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,is study comprehensively analyses the robustness of urban road networks through topological indices based on the complex
network theory and operational indices based on traffic assignment theory: User Equilibrium (UE), System Optimum (SO), and
Price of Anarchy (POA). Analysing topological indices may pin down the most important nodes for URNs from the perspective of
connectivity, while more sophisticated operational indices are helpful to examine the importance of nodes for URNs by taking into
account link capacity, travel demand, and drivers’ behaviour. ,e previous way is calculated in a static way, which reduces the
computation times and increases the efficiency for quick assessment of the robustness of URNs, while the latter is in a dynamic
way, namely, calculating is based on removal of individual nodes, although this way is more likely to capture realistic meanings but
consumes huge amount of time. ,e efforts made in this study try to find the relationship between topological and operational
indices so as to assist the assessment of robustness of URNs to local disruptions. Seven realistic urban road networks such as Sioux
Falls and Anaheim are used as network examples, and results show that different indices reflect robustness characteristics of urban
road networks from different ways, and rank correlations between any two indices are poor although small network such as Sioux
Falls have better correlations than others.

1. Introduction

Traffic road networks and infrastructure are frequently at
risk of various types of natural disasters [1], such as the
Indonesian tsunami and Hurricane Katrina. In addition,
terrorisms are also increasingly rampant, for example, 9/11
attacks in 2001, London bombings in 2005, Paris attacks in
2015, and Brussels bombings in 2016 [2]. No matter what
types these disasters are, all of these can cause huge de-
structions of our infrastructure. ,erefore, the robustness of
urban road networks has been a central focus of transport
planners and managers.

,e definitions of robustness of networked systems are
presented in different fields. In the IEEE standard computer
dictionary [3], robustness is defined as “the degree to which a
system or component can function correctly in the presence of

invalid inputs or stressful environmental conditions.” In the
study of electrical networks, Holmgren [4] regards robust-
ness as the ability to keep its structure intact when exposed to
perturbations. Immers [5] regard robustness as “the degree to
which a system is capable of functioning according to its
design specifications in the case of serious disruptions.”
Boccaletti et al. [6] define robustness as an ability of the
network to avoid malfunctioning caused by the damage of a
fraction of its constituents. Robustness is always associated
with performance of systems [7].

To date, there are many indices and measures for the
robustness of networked systems. Some of them measure
from the perspective of network topology. Topological in-
dices are all based on the topology of networks without
taking into account the distribution of any quantity trans-
ported by the networks. ,ese indices include degree
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centrality, clustering coefficient, betweenness centrality, and
the size of largest connected component, which are based on
the complex network theory. Topological indices can be used
to represent the ability the networked systems against
failures or attacks due to the fact that these indices are
usually related to the robustness of the network and some of
these measures are able to reflect the efficiency and func-
tionality of the underlying network [8–11], which are closely
associated with the assessment of robustness.,e definitions
of these topological indices can be found in Section 2.

Due to the fact that the research related to the robustness
assessment based on topological indices is very insufficient,
here the studies of other networked systems concerning
robustness are summarized. In order to explore the error
and attack tolerance of the exponential and scale-free net-
works, Albert et al. [11] examine the change of diameter, the
size of largest cluster, and the average size of the isolated
clusters when networks suffer from random failure and
targeted attacks. Following this, the network performance of
complex networks, which are quantified by the average
inverse geodesic length and the size of largest connected
subgraph, is studied by Holme [8]. ,e result shows that
removing nodes in a descending order of recalculated degree
and betweenness of the current networks is more harmful
than removals as the descending order of initial degree and
betweenness. Similarly, Crucitti et al. [9] propose mathe-
matical measures based on shortest paths to investigate the
global and local efficiency of simulated networks. After-
wards, in order to investigate the cascading effects of electric
networks, Crucitti et al. [12, 13] propose a measure of global
efficiency to examine the performance of networks suffering
from removal of nodes. In addition, Crucitti et al. [10] also
examine the error and attack tolerance of transportation/
communication networks using efficiency measure. To
evaluate the dispersiveness/concentration of road networks
in the presence of disasters, Sakakibara et al. [14] propose a
topological index, and they define the most robust network
as the one that minimizes the isolation of districts when
suffering from catastrophic disasters.

Recently, topological analyses of air navigation networks
for fifteen countries with a specific focus on betweenness
have been conducted by Sun et al. [15]. ,ey point out that a
statistical distribution of betweenness of all the nodes in the
network serves as an indicator of the network robustness
because betweenness represents how frequently a given node
lies in the shortest path between any pair of nodes, and more
nodes with small betweenness implies that the network is
robust against node failures.

,e number of research studies on network robustness
based on topological indices is considerable, but it is in-
sufficient to capture capacity, drivers’ behaviour, and flow
patterns of realistic networks, especially for urban road
networks.

Compared with the research of robustness from the
topology perspective, operational indices, which take into
account travel demand, drivers’ behaviour, and link ca-
pacity, are also employed to access the robustness of net-
works. A new Network Robust Index (NRI) is proposed by
Scott [16] to identify critical links of the network. ,e NRI is

calculated based on the system wide, travel time cost of
removing a given link and takes into account network flows,
link capacity, and network topology. Following this, a
network efficiency measure, which is based on travel dis-
utility from the traffic user equilibrium model, is proposed
by Nagurney and Qiang [17] to quantitatively assess the
efficiency of congested networks and to rank the links of
networks by capturing demand, flows, costs, and user be-
haviour. Based on this new measure, Nagurney and Qiang
[18] utilize the relative change of network efficiency as an
indicator to study the robustness of a transportation network
while all link capacities decrease gradually. In addition, in
order to assess the robustness of networks in the presence of
link degradation, a relative total cost index is developed by
Nagurney and Qiang [19]. ,is index is calculated based on
total travel cost and is able to capture travel behaviour as-
sociated with User Optimization (UO) and System Opti-
mization (SO). In the study, they quantify the robustness by
gradually decreasing capacity of all links rather than re-
moving links from the network.

,e robustness measures based on operational indices is
able to better capture more realistic characteristics of road
networks such as travel demand, link capacity, and drivers’
behaviour.

,e above review suggests that systematic and com-
prehensive examination of different topological and op-
erational indices is insufficient in the context of network
robustness. It seems that the notion of robustness is used
somewhat haphazardly. Although each study employs a
reasonable network performance index for the certain
application, these indices are never assessed on a similar
platform and cross-compared with one another. ,is study
aims to address this gap through a comprehensive and
systematic comparison and analysis on the main robustness
measures of different urban road networks from topo-
logical and operational perspectives when such networks
are subject to local disruptions. Moreover, we will use
Spearman’s ranking correlation test to reveal potential
correlations among topological indices and proposed op-
erational indices.

,e remaining of this paper is organized as follows.
Section 2 introduces the methodologies used in this study,
including topological indices, such as degree centrality,
closeness centrality, and betweenness centrality, and pro-
posed operational indices based on user equilibrium and
system optimum principles. Afterwards, a case study in-
cluding seven urban road networks is presented in Section 3.
Conclusions and future works are shown in Section 4.

2. Methodology

,e methodology used in the study is introduced in this
section.,e commonly used topological indices arising from
the complex network theory, such as degree centrality,
average path length, and betweenness centrality, are intro-
duced in detail. Following this, operational indices based on
user equilibrium (UE) and system optimum (SO), such as
relative total UE and SO cost, are also presented to assess the
robustness of URNs.
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2.1. Topological Indices of Complex Network 1eory

2.1.1. Degree Centrality. ,e degree centrality of a node i is
the number of links connecting to this node [20] and is
formulated as follows:

Di � 
j

bij, (1)

where bij equals 1 if node i connecting with node j and
equals 0 otherwise. ,is is a seemingly simple yet very
important index, as it reflects the node’s connectivity and its
importance in its vicinity. ,e degree of a network is the
average of the degree of all nodes. A larger network degree
implies better connectivity within the network.

2.1.2. Clustering Coefficient. ,e clustering coefficient of a
node i (CCi) reflects the local feature and clustering effect of
the network. It can be mathematically written as follows:

CCi �
Ei

ki ki − 1( /2
, (2)

where Ei is the actual number of edges between the
neighbours of node i (a node connected with node i is called
its neighbour) and ki is the number of the neighbours of
node i [21]. In social networks, this index tends to measure
how close the friends of a given individual are.

2.1.3. Average Path Length. Average path length (APL) is the
average length of all shortest paths between any pair of
nodes, and it can be shown in the following equation:

APL �
1

n(n − 1)/2

i>j

dij, (3)

where dij is the length of the shortest path between i and j, if i
and j are connected dijis 1 otherwise 0. APL, also named
characteristic path length, can be employed to quantify the
structural characteristics of networks [21]. ,e diameter of
(D) of the network is the maximum dijfor all node pairs. ,e
APL and the D are usually to measure the efficiency and
transport performance of the network.

2.1.4. Closeness Centrality. Closeness centrality [22] of a
node i is the inverse of the sum of the shortest path distance
from node ito other nodes and is normalized by n − 1, and it
is written as follows:

Ci �
n − 1

vj∈v,i≠j dij

. (4)

,is index is used to measure the accessibility from the
node i to other nodes.

2.1.5. Betweenness Centrality. Betweenness centrality (BCi)

is defined to examine the importance of each node i and can
be mathematically expressed as follows:

BCi � 
j,l∈V

Njl(i)

Njl

, (5)

where Njl(i) is the number of shortest paths passing through
the node i and Njl is the total number of shortest paths
between any pair of nodes. ,e edge weight is the actual
distance of the link so it is called weighted betweenness
centrality.

2.1.6. Efficiency. ,is index is first proposed by Crucitti et al.
[9] to explore the global efficiency of complex networks and
looks very similar with APL, and its formulation is written as
follows:

E(G) �
1

N(N − 1)


i≠j∈G

1
dij

. (6)

,e efficiency index (E) is already normalized, that is,
0≤E(G)≤ 1, where G is a directed network. If the non-
weighted network is completely connected, E(G) � 1. In this
study, actual distance is assigned to weight of a link. ,e
greater E, the better efficiency.

2.2. Operational Indices under Distinct Principles. In this
section, we mainly introduce operational indices under user
equilibrium and system optimum principles and also review
some notations employed in this section. A list of notations
used here is summarized in Table 1.

Here, hp and fa are different concepts, but they are
closely related to each other. In the network, a link can be
passed by one or more paths. ,erefore, the link flow fa is
related to path flows and can be formulated as follows:

fa � 
p∈P

δaphp, ∀a ∈ A. (7)

δap is a link-path incident matrix:

δap �
1, if a belongs to p,

0, if a does not belong to p.
 (8)

Path costs can be presented in the following way:

cp � 
a∈A

δapca(f), ∀p ∈ P, (9)

where cais a unit cost function depending on the link flow
f � (fa: a ∈ A) and fa denotes flows on each link a ∈ A.
Here, we utilize Bureau of Public Roads [23] (BPR) link
performance function as the link function:

t fa(  � ta 1 + α
fa

Ka

 

β
⎛⎝ ⎞⎠, ∀a ∈ A, (10)

where ta and Ka are the free flow travel time and capacity of
link a, respectively, and α and β are positive constants. Due
to space limit, the values of all constants in BPR function for
all URNs used in the study can be directed to https://github.
com/bstabler/TransportationNetworks.

,e following flow conservation must hold:
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Tos − 
p∈Pos

hp � 0, ∀(o, s) ∈W. (11)

,en, the set of feasible flows is presented:

c � h≥ 0: Tos − 
p∈Pos

hp � 0, ∀(o, s) ∈W
⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
. (12)

2.2.1. Relative Total User Equilibrium (UE) Cost When
Suffering from Local Disruptions. User Equilibrium (UE) is a
principle proposed by Wardrop [24] and assumes that all
individual drivers selfishly pursue personal interest max-
imisation. UE is also widely accepted as a variational in-
equality (VI) problem. ,e flow pattern h∗ � (h∗p : p ∈ P) is
a user equilibrium if and only if

h∗ ∈ Λ,


p∈P

cp hp − h
∗
p  ≥ 0, ∀h ∈ Ω,

⎫⎪⎬

⎪⎭
VI(c,Ω). (13)

,e proof process can be found from [25].
In addition, the UE solution can be obtained from the

following mathematical optimization program [26]:

MinZ � 
a


fa

0
ca fa( df, (14)

which subjects to


p∈Pos

hp � Tos,∀(o, s) ∈W,

fa � 
o


s


p

δos
aph

os
p ,∀a ∈ A,

h
os
p ≥ 0,∀p ∈ Pos,∀(o, s) ∈W,

fa ≥ 0,∀a ∈ A.

(15)

In this case, the total cost is given by

TC � 
a∈A

f
∗
a ca f

∗
a( . (16)

TCUE is denoted as total cost when user equilibrium is
reached and can be calculated based on equation (16). Fol-
lowing this, the relative total UE cost against local disruptions
are denoted as RTCUE.,is new robustness index is extended
based on Nagurney and Qiang [17] and Nagurney and Qiang
[19]. RTCUE can be presented in the following way:

RTCi
UE �

TCi
UE − TCUE

TCUE
× 100%, (17)

where TCi
UE is the total cost under UE principle when node i

in the network is removed.

2.2.2. Relative Total System Optimum (SO) Cost When
Suffering from Local Disruptions. ,e second principle of
traffic assignment: System Optimum (SO), is also proposed
by Wardrop [24]. In contrast to UE principle, SO assumes
that there are central controllers to minimize the total cost of
the whole road system rather than minimizing individual
travellers’ travel costs, and how drivers are assigned to routes
so as to minimize the total travel costs is described by SO
principle. ,e solution of SO is equivalent to the following
nonlinear mathematical optimization program:

MinZ � 
a

faca fa( , (18)

which subjects to


p∈Pos

hp � Tos,∀(o, s) ∈W,

fa � 
o


s


p

δos
aph

os
p ,∀a ∈ A,

h
os
p ≥ 0,∀p ∈ Pos,∀(o, s) ∈W,

fa ≥ 0,∀a ∈ A.

(19)

In this case, TCSO is denoted as total cost when system
optimum is reached and can be calculated based on equation
(16).

Similarly, the relative total SO cost can be denoted as
RTCi

SO, which is also extended from Nagurney and Qiang
[17]. RTCi

SO can be calculated by using equation (17):

RTCi
SO �

TCi
SO − TCSO

TCSO
× 100%, (20)

where TCi
SO is the total cost under SO principle when node i

in the network is removed.

2.2.3. Relative Price of Anarchy. Price of anarchy (POA) is
proposed to measure the inefficiency of a system caused
by selfish behaviour of individuals. ,e inefficiency of
Nash Equilibria is an old idea [27], but Koutsoupias and
Papadimitriou [28] first time proposed the term of POA

Table 1: List of notations used in Section 2.2.

Notation Definition
G(N, A) Represent a directed network, where N is a set of nodes and A is a set of links
W Represent a set of origin-destination (OD) pairs
Tos Represent a fixed travel demand for OD pair (o, s) ∈W

Pos Represent a set of paths connecting OD pair (o, s) ∈W

cp Represent the unit travel cost over path p ∈ Pos

hp Represent the flow on path p

fa Represent the flow on link a

δap Represent a link-path incident matrix: Equal 1 if a ∈ p; equals 0 otherwise
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in the field of computer science. ,ey utilised the ration
between worst-case Nash equilibria to social optimum to
measure the inefficiency of a system’s lack of coordination
[29]. In transport field, all drivers tend to selfishly choose
routes so as to minimize their personal travel time, which
causes the increase of total travel cost compared to system
optimum [30]. In such context, POA is able to effectively
quantify the inefficiency of transport networks with
selfish routing [31], and it can be mathematically pre-
sented as follows:

ρ �
TCUE

TCSO
. (21)

,is ratio ρ captures the relationship between costs
incurred user-oriented behaviour and system-oriented be-
haviour rule.

According to equation (21), relative price of anarchy
(RPOA) can be formulated as follows:

RPOAi
�
TCi

UE

TCi
SO

× 100%. (22)

3. Case Study

In this study, for the first time, we systematically present
the robustness analysis of URNs based on topological
operational indices. In this section, Sioux Falls and
Anaheim networks are depicted in detail, and other
networks such as Tigarten centre, Mitte centre, and
Prenzlauburg centre are analysed briefly due to space
limit. ,e calculation of the solutions of UE and SO for
large scale networks takes huge amount of computations;
hence, only these seven networks are selected (all network
data are obtained from https://github.com/bstabler/
TransportationNetworks). In addition, here we also
need to emphasize that local disruptions can be modelled
well by removing one node at a time, and this study does
not take into account removal of serval nodes at a time
because the network performance fluctuates so greatly
that the equilibrium is difficult to be achieved.

3.1. Sioux Falls Network. Sioux Falls is located in the east of
South Dakoda and has a total area of 190.29 square kilo-
metres [32]. ,e road networks of Sioux Falls are presented
in Figure 1.

,e Sioux Falls network consists of 24 nodes and 76
links. Assuming the network is subject to local disruptions,
which can be simulated by removing nodes or links here. As
equations (17) and (22), the relative total UE cost(RTCi

UE),
the relative total SO cost (RTCi

SO), and the relative price of
anarchy (RPOAi) are calculated after individual nodes is
removed. Detailed information is summarized in Table 2,
and Figure 2 shows the total costs under UE and SO, as well
as the POA when individual nodes are removed from the
network.

As can be seen from Table 2, topological indices such
as degree (D), weighted closeness (WC), clustering co-
efficient (CC), and weighted betweenness (WBC)

centrality are included. ,ese topological indices reflect a
certain characteristic of network topology for URNs,
which may be used to assess robustness of the networks.
Here, Eff’ denotes efficiency measure (see equation (6))
after individual nodes are removed, and link length in
equation (6) is 1 if two nodes are connected otherwise 0;
while WEff’ represents weighted efficiency measure when
individual nodes are removed, which regards realistic link
length as the weight of the links. Both of these indices
examine the performance of the network in terms of
average path length. ,e 8th, 9th, and 10th columns are
operational indices: RTCi

UE and RTCi
SO are total costs of

UE and SO, respectively, when individual nodes are re-
moved, and RPOAi is the ratio of RTCi

UE to RTCi
SO, which

assesses the closeness of a UE network state from the
system optimum state.

As can be seen from Figure 2, the RTCi
UE and RTCi

SO
curves have similar tendency, and node #10 is the most
important node in this network, since removing it brings the
largest increase in the network-wide cost. Node #10 happens
to have the largest degree in the network. ,e left graph of
Figure 2 shows that node #10 is located in the central po-
sition of the network. However, the RPOAi presents that
node #2 impacts the network most greatly, though this node
is located at the edge of the network.

According to these quantitative topological and opera-
tional indices, we rank all the nodes in the network and the
results, as shown in Table 3. Among all nine indices, Eff’ and
WEff’ are ranked in an ascending order, which means nodes
with lower efficiency values have the greatest impact on the
network. As the rest of the indices, the nodes are ranked in a
descending order, that is, nodes that can cause the greatest
deterioration of relevant network performance are most
important and also require more resources when such
disruptions happen.

“—” means these nodes’ ranking is meaningless due to
the fact that these values are zero, which are caused when the
neighbours of a given node in the network are not connected
with each other.

Based on Tables 2 and 3, the relationship between those
topological and operational indices are analysed as follows.

,e spearman correlation method, also named ranking
correlation, is used to explore such a relationship. Table 4
depicts the significance of correlation between each pair of
indices.

As can be seen from Table 4, D has a high negative
correlation with nonweighted efficiency index (Eff’),
−0.8614, and also has relatively high correlations with
RPOAi, RTCi

UE, and RTCi
SO. WC has the highest corre-

lation with D and weighed efficiency index, while the
correlations between WC and operational indices are not
very high. Due to the fact that many nodes have CC being
0, the correlations between CC and other topological
indices are rather low. WBC is used to measure how
frequently shortest paths pass through a given node, so
weighted efficiency measure has the best correlation with
it, and WBC has poor correlations with operational in-
dices. Nonweighted efficiency index has low correlation
with RPOAi, RTCi

UE, and RTCi
SO, and weighted efficiency
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Table 2: Topological indices and operational indices of all nodes for the Sioux Fall network.

Node
Indices

D WC CC WBC Eff’ WEff’ RTCi
UE RTCi

SO RPOAi

1 0.0870 0.0667 0 0.0198 0.3965 0.1117 2.3588 2.4590 1.0088
2 0.0870 0.0691 0 0.0316 0.3961 0.1116 1.0941 1.1454 1.0140
3 0.1304 0.0799 0 0.1146 0.3878 0.1078 1.1437 1.2187 1.0038
4 0.1304 0.0895 0 0.1252 0.3871 0.1067 3.3681 3.5178 1.0044
5 0.1304 0.0920 0 0.1344 0.3888 0.1060 2.0273 2.1329 1.0039
6 0.1304 0.0906 0 0.1838 0.3863 0.1044 2.3281 2.4351 1.0065
7 0.0870 0.0909 0 0.0889 0.3955 0.1071 3.3825 3.5044 1.0107
8 0.1739 0.0927 0 0.1798 0.3814 0.1041 5.0474 5.2643 1.0029
9 0.1304 0.0898 0 0.0277 0.3878 0.1096 4.7399 4.9516 1.0019
10 0.2174 0.1018 0.0400 0.1067 0.3693 0.1062 14.3559 14.9324 1.0013
11 0.1739 0.0962 0 0.0982 0.3731 0.1085 6.7353 7.0059 1.0037
12 0.1304 0.0839 0 0.1120 0.3839 0.1080 4.1157 4.2802 1.0065
13 0.0870 0.0807 0 0.0817 0.3924 0.1086 4.0706 4.2363 1.0060
14 0.1304 0.0888 0 0.0567 0.3886 0.1091 4.2972 4.4696 1.0061
15 0.1739 0.0962 0 0.1344 0.3842 0.1060 6.3645 6.6235 1.0036
16 0.1739 0.1013 0.0667 0.1779 0.3821 0.1033 7.5824 7.9025 1.0015
17 0.1304 0.0970 0.1333 0.1028 0.3889 0.1053 11.7029 12.1898 1.0005
18 0.1304 0.0966 0 0.1304 0.3855 0.1053 1.8496 1.9364 1.0081
19 0.1304 0.0931 0 0.0968 0.3901 0.1056 3.6382 3.7820 1.0076
20 0.1739 0.0902 0.0652 0.0771 0.3809 0.1083 5.3172 5.5382 1.0037
21 0.1304 0.0885 0.1305 0.1014 0.3895 0.1076 3.1435 3.2669 1.0088
22 0.1739 0.0931 0.0652 0.1074 0.3874 0.1060 7.5057 7.8065 1.0034
23 0.1304 0.0858 0 0.0257 0.3917 0.1080 4.4205 4.6018 1.0052
24 0.1304 0.0855 0 0.1094 0.3887 0.1057 2.3496 2.4518 1.0081
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Figure 1: (a) Sioux Falls network. (b) Anaheim network.

6 Mathematical Problems in Engineering



index is worse; the correlations between them are
−0.1490, −0.1489, and −0.2906, respectively. Based on the
above descriptions, we may see that only D index has
relatively better correlations with the operational indices
compared to the rest of topological indices. ,e expla-
nation is that the larger the D of a given node implies
more road links connected with the node, more likely the
removal of the node is to give rise to apparent change of
topology structure of the network, so as to cause sig-
nificant fluctuations of network performance, which is
directly related to the operational indices.

3.2. Anaheim Network. Anaheim is located in south east of
Downtown Los Angeles, California. ,e right graph of
Figure 1 presents the layout of the Anaheim road network.

As performed for the Sioux Falls network, nine to-
pological and operational indices are calculated to indicate
the network performance when suffering from local dis-
ruptions. Due to space limitation, only top 20 nodes of
these indices are presented. As usual, with the exception of
Eff’ and WEff′, nodes are ranked in a descending order.
Table 5 shows the top 20 nodes of these indices for
Anaheim network.

Figure 3 depicts how the total UE cost, SO cost, and
RPOAi change as certain node is removed from the network.
As can be seen from the evolution of RTCi

UE and RTCi
SO,

node #62 causes the most deterioration when removed,

which highlights its importance, and RPOAi shows that
node #195 has greatest impact on the price of anarchy.
However, it seems that the rankings based on topological
indices are not directly related to those based on operational
indices.

In order to quantify the ranking correlations between
these indices, the Spearman correlationmethod is employed.
Table 6 presents the correlation coefficients between any pair
of indices.

As can be seen from Table 6, RTCi
UE and RTCi

SO have
very poor correlations with topological indices, even with
degree, the correlations are just −0.4025 and −0.3819, re-
spectively. RPOAi has no discernible correlations with these
topological indices. In comparison, RTCi

UE and RTCi
SO have

better correlations with degree, partially due to the homo-
geneity of the network, that is, nodes with more connections
are more important in terms of both topological and op-
erational perspective.

Due to the space limitation, the tables of node rankings
and correlation between any pair of indices of other net-
works such as Tigarten centre, Mitte centre, and Pre-
nzlauburg centre cannot be presented in the main body of
this paper, and the detailed information can be shown in
Supplementary Material.

,rough analysis from ranking correlations of these
URNs, there are still no significant correlations between
topological and operational indices. However, the cor-
relations between these indices are much better than

0 10 20
Sequence number of removed

nodes

0

5

10

15

Re
la

tiv
e t

ot
al

 co
st 

ba
se

d 
on

 U
E

(a)

Sequence number of removed
nodes

0 10 20
0

5

10

15

Re
la

tiv
e t

ot
al

 b
as

ed
 o

n 
SO

(b)

Sequence number of removed
nodes

0 10 20
1

1.005

1.01

1.015

Re
la

tiv
e p

ric
e o

f a
na

rc
hy

(c)

Figure 2: Evolution of RTCi
UE, RTC

i
SO, and RPOAi of Sioux Falls when individual nodes are removed.
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those of Sioux Falls and Anaheim. In particular, the
average weighted betweenness centrality (WBC) has the
largest correlation with RTCi

UE and RTCi
SO among all

topological indices used in this study, with values are
uniformly above 0.63, and correlations for Mitte and MPF
even up to 0.76 and 0.77 and 0.74 and 0.74, respectively.
,erefore, for these networks, although the correlations
are still not significant enough, which is expected, WBC
seems to be relatively highly related to the total costs
under UE and SO principles when networks suffer from
local disruptions. In order to confirm this viewpoint, the
normalized values of selected four indices for these
networks are shown in Figure 4.

As can be seen from Figure 4, WBC has roughly con-
sistent tendency with RTCi

UE and RTCi
SO when individual

nodes are removed from these networks, though RTCi
UE and

RTCi
SO in Tiergarten network are less fluctuated than WBC.

While Eff’ seems to have no consistent trend with other
indices.,e analysis based on Figure 4 confirms the previous
viewpoint, that is, WBC has relatively higher correlations
with total costs under UE and SO principles than other
indices. A possible explanation is that the nodes that are
frequently passed by shortest paths between all O-D pairs
carry more flows, so the removal of the nodes with large
WBC is more likely to cause the significant increase of total
travel times of drivers.

Table 4: Spearman correlations between any indices pairs for Sioux Falls.

D WC CC WBC Eff’ WEff’ RTCi
UE RTCi

SO RPOAi

D 1 0.6762 0.4329 0.4376 −0.8614 −0.4187 0.6890 0.6972 −0.7336
WC 0.6762 1 0.4199 0.4505 −0.5608 −0.6612 0.6085 0.6050 −0.5910
CC 0.4329 0.4199 1 0.0469 −0.2110 −0.2654 0.5415 0.5415 −0.4341
WBC 0.4376 0.4505 0.0469 1 −0.5485 −0.8034 −0.0283 −0.0196 −0.2803
Eff’ −0.8614 −0.5608 −0.2110 −0.5485 1 0.3475 −0.4966 −0.5071 0.6054
WEff’ −0.4187 −0.6612 −0.2654 −0.8034 0.3475 1 −0.1489 −0.1498 0.2906
RTCi

UE 0.6890 0.6085 0.5415 −0.0283 −0.4966 −0.1489 1 0.9991 −0.7746
RTCi

UE 0.6972 0.6050 0.5415 −0.0196 −0.5071 −0.1498 0.9991 1 −0.7842
RTCi

UE −0.7336 −0.5910 −0.4341 −0.2803 0.6054 0.2906 −0.7746 −0.7842 1

Table 3: Ranking of all nodes based on topological indices and operational indices for Sioux Falls.

Node
Indices

D WC CC WBC Eff′ WEff’ RTCi
UE RTCi

SO RPOAi

1 21 24 — 24 10 16 18 18 3
2 22 23 — 21 11 8 24 24 1
3 8 22 — 8 20 6 23 23 15
4 9 15 — 7 8 17 16 15 13
5 10 10 — 4 16 18 21 21 14
6 11 12 — 1 12 19 20 20 8
7 23 11 — 17 15 24 15 16 2
8 2 9 — 2 18 5 8 8 20
9 12 14 — 22 6 15 9 9 21
10 1 1 6 12 4 22 1 1 23
11 3 5 — 15 22 10 5 5 16
12 13 20 — 9 3 4 12 12 9
13 24 21 — 18 9 7 13 13 11
14 14 16 — 20 14 21 11 11 10
15 4 6 — 5 24 3 6 6 18
16 5 2 3 3 5 12 3 3 22
17 15 3 1 13 17 23 2 2 24
18 16 4 — 6 21 20 22 22 5
19 17 7 — 16 19 11 14 14 7
20 6 13 4 19 23 13 7 7 17
21 18 17 2 14 13 14 17 17 4
22 7 8 5 11 7 9 4 4 19
23 19 18 — 23 2 2 10 10 12
24 20 19 — 10 1 1 19 19 6
’—’ means these nodes’ ranking is meaningless due to the fact that these 270 values are zero, which are caused by 271 that the neighbours of a given node in the
network are not connected with each other.
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Figure 3: Evolution of RTCi
UE, RTC

i
SO, and RPOAi of Anaheim when individual nodes are removed.

Table 5: Top 20 nodes based on topological and operational indices for Anaheim.

Rank
Indices

D WC CC WBC Eff’ WEff’ RTCi
UE RTCi

SO RPOAi

1 303 303 151 308 299 308 62 62 195
2 330 27 152 337 266 337 63 63 194
3 337 302 224 29 277 29 233 233 193
4 266 319 225 303 305 303 2 2 187
5 267 28 241 361 358 304 4 4 188
6 269 304 242 33 273 299 232 232 189
7 273 301 245 302 321 302 87 87 190
8 299 317 246 304 407 307 234 234 191
9 302 330 334 299 333 361 86 86 192
10 304 31 228 378 269 28 235 235 140
11 308 329 229 27 308 267 89 89 141
12 317 300 239 28 390 294 88 88 204
13 329 286 240 307 375 306 74 74 203
14 332 311 222 267 267 269 25 25 236
15 333 312 223 269 384 300 73 73 196
16 341 305 226 268 265 305 1 1 198
17 361 299 227 266 399 330 398 398 197
18 369 42 243 394 319 378 397 397 142
19 373 331 244 305 264 394 116 116 143
20 378 316 247 36 357 33 117 117 231

Mathematical Problems in Engineering 9
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Figure 4: Normalized values ofWBC, Eff′, RTCi
UE, and RTC

i
SO for (a) Friedrichshain, (b) Tigarten, (c) Mitte, (d)MPF, and (e) Prenzlauburg

suffering from local disruptions.

Table 6: Spearman correlations between any indices pairs for Anaheim.

D WC CC WBC Eff′ WEff′ RTCi
UE RTCi

SO RPOAi

D 1 0.3273 −0.1363 0.5477 −0.3227 −0.4445 −0.4025 −0.3819 −0.0272
WC 0.3273 1 0.0646 0.4808 −0.2002 −0.5073 −0.4737 −0.4766 0.1948
CC −0.1363 0.0646 1 −0.0435 −0.0988 −0.0388 −0.0422 −0.0533 0.3189
WBC 0.5477 0.4808 −0.0435 1 −0.5208 −0.7688 −0.0703 −0.0341 −0.0267
Eff’ −0.3227 −0.2002 −0.0988 −0.5208 1 0.4698 −0.0965 −0.1008 0.0022
WEff’ −0.4445 −0.5073 −0.0388 −0.7688 0.4698 1 0.1025 0.0836 −0.1026
RTCi

UE −0.4025 −0.4737 −0.0422 −0.0703 −0.0965 0.1025 1 0.9917 −0.3260
RTCi

SO −0.3819 −0.4766 −0.0533 −0.0341 −0.1008 0.0836 0.9917 1 −0.3869
RPOAi −0.0272 0.1948 0.3189 −0.0267 0.0022 −0.1026 −0.3260 −0.3869 1
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4. Conclusions

To comprehensively analyse the robustness of URNs suf-
fering from local disruptions, this study utilises topological
indices and more sophisticated operational indices (i.e.,
those based on User Equilibrium (UE), System Optimum
(SO), and Price of Anarchy (POA)) to examine the im-
portance of nodes for selected URNs. ,e topological ap-
proach is comparatively more computationally efficient,
while the latter takes into account more realistic charac-
teristics and is calculated through certain iterative algo-
rithms, which brings lots of computational overheads. ,e
efforts to seek potential relationships between topological
and operational indices have brought huge amount of
valuable data for understanding the inherent structural
characteristics of the networks:

(1) ,e results for the Sioux Falls network show that the
node (#10) with the largest degree in the network is
also the most important as assessed via user equi-
librium (RTCi

UE) and system optimum (RTCi
SO)

solutions. Moreover, degree has relatively high
correlations with RPOAi, RTCi

UE, and RTCi
SO

compared to other topological indices.
(2) ,e results for Anaheim show that a certain node

(#62), when removed, causes the most deterioration
in terms of RTCi

UE and RTCi
SO while node # 195 has

greatest impact on the price of anarchy. RTCi
UE and

RTCi
SO have poor correlations with topological in-

dices, while the correlation between RPOAi and
topological indices is even poorer.

(3) ,e results for the rest of the selected URNs show
higher correlations between topological and opera-
tional indices than Sioux Falls and Anaheim. In
addition, weighted betweenness centrality (WBC)
seems to be relatively highly correlated to the total
costs under UE and SO principles when suffering
from local disruptions.

Overall speaking, Spearman ranking correlations be-
tween topological and operational indices are not significant.
However, degree and WBC stand out as the topological
indices with relatively higher correlations with operational
indices in some individual cases.,is study seeks a rapid way
of robustness assessment for managers and planners of
urban transportation when suffering from local disruptions
by exploring potential relationship between topological and
operational indices. At this stage, the results of our study just
shed light on the possibility and importance of such ex-
ploration. In the future, more advanced statistical/machine
learning techniques such as deep learning and artificial
neural networks can be utilised to provide a more profound
understanding of the inherent structural connections of
different network indices, thereby bridging the gap between
complex network theory and traffic network modelling. In
addition, this study only takes into account of removal of
one individual node for the robustness assessment, and
disequilibrium problems caused by the removal of multiple
nodes in sequence may be explored in the future.
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Supplementary Materials

Figure 1: evolution of and of Friedrichshain when nodes are
removed. Table 1: the values of top 30 nodes based on to-
pological indices and operational indices for Friedrichshain.
Table 2: top 30 nodes based on topological indices and
operational indices for Friedrichshain. Table 3: Spearman
correlations between any indices pairs for Friedrichshain.
Figure 2: evolution of and of Mitte when nodes are removed.
Table 4: the values of top 30 nodes based on topological
indices and operational indices for Mitte. Table 5: top 30
nodes based on topological indices and operational indices
for Mitte. Table 6: Spearman correlations between any in-
dices pairs for Mitte. Figure 3: evolution of MFTwhen nodes
are removed. Table 7: the values of top 30 nodes based on
topological indices and operational indices for MPF. Table 8:
top 30 nodes based on topological indices and operational
indices for MPF. Table 9: Spearman correlations between
any indices pairs for MPF. Figure 4: evolution of Pre-
nzlauerberg when nodes are removed. Table 10: the values of
top 30 nodes based on topological indices and operational
indices for Prenzlauerberg. Table 11: top 30 nodes based on
topological indices and operational indices for Prenzlauer-
berg. Table 12: Spearman correlations between any indices
pairs for Prenzlauerberg. Figure 5: evolution of Tiergarten
when nodes are removed. Table 13: top 30 nodes based on
topological indices and operational indices for Tiergarten.
Table 14: top 30 nodes based on topological indices and
operational indices for Tiergarten. Table 15: Spearman
correlations between any indices pairs for Tiergarten.
(Supplementary Materials)

References

[1] A. Nagurney, “Building resilience into fragile transportation
networks in an era of increasing disasters,” in Proceedings of
the Transportation Research Board 90th Annual Meeting,
Washington, DC, USA, January 2011, https://supernet.
isenberg.umass.edu/visuals/TRB_Panel_Nagurney_Talk.pdf.

[2] W. L. Shang, Robustness and Resilience Analysis of Urban Road
Networks, PhD ,esis, Imperial College, London, UK, 2017.

[3] IEEE, IEEE Standard Computer Dictionary, A Complation of
IEEE Standard Computer Glossaries, Institute of Electrical and
Electronical Engineers, Piscataway, NJ, USA, 1990.

Mathematical Problems in Engineering 11

https://github.com/bstabler/TransportationNetwork
https://github.com/bstabler/TransportationNetwork
http://downloads.hindawi.com/journals/mpe/2020/5875803.f1.docx
https://supernet.isenberg.umass.edu/visuals/TRB_Panel_Nagurney_Talk.pdf
https://supernet.isenberg.umass.edu/visuals/TRB_Panel_Nagurney_Talk.pdf
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