges were initialized in the range of [0,1], with § = 0.3,
91=0.2,9,=0.2, and edv={1.1, 1.3, 1.5, 1.7, 1.9, 2.1}. On this
basis, the cascading failure of the MSCCN in Qingdao was
simulated by the proposed cascading failure model. The cas-
cading failure process and robustness results of the MSCCN
obtained through the simulation were recorded (Table 1).

As shown in Table 1, with the increase of edv value, the
convergence time of the cascading failure of the MSCCN
exhibited a reversed N-shaped curve. This means the propaga-
tion of station/line failure does not necessarily pick up speed
with the growing intensity of extreme conditions. Rather, the
failure propagation will speed up, only if the intensity reaches
a certain level.

During the cascading failure of the UPT MSCCN, the
curves of p(|N|),p(E), p(f), and R were all on the rise under
most conditions, indicating that the MSCCN only has one fail-
ure process. At edv = 1.5, the curves of p(|N|),p(E), p(f), and
R entered the second rising phase. This is because the passen-
ger flow of the failed node or edge moves towards remote node
or edge, which has smaller capacity than the node or edge con-
nected to the failed node or edge.

(2) Effect of tolerance coefficient

Tolerance coefficient § can change the capacity of nodes
and edges in UPT MSCCN, which in turn affect the failure
of nodes and edges. Therefore, the robustness of the MSCCN
of Qingdao was simulated under different tolerance coeffi-
cients. The convergence time of the cascading failure of the
MSCCN was recorded in Table 2.

As shown in Table 2, with the increase of tolerance coeffi-
cient, the duration of cascading failure of the whole network
increased at first and then decreased. In most cases, the
MSCCN only had one cascading failure process. The only
exception I sf = 0.4, where the network had two cascading
failure processes. Hence, the cascading failure of the network
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Table 1 The cascading failure results of the MSCCN with different external disturbance variables.

edy Convergence time (V) p(E) p(f) R

1.1 15 0.365 0.612 0.316 0.431
1.3 9 0.152 0.322 0.221 0.226
1.5 27 0.196 0.431 0.438 0.351
1.7 15 0.533 0.752 0.579 0.617
1.9 12 0.872 0.947 0.925 0.918
2.1 11 0.872 0.949 0.923 0.198

Table 2 The cascading failure results of the MSCCN with different tolerance coefficients.

Capacity tolerance coefficient Convergence time p(|IN)) p(E) p(f) R

0.0 10 0.935 0.987 0.999 0.981
0.1 16 0.935 0.985 0.962 0.976
0.2 16 0.796 0.886 0.788 0.827
0.3 15 0.366 0.609 0.309 0.417
0.4 39 0.152 0.297 0.127 0.189
0.5 5 0.078 0.153 0.085 0.108

Table 3 The cascading failure results of the MSCCN with different node coupling strengths.

Node coupling strength 9, Convergence time p(|IN1) p(E) p(f) R

0.1 15 0.357 0.625 0.316 0.431
0.3 15 0.568 0.758 0.507 0.607
0.5 15 0.568 0.762 0.546 0.622
0.7 15 0.568 0.762 0.546 0.622
Table 4 The cascading failure results of the MSCCN with different edge coupling strengths.

Edge coupling strength 9, Convergence time p(|IV]) p(E) p(f) R

0.1 15 0.357 0.625 0.316 0.431
0.3 15 0.338 0.616 0.313 0.428
0.5 15 0.401 0.660 0.327 0.463
0.7 20 0.659 0.845 0.587 0.698

is essentially affected by the capacity change of nodes and
edges. At f = 0.0 or f§ = 0.1, the values of p(|N|),p(E),
p(f), and R all approached 1, indicating that the network is
least robust when its nodes and edges have small capacities.

(3) Effect of node coupling strength

Node coupling strength 9, is positively correlated with the
degree of correlation between network nodes. The greater the
coupling strength, the more prominent the impact of the state
of a node on that of its adjacent nodes. To disclose the effect of
node coupling strength on MSCCN robustness, the robustness
of the MSCCN of Qingdao was simulated under different node
coupling strengths.

As shown in Table 3, despite the change of node coupling
strength, the convergence time of the MSCCN remained
unchanged, indicating that the correlation between nodes has
little to do with the duration of cascading failure. At
9y = 0.3, the values of p(|N|),p(E), p(f), and R were all rela-
tively small; At ¢}, = 0.5, the values of p(|N|),p(E), p(f), and R

were all relatively large and on roughly the same level. The
results show that a small node coupling strength benefits net-
work robustness. Moreover, at 9; > 0.5, the increase of node
coupling strength virtually had no impact on the robustness
of the MSCCN.

(4) Effect of edge coupling strength

Like node coupling strength, edge coupling strength ¥, is
positively correlated with the degree of correlation between
the edges in the MSCCN. The greater the coupling strength,
the more prominent the impact of the state of an edge on that
of its adjacent edges. To disclose the effect of edge coupling
strength on MSCCN robustness, the robustness of the
MSCCN of Qingdao was simulated under different edge cou-
pling strengths.

As shown in Table 4, at ¥, <0.5, the convergence time of
cascading failure of the MSCCN remained the same; at
¥, = 0.7, the convergence time became longer. Therefore, the
cascading failure of the network is only greatly affected by
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the change of edge coupling strength, when the edges are
strongly correlated with each other. At ¢, = 0.1, ¥,=0.3,
and ¥, = 0.5, the curves of p(|N]),p(E), p(f), and R were very
close, and lower than those of ¥, = 0.7. Therefore, a small edge
coupling strength is conducive to network robustness, and the
growing edge coupling strength has a limited effect on how
robust the network is.

6. Conclusions

This paper combines the bus network and subway network of
the UPT into an MSCCN, and then proposes a flow-based cas-
cading failure model of UPT MSCCN. Next, the transfer rules
of passenger flow were put forward under the failure of nodes
and edges and passenger overload, respectively. According to
the meaning of system robustness, three robustness indices
were selected from the aspects of network topology and net-
work function: the node size in the most connected subgraph,
the network efficiency, and the change of passenger flow in the
most connected subgraph. The selected indices were integrated
into a synthetic operator for MSCCN robustness. Finally, the
effects of different variables on MSCCN robustness can be
proved through simulations. Although this paper discusses
the cascading failure of public transport network under
extreme weather conditions, the cascading failure caused by
accidental traffic accidents and other factors are similar.
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