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,e road networkmaintaining stability is critical for guaranteeing urban traffic function.,erefore, the vulnerable links need to be
identified accurately. Previous vulnerability research under static condition compared the operating states of the old equilibrium
before the event and the new equilibrium after the event to assess vulnerability ignoring the dynamic variation process. Does road
network vulnerability change over time?,is paper combines the vulnerability assessment with the traffic flow evolution process,
exploring the road network vulnerability evaluation from the perspective of time dimension. More accurate identification and
evaluation of vulnerable nodes and links can help to strengthen the ability of road network resisting disturbances. A modified
dynamic traffic assignment (DTA) model is established for dynamic path selection (reselect the shortest path at the end of each
link) based on the dynamic user optimal (DUO) principle. A modified cell transmission model is established to simulate the traffic
flow evolution processes. ,e cumulative and time-varying index of vulnerability assessment is established from the viewpoint of
traveler’s time loss. ,en the road network vulnerability assessment combined the traffic flow model with the vulnerability index.
,e road network vulnerability assessment of Bao’an Central District of Shenzhen, China, reveals that road network vulnerability
does contain a dynamic process, and vulnerable links in each phase can be exactly identified by the model. Results showed that the
road network would have a large vulnerability during the disordered phase when the main road fails. ,erefore, prioritizing the
smooth flow of main roads can weaken the impact of road network vulnerability exposure.

1. Introduction

Road traffic network is the material basis for the existence
and effectiveness of traffic activities. Once the road system
suffers from natural disasters, terrorist attacks, traffic acci-
dents, and other disturbances, it can lead to traffic con-
gestion and road disruption, resulting in huge losses to the
production and life of residents. Most interference events are
uncontrollable. ,erefore, it is particularly important to
accurately identify the vulnerable links and repair them in a
targeted manner. Improving the ability of the road network
to resist interference events has attracted increasing atten-
tion from scholars in the transportation research field and
continuously been applied in the traffic system emergency
management field.

Most previous studies evaluated road network vulner-
ability under static conditions. ,e key links were identified

by comparing the vulnerability assessment indicators of the
two equilibrium operating states before and after the event.
However, the analysis ignoring the process of evolving from
the old to the new equilibrium cannot accurately reflect the
changes in traffic service capacity during the sudden event
evolution. Will it be more accurate to assess vulnerability
from a dynamic perspective?

,e goal of the paper can be decomposed into four
aspects: First, the dynamic characteristics of road network
vulnerability and the factors contributing to vulnerability
assessment have been analyzed. Second, the previous static
indicators are dynamically adjusted to establish dynamic
evaluation indicators for road network vulnerability.,ird, a
comprehensive road network vulnerability dynamic evalu-
ation model based on the improved traffic flow simulation
model combining with the dynamic vulnerability evaluation
index is established. Finally, taking the road network in
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Bao’an Central Area, Bao’an District, Shenzhen City, as an
example to evaluate its vulnerability, the dynamic law of
vulnerability changes is summarized, and some suggestions
are put forward for decreasing vulnerability.

,e structure of the rest paper is as follows. Section 2
reviews existing research of urban road network vulnera-
bility. Section 3 extracts a dynamic evaluation model of road
network vulnerability. Section 4 applies the proposed im-
proved model to evaluate the network vulnerability of the
surrounding area of Bao’an Center in Bao’an District of
Shenzhen City in China and then proposes the analysis of
the case results. Section 5 concludes this paper.

2. Literature Review

,e two mainstream definitions of vulnerability originate
from Berdica [1] and D’Este as well as Taylor [2]. Both types
of mainstream definitions take the consequences of road link
failure into account, and the difference is whether to con-
sider the probability of failure. Mattsson and Jenelius
summarized the current research as a network-based to-
pology and a transportation-based approach [3]. Studies on
transport vulnerability have developed over time [4, 5]. ,e
definition of road network vulnerability in this paper is as
follows: vulnerability is the nature of a road link with full or
partial failure that can significantly reduce the service ca-
pacity of the road network or the accessibility of some
specific nodes in the road network.

,e quantitative analysis of road network vulnerability
has gradually developed to the three connotations of vul-
nerability: firstly, analysis from the perspective of reliability,
represented by Bell in this respect, based on pure mathe-
matical graph theory (such as complex network theory) for
research [5–13]; secondly, analysis from the aspect of ac-
cessibility, represented by Chen, Taylor, and Jenelius, the
research based on the cost of road network users and the
importance of road sections [2, 3, 14–24]; thirdly, analysis
from serviceability, the research based on the road network
user cost and road network service level changes [25, 26].

,e method of identifying the vulnerable connection
through the whole network scanning has two much cal-
culations in the traditional vulnerability analysis; therefore,
some scholars have proposed a method for improving the
computing efficiency [27, 28]. As there are many types of
events that cause road network vulnerability, Jenelius and
Mattsson classified the cause of the event and proposed a
grid-based method to analyze the combined effects of
multiple connections under regional-wide failures [19].
Xiangdong et al. proposed a new redundancy model that can
find the best benefit point among travelers and planners
effectively, which can also be used to improve and evaluate
the vulnerability of urban road network [29].

Cats and Jenelius introduced a dynamic stochastic view
into the study of public transport network vulnerability,

taking the cumulative effects of interference events on
system performance into account [30]. ,e dynamic evo-
lution of traffic flow and the impact of traffic information on
user behavior has gradually been introduced into vulnera-
bility research [31]. Knoop et al. calculated the actual delay of
the specific road network after the road link closed by dy-
namic traffic assignment (DTA) [32]. Cats and Jenelius
analyzed the real-time information to promote the transfer
of failure effects when the connection fails [30]. Kim and Yeo
used a macroscopic basic diagram to observe changes in the
traffic image of the road network to identify key links [33].

It can be inferred that using exposure to measure vul-
nerability under specific conditions has a good effect [16, 34].
Daganzo used the concept of Cell Automata (CA) to dis-
cretize the fluid dynamic traffic flow model Lighthill-
Whitham-Richards (LWR) and proposed to capture the
formation, propagation, and dissipation of queues effectively
[35, 36]. Szeto and Wai used the Variational Inequality (VI)
to construct the DTA model based on the dynamic user
optimal (DUO) criterion and calculate the actual impedance
of the path using the cell transmission model (CTM) sim-
ulation [37, 38]. Jiang et al. developed a probabilistic ap-
proach for assessing transport network vulnerability based
on the clonal selection algorithm (CSA) [39].

Most of the existing vulnerability researches are under
static conditions, ignoring the evolution process of traffic
flow in the disordered phase, and the congestion phe-
nomenon in the evolution process. ,ere is still a lack of
research on the dynamic evolution process of traffic flow,
and few people have conducted vulnerability assessment
from the perspective of the evolution process of traffic flow.
Dynamic changes in vulnerability cannot be accurately
reflected.

3. Methods

,is paper divides dynamically the evolution stage of traffic
flow so as to expand the dynamic evaluation results of
vulnerability from the time dimension. A new indicator of
vulnerability assessment from the perspective of traveler’s
time loss is established. ,e DTA model as well as the
cellular transmission model is improved to simulate the
dynamic evolution process of traffic flow. And the dynamic
evaluation model of road network vulnerability is formed.

3.1. Path Selection Model for Vulnerability Assessment.
Due to the advantage of Variational Inequality (VI) in
dealing with asymmetric problems, it has been widely used
in solving DTA problems. Under completely rational as-
sumptions, users will always make the optimal travel choice;
that is, the user’s travel choice satisfies the DUO condition.
According to the first principle of Wardrop equilibrium, the
optimal condition of the basic model of DTA can be
expressed as
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where πij(k) is the shortest travel time of OD pair i⟶j in
time period k, ηij

r (k) is the travel time of the feasible path r of
OD pair i⟶j in time period k, f

ij
r (k) is the distribution

flow of the feasible path r of OD pair i⟶j in time period k,
and qij(k) is travel demand for OD pair i⟶j in time period
k.

However, the conventional DTA model cannot accu-
rately reflect the changes of various traffic operating pa-
rameters in the road network under the influence of the
event. Factors such as vehicle retention, queue length lim-
itation, and maximum traffic capacity of the road section
need to be considered.,erefore, in view of the impact of the
event, this paper makes appropriate adjustments to the DTA
model.

3.1.1. Demand Conservation Constraint considering Demand
Retention. Affected by the incident, some road links may
have travel demand retention. ,erefore, the traffic demand
in a certain period of time should include not only the traffic
flow successfully assigned to the road network but also the
retention traffic demand.

qij(k) � 
r∈pij

f
ij
r (k) + qij

′ (k),
(2)

where qij
′(k) is the retention traffic demand for OD pair

i⟶j in time period k.

3.1.2. Association Constraint between Link and Path. ,e
link traffic should equal the sum of all feasible path flows
containing this link.

xa(k) � 
i∈I


j∈J


r∈pij

f
ij
r (k)δij

ra(k),
(3)

where xa(k) is the flow of road link a in time period k
and δij

ra(k) determines whether road link a is included in
path r.

3.1.3. Road Capacity Constraint and Queue Capacity
Constraint. Considering the congestion conditions under
the influence of the event, restrictions are imposed on the
traffic flow and queuing capabilities of the road link. In the
disordered phase, the traffic flow gradually increases but
cannot exceed the capacity of the section. With the further
increase of vehicles, excessive vehicle density will cause
traffic congestion, and the running speed and the actual
outflow of the road links decrease, so the vehicle would be
queued, but the number of queued vehicles cannot exceed
the maximum queue capacity of the road link.

xa(k)≤Ca(k),

na(k)≤N
max
a (k),

(4)

where Ca(k) is the capacity of road link a in time period k,
na(k) is the actual number of vehicles on road link a in time
period k, and Nmax

a (k) is the maximum queuing capacity of
link a in time period k.

3.1.4. Traffic Demand Time Delivery Constraint. Traffic flow
has a dynamic evolution process. In the case of road failure
and traffic supply capacity decline, traffic distribution should
consider both the traffic demand staying in the previous
period and the new traffic demand in the current time. ,e
dynamic traffic allocation method can be used to shift the
retained traffic demand to the next time period. ,is im-
provement is especially important for the road network
vulnerability analysis in the disordered phase. ,e dynamic
assessment of vulnerability needs to meet the constraint
shown as

qij(k + 1) � q
0
ij(k + 1) + qij

′(k), (5)

where qij(k + 1) is actual traffic demand in time period k+ 1,
q0ij(k + 1) is original traffic demand during the time period
of k+ 1, and qij

′(k) is unsatisfied traffic demand in time
period k.

3.1.5. Traffic Flow Space Propagation Constraint. It takes
time for the vehicle to be assigned to the road network to
complete the trip in the context of dynamic analysis.
During each analysis time period, the vehicle is possible
to complete the trip or may only flow into subsequent
sections. ,erefore, it is necessary to clarify the inflow
and outflow relationship between the vehicles and each
road link to determine the actual number of vehicles
affected in the current period corresponding to the af-
fected degree.

For a certain road link, the number of vehicles in period
k should be determined by the number of vehicles in the
previous period and the inflow and outflow of the current
period.

na(k + 1) � na(k) + ua(k + 1) − va(k + 1), (6)

where ua(k + 1) is the inflow of vehicles on link a during the
time period k+ 1 and va(k + 1) is the outflow of vehicles on
link a during the time period k+ 1.

,e outflow of link a of the path r shall be the same as the
sum of the number of vehicles in all subsequent links of the
path and the number of vehicles that have completed
the trip.
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where E
ij
r (k) is the amount of traffic that completes i⟶j

travel along path r in time period k and r′is the subsequent
path of link a in path r.

3.1.6. Other Constraints. ,e model also needs to satisfy the
basic nonnegative constraints and set affiliation and other
related constraints.

f
ij
r (k)≥ 0,

na(k)≥ 0,

xa(k)≥ 0,

ua(k)≥ 0,

va(k)≥ 0, r ∈ Pij, i ∈ I, j ∈ J, a ∈ A.

(8)

Travel route selection needs to follow certain traffic
distribution rules, as the first-principle requirement of
Wardrop equilibrium: all the paths adopted must have the
shortest travel time, and the travel time is equal. In this
model, it can be expressed as follows: if there is a new vehicle
inflow in a road link, the road segment must be included in
one of the shortest paths; otherwise, the optimal path se-
lection condition for vehicle inflow will not be added.

π∗hj(k) + τ∗a(k) − π∗gj(k) u
∗
a(k) � 0,

u
∗
a(k)≥ 0,

π∗hj(k) + τ∗a(k)≥ π∗gj(k),

(9)

where τ∗a(k) is the travel time of link a, π∗hj(k) is the shortest
travel time of node h⟶j, π∗gj(k) is the shortest travel time
of node g⟶j, and u∗a(k) is the vehicle inflow of link a in
time period k.

,e model needs to be carried out for traffic allocation
separately when the vehicle is loaded and at the end of each
road link in order to realize the flexible adjustment of the
travel path.

3.2. CTM for Vulnerability Assessment. ,e road network
topology has changed during the continuous impact of the
road link failure, and travelers go through the process from
unknowing to knowing. For the traffic flow in the road
network, there were still vehicles flowing into the incident
road link in the early stage of the incident, then no vehicles
flowed out of the incident road link as time passed, and the
upstream link of the incident site became congested or even
overflowed. Travelers confirm the fact that the road network
has failed, and the directly affected vehicles need to leave the
incident road link and reselect the route to travel. Vehicles
that have not flowed into the incident road link will directly
change the travel path. ,ereby, the evacuation of vehicles
on the accident road link and the reevolution process of the
traffic flow of the road network are formed.

As shown in Figure 1, the cellular transmission model
can well simulate the evolution of the traffic flow under the

influence of the event. Congestion has gradually formed
upstream of the event point since the event occurs and
dissipates as the vehicle gradually changes the travel path.

3.2.1. Cell Transmission Method within the Road Link.
When the traffic flow propagates in the road section, CTM
expresses the basic propagation relationship of the traffic
flow as follows:

ni(k + 1) � ni(k) + yi(k) − yi+1(k),

yi(k) � min ni−1(k), Qi(k), Ni(k) − ni(k) ,
(10)

where ni(k) is the number of vehicles in the i-th cell in the
time period k, yi(k) is the outflow of vehicles in the i-th cell
in the time period k,Qi(k) is the capacity of the i-th cell in the
time period k, and Ni(k) is the maximum number of ve-
hicles that the i-th cell can hold in the time period k.

Since the LWR model assumes that the traffic flow is a
continuous fluid, its solution is relatively complicated. In
order to simplify the solution of the model, CTM assumes
that the traffic flow satisfies the flow-density relationship
shown in Figure 2. Formula (11) gives the calculation
method of flow under this relationship.

q � min vρ, qmax, w ρj − ρ  , 0≤ ρ≤ ρj, (11)

where v is the free speed, w is the speed of backward shock
wave propagation, and ρj is the blocking density.

At this time, the amount of traffic spread between cells
satisfies

yi(k) � min ni−1(k), Qi(k),
w

v
  Ni(k) − ni(k)  . (12)

In order to further clarify the propagation relationship of
the traffic flow, the maximum output capacity S and the
maximum receiving capacity R of the cell are, respectively,
given by equations (13) and (14):

Si(k) � min ni(k), Qi(k) , (13)

Ri(k) � min Qi(k),
w

v
  Ni(k) − ni(k)  , (14)
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Figure 1: Schematic diagram of the formation and dissipation of
congestion on the incident road link.
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where Si(k) is the maximum output capacity of cell i in time
period k and Ri(k) is the maximum receiving capacity of cell
i in time period k.

,e relationship between the flow and the amount of
communication between the cells is transformed into

yi(k) � min Si(k), Ri+1(k) . (15)

3.2.2. Cell Transmission Method between Road Links. ,e
transmission of vehicles between road links includes two
forms: merging and diversion. ,e basic transmission
principle is the same as the transmission process in the road
link, but the output capacity constraints of the upstream cells
and the receiving capacity constraints of the downstream
cells must be satisfied at the same time; that is, the traffic flow
propagation relationship should satisfy formulas (16) and
(17), respectively.

yi,j(k)≤ Si,j(k),


i

yi,j(k)≤Rj(k), i � 1, 2, 3, . . . ,
(16)


j

yi−1,j(k)≤ Si−1(k), yi−1,j(k)≤Rj(k), j � 1, 2, 3, . . . .

(17)

,e cell capacity at the intersection cannot reach the
same capacity as the cell in the road link. At this time, the
maximum output capacity of the cell is calculated as

S
c
i (k) � min ni(k), Qi(k), Q

c
i (k) , (18)

where Qc
i (k) is the capacity of the i-th cell at the intersection

in the time period k and Sc
i (k) is the maximum output

capacity of the i-th cell at the intersection in the time period
k.

For the actual road network, formula (19) is always valid,
and the cell output capacity can be calculated according to
formula (20).

Q
c
i (k)≤Qi(k), (19)

S
c
i (k) � min ni(k), Q

c
i (k) . (20)

,e receiving capacity of the intersection cell is calcu-
lated according to

R
c
i (k) �

w

v
  Ni(k) − ni(k) . (21)

Combining the above-mentioned transmission method
during link and between links, the basic cell transmission
relationship of the traffic flow in the road network is formed.

3.2.3. Vehicle Evacuation Methods on the Accident Road.
,is paper adds a vehicle evacuationmethod for interference
events based on the basic CTM. For the situation that the
road link capacity is greatly reduced, the CTM can naturally
capture the increasing amount of vehicle queues in the
upstream cell of the road link due to the existence of the road
link transmission constraint, and the actual travel time of the
road link is gradually extended. ,e vehicle not arriving at
the event-occurred link gradually changed the path
according to the DUO condition, and the queue is gradually
dissipated because there is no new vehicle flowing into it. In
the road link interruption situation, the vehicle upstream of
the incident point cannot flow into the downstream cell and
stay in the road section. In order to make the simulation
results more realistic, it is necessary to add amethod to make
the vehicle know the link interruption and then turn around
and leave the event-occurred link.

(1) ,e Method of User Knowing the Invalid Link and
Reselecting the Path ,e cell transit ability of the cell is 0 at
first. After the time of T, since the incident occurs at time ka,
the road BottomVertex (BV) detects that the vehicle outflow
is zero, or the road Top Vertex (TV) meets that the number
of vehicles in the cell (n) equals the number of vehicles that
the cell can accommodate (N). At this time, the vehicle
knows that the road link is interrupted, and the new path is
selected according to the new road network connectivity.

(2) ,e Method of the Vehicle Turning around in the Up-
stream Cell. Transfer the reverse method on the upstream
cell vehicle queue of the event-occurred link, and the vehicle
queue is sorted in reverse order. ,e updated cell capacity is
the capacity after turning around, and reverse transmission
is performed according to formula (22). After reaching the
top node of the incident link, the shortest path is selected
again based on taking this node as a new starting point, and
then the destination transmission is continued according to
the normal transmission mode. ,e upstream cell vehicle
U-turn driving method can be specified as

ni−1(k + 1) � ni−1(k) + yi(k) − yi−1(k), (22)

where ni(k) is the number of vehicles in i-th cell during k
period and yi(k) is vehicle outflow in i-th cell during k period.

3.2.4. Path Travel Time Calculation Method. ,e path and
link impedance can be calculated based on the actual travel
time of the vehicle in this paper. Because the model uses a
road link-based approach to traffic distribution (every

O Density

Flow

v w

qmax

Figure 2: Basic flow-density relationship diagram of CTM.
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vehicle completes a road link), it will reselect the shortest
path at the end of the road link and continue to travel
according to the new shortest path), and then when cal-
culating the actual travel time of the road link, it no longer
distinguishes the origin and destination point of the vehicle
in the road link from the driving path but counts the running
time of all vehicles directly. ,e path travel time calculation
method can be specified as

τa(k) �
z∈Maτa

z(k)ξa
z(k)

z∈Maξa
z(k)

,

T
r
ij(k) � 

a∈Ar
ij

τa(k),

(23)

where ξa
z(k) is whether the z-th traveler has completed the

travel on link a, τa
z(k) is the actual travel time of z-th traveler

completes of the road link a, and Tr
ij(k) is the travel time of

the path r.
,e actual travel time of all the vehicles traveling on link a is

counted in the k period, and the average value is taken as the
actual travel time on link a of this period.,e actual travel time
of each path is calculated according to the travel time of the
link, which is used as the basis for the existing vehicle to reselect
the path and for the new vehicle to select the path.

3.3. Transmission Efficiency OptimizationMethod. ,ere are
two main problems when applying this model to a large-
scale road network: the number of feasible paths and the
number vehicles adjusting the path in real time are both
large. It is necessary to optimize the computational efficiency
of the model for the above two problems.

3.3.1. Search Method Based on Path Set Matrix. A path
matrix is established in order to reduce the number of
calculations when searching the shortest path, and the total
feasible paths between all the node pairs are obtained by
traversing the entire road network at one time; then the path
to the corresponding position is recorded in the path set.
Next, the path search range is limited to the existing feasible
path in the set when performing traffic assignment. For the
case where the number of times of distribution is extremely
large, the amount of calculation can be cut down by reducing
the number of searches:

R �

P11 P12 . . . P1n

P21 P22 . . . P2n

⋮ ⋮ ⋱ ⋮

Pn1 Pn2 . . . Pnn

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
; (24)

among them

Pij �
∅, i � j,

rij|0< l rij < +∞ , i≠ j,

⎧⎨

⎩ (25)

where R is the road network path set matrix, Pij is the
set of feasible paths from node i to j, rijis the feasible path

from node i to j, and l(rij) is the full travel time of the
path rij.

When searching for the shortest path, directly follow
the formula (26) to traverse the path set of the corre-
sponding starting and ending points to obtain the shortest
path.

r
∗
ij(k) � r|l(r, k) � min

r∈Pij

l(r, k){ } , (26)

where r∗ij(k) is the shortest path from node i to j in time
period k and l(r, k) is the full travel time of the path r.

3.3.2. Feasible Path Node Number Limit. It is important to
set the upper limit of the number of nodes in the path
reasonably, which can not only reduce the candidate path
set, improving the efficiency of establishing the path set
matrix, but also increase the traversal calculation amount of
each search for the shortest path in the path set, improving
model calculation efficiency comprehensively.

Here, the search method based on the path set matrix is
adjusted (the node number limit is introduced) and the path
set is changed as

Pij �
∅, i � j,

rij|0< l rij < +∞, 0<m rij ≤Mij , i≠ j,

⎧⎨

⎩

(27)

where Pijis the feasible path sets from nodes i to j, rijis the
feasible path from nodes i to j, l(rij) is the travel time of path
rij, Mij is the upper limit of the path nodes number from
node i to j, and m(rij) is the number of nodes included in
path rij.

3.3.3. Node Group Division. It is necessary to group these
more concentrated nodes reasonably for the large-scale road
network, in order to avoid searching for a more tortuous but
not feasible path and then select the paths within the group
and between groups to form the final travel path.

3.4. Vulnerability Index Calculation Method.
Vulnerability evaluation indicators are mainly concentrated
in two categories: one is an indicator that starts from the
network topology and ignores the characteristics of traffic
flow and is suitable for analyzing networks with relatively
certain traffic volumes and small changes in traffic; the other
is under noncrowded conditions. ,e traffic performance
index reflects the operating status of the composite trans-
portation system and therefore gradually becomes the
mainstream of the road network vulnerability evaluation
index.

Most of the indicators considering the elements of traffic
flow use the number of individuals affected by the event and
the degree of individuals affected by the event as basic factors
and then combine them in a certain expression form to
establish vulnerability evaluation indicators.
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V � F(n, c), (28)

where V is the vulnerability evaluation index, n is the
number of individuals affected by the event, and c is the
extent to which the individual is affected by the event.

In vulnerability evaluation, it is a commonly used
evaluation method to rank the criticality of road sections by
measuring the severity of the consequences caused by the
incident. Take the traffic flow, traffic demand, population,
and other factors of the evaluated area as the basic number of
affected individuals, calculate the degree of individual im-
pact from the generalized travel cost, travel resistance, or
accessibility loss, and use the product of the two as the basis
data to measure the consequences of vulnerability exposure
has been widely adopted by scholars.

,erefore, referring to the vehicle inflow and outflow
curve shown in Figure 3, vulnerability evaluation indicators
are constructed considering two basic factors in this paper,
road traffic flow and traveling time consumption, and then
discretize them based on their continuous expression.
Taking the product of the instant vehicle number and the
instant duration dt of a certain link at time t as the in-
stantaneous travel time consumption of the traveler in the
road link at that time, its integral is calculated during the
whole research period as the traveler’s total travel time
consumption on the link a in the study period.where a
means the occurrence of event a in the road network. When
a is 0, it indicates that no interference event occurs, ua(t) is
the cumulative vehicle inflow of the road network at time t,
and va(t) is the cumulative vehicle outflow of the road
network at time t.

Ba � 
t

0
ua(t) − va(t) dt, (29)

,en discretize the overall travel time consumption of
travelers on link a during the study period based on their
continuous expression, and bring in the vulnerability calculation:

VB �
Ba − B0

B0
, (30)

where Ba is the travel time consumed of the evaluated area
when the interference event a occurs, B0 is the travel time
consumed of the evaluated area when no interference event
occurs, and VB is the cumulative vulnerability index of the
evaluated area in the research time.

,e cumulative travel time of the road network relative
to the incremental proportion of the undamaged road
network in the study period is used as the cumulative
evaluation index of the road network vulnerability, and the
ratio of the travel time consumption of the road network
under normal and abnormal conditions in the same period is
used as the time-varying evaluation index of the road net-
work vulnerability in this paper. ,e vulnerability assess-
ment index is combined with the traffic flow evolution
model to give a calculation method for the vulnerability
dynamic indicator value in the model.

Under static conditions, the evaluation indicators of the
two equilibrium operating states before and after the event
are compared, but the analysis of the static equilibrium
conditions implies the assumption that the equilibrium state
will be realized, so its conclusion cannot make an accurate
evaluation of the road network vulnerability if the equi-
librium state has not been realized in the end, and the
process of evolving from the old equilibrium to the new
equilibrium is ignored. Correspondingly, during the evo-
lution process, the phenomenon that caused traffic con-
gestion was also ignored; therefore, the evaluation results
have certain limitations. ,erefore, this paper uses dynamic
indicators to explore the cumulative and time-varying effects
of vulnerability and evaluate the vulnerability of the road
network more accurately and comprehensively.

3.4.1. Individual Link Vulnerability Index Calculation
Method. ,e cumulative and time-varying indicators of link
vulnerability are shown, respectively, as

Ba(k) � Tk ua(k) − va(k)  � Tk 
i∈Ia

n
a
i (k), Va �

k Ba(k) − B
0
a(k) 

kB
0
a(k)

, Va(k) �
Ba(k) − B

0
a(k)

B
0
a(k)

, (31)

where Tk is the duration of the k-th time period, na
i (k) is the

number of vehicles in the i-th cell in link a during k period
actual, Ba(k) is the total time consumption of the road link a

in the k period, where 0 corresponds to the value when no
event is affected, Va is the cumulative vulnerability
index value of link a as of k period, and Va(k) is the time-
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Figure 3: Schematic diagram of the inflow and outflow of vehicles
on the road section.
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varying vulnerability index value of road link a during k
period.

3.4.2. Road Network Vulnerability Index Calculation
Method. According to the road network structure and the
calculation method of the vulnerability index of the road
link, the cumulative index and the time-varying index of the
road network vulnerability are shown as

Vnet �
a∈Ak Ba(k) − B

0
a(k) 

a∈AkB
0
a(k)

,

Vnet(k) �
a∈A Ba(k) − B

0
a(k) 

a∈AB
0
a(k)

,

(32)

where A is a set consisting of all links in the road network,
Vnet is the cumulative vulnerability index value of road
network as of k period, and Vnet(k) is the time-varying
vulnerability index value of road network during k period.

4. Case Study

4.1. Regional Overview and Parameter Design. ,e sur-
rounding area of Bao’an Center in Bao’an District of
Shenzhen City is selected as an example study object. ,e
boundary of the area is mainly composed of Guangshen
Highway, Xixiang Avenue, Haibin Avenue, and Hubin
Road, with Bao’an Avenue passing through and the dense
branch network matching inside.,e area is about 16 square
kilometers and the planned permanent population is
380,000. ,e internal land use types are mainly commercial
land near the Qianhai Bay (Binhai area), a large number of
residential lands scattered within the area (Bihai area), and
parts of school land.

,e traffic flow of the study area is mainly composed of a
large number of transit traffic flows and some internal traffic
trips on Guangshen Highway and Bao’an Avenue.
According to the detailed level of OD data, the road network
in the area is collated and simplified appropriately based on
the actual layout of the road network in Bao’an Central Area,
and then the abstraction is the road network structure shown
in Figure 4.

,e time range is 6:30–9:30 pm, and a blocking density is
133 pcu/ln•km. ,e remaining parameters are shown in
Table 1. Some roads do not have the same section
throughout the entire road. ,e same value is used here to
simplify the road network. In addition, for the road links
where the road capacity and the free flow speed can be
queried, the value is taken according to the actual situation;
for the link where the relevant parameters cannot be queried,
the value is taken according to the “City Planning Design
Code CJJ37-2012.” Main interference situation setting is
shown in Table 1.

,e details of the change process cannot be reflected
when the time interval is too large, and it is difficult for the
model to achieve the required accuracy if it is too small.
,is paper has conducted multiple tests based on the road
length and speed limit of the studied area based on

previous article [37]. According to the principle of speed
limit × time interval � cell length, for example, two nodes
are separated by 1000m and are divided into 5 cells with a
length of 200m. ,e driving distance can be exactly the
length of 1 cell in each cycle according to the speed limit;
thus, it can be realized that every cycle moves one cell to the
downstream cell when there is no congestion. Meanwhile,
the length of all the cell is controlled to a similar level and
uses an integer number of cells. Finally, based on the results
of multiple trial calculations, the simulation takes a time
period T of 20 s.

4.2. Road Network Vulnerability Evaluation Results

4.2.1. Vulnerability Evaluation Results under Complete
Failure. Figure 5(a) shows the cumulative index changes of
the road network vulnerability when the main section of the
Bao’an Central Area completely fails, reflecting the overall
time loss ratio of all travelers in the region since the event
occurred relative to the undisturbed situation.

It can be seen from Figure 5(a) that the cumulative
vulnerability curve shows two kinds of trends. One as in
situation 1, its cumulative vulnerability value gradually in-
creases to about 0.10 since the event occurs and then tends to
be stable. In the others as in situations 2, 3, and 4, the
cumulative vulnerability values have increased to a greater
extent and produced more obvious signs of recovery. ,e
cumulative vulnerability value of situation 4 is the largest,
and its peak value reaches 0.28.

During the period of continuous impact of the event, the
vulnerability index value is significantly higher than other
situations. ,e recovery efficiency of situation 2 is relatively
high, and the slope of the cumulative vulnerability curve in
the recovery phase is significantly higher than in other
situations. Corresponding the invalid road link of each
situation to the road network, it can be found that when the
contact link of Bao’an Avenue and Guangshen Highway
fails, more overall time loss is generated and the recovery
speed is slow.

Figure 5(b) shows the time-varying index of road net-
work vulnerability when the main link of Bao’an Central
Area fails. ,is index indicates the traveler’s time loss in the
road network at each time period since the event occurrence.
,is index eliminates the cumulative effect since the oc-
currence of the event and directly reflects the consequences
of the event at the current time.

A similar conclusion to Figure 5(b) can be obtained from
(a). It is worth noting that the initial impact of situation 1 is
less than situation 2 at the peak of each curve, but the
subsequent sustained impact is basically maintained above
situation 2. It is indicated that the main impact periods of
different road links are different, and the criticality of the two
links needs to be discussed differently based on the con-
tinuous impact time of the events.

At the maximum peak of each curve, the initial impact of
situation 1 is less than that of situation 2, but the subsequent
continuous impact is basically maintained above situation 2.
,us, it may neglect the operational state of the road
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network in the disordered phase initially affected by the
event if applying static indicators only.

,e vehicle arrival rate is used to analyze the road
network flow variation. It can be visually observed from

Figure 6 that the vehicle arrival rate in the disordered phase
has dropped significantly in various interference situations,
significantly in situations 3 and 4; see Figures 6(a) and 6(b).
,is corresponds to the obvious rising phase of the time-
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Figure 5: Vulnerability variation diagram under link complete failure. (a) shows the cumulative vulnerability when the main section of the
Bao’an Central Area completely fails, and (b) shows the time-varying vulnerability. (a) Cumulative vulnerability. (b) Time-varying
vulnerability.
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Figure 4: Example road network structure diagram.,e left figure shows the actual layout of the road network in Bao’an Central Area, and
the right figure shows that the abstraction is the road network structure.

Table 1: Main interference situation setting table.

Interference
situation Links Nodes Number of lanes Degree of interference

Situation 1 Guangshen Highway (Xixiang Avenue-Chuangye 1st
Road) 6⟶25 4 lanes Complete failure

Situation 2 Bao’an Avenue (Xin’an 6th Road-Yu’an Road) 15⟶20 4 lanes Complete failure
Situation 3 Bao’an Avenue (Chuangye 1st Road-Xin’an 1st Road) 24⟶27 4 lanes Complete failure
Situation 4 Chuangye 1st Road (Guangshen Highway-Bao’an Avenue) 24⟶25 3 lanes Complete failure
Situation 5 Chuangye 1st Road (Guangshen Highway-Bao’an Avenue) 24⟶25 3 lanes Two-lane failure
Situation 6 Chuangye 1st Road (Guangshen Highway-Bao’an Avenue) 24⟶25 3 lanes One-lane failure
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varying peak and cumulative vulnerability of each inter-
ference situation at the initial stage of the event. ,e vehicle
arrival rate of situations 3 and 4 still maintains a large
fluctuation as time passes; that is, the unstable fluctuation of
traffic flow makes the time-varying network vulnerability
also maintained at a relatively high level.

According to the partial failure situation (see
Figures 6(c) and 6(d)), the vehicle arrival rate curves are
different from that of complete failure, there is no obvious
impact on the disordered phase, and the fluctuation of the
period impact amount is small. Situation 6 is even main-
tained at a level that is comparable to the noninterference
situation. ,e vehicle could still travel to the destination
along the original route since the road link is not interrupted
in situation 5, so that the vehicle arrival rate does not observe
a significant drop in the early stage of the event. After the
event occurred for about 100 time periods, the arrival rate

shows a large decline. ,is is because the formation of
congestion needs to go through a process after the partial
failure of the road. ,e impact on traffic flow is gradually
shown up after the congestion is basically formed.

4.2.2. Vulnerability Evaluation Results of Partial Failure.
A further discussion is made based on selecting situation 4
which has a relatively high vulnerability value throughout
the simulation. By setting the road partial failure situation
from the failed road link 24⟶25 in situation 4 as situations
5 and 6, the road network vulnerability under different
interference levels is discussed.

,e single-lane failure of the road link can barely expose
the vulnerability of the road network (Figure 7). Because the
minimum travel time of the link 24⟶25 increases due to the
single-lane failure, the link will not become the shortest path
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Figure 6: Vehicle arrival rate diagram under complete or partial failure. (a) Situation 3 and (b) situation 4 of complete failure show
significant fluctuations. (c) Situation 5 and (d) situation 6 of partial failure situation show flat fluctuations. (a) Situation 3. (b) Situation 4.
(c) Situation 5. (d) Situation 6.
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for some travel demand, so that the traffic volume of the link is
more stable compared with the noninterference situation, and
the road network vulnerability has also decreased.

As Figure 7(b) shows, the initial impact of two-lane
failure (scenario 5) is much lower than that of road section
complete failure (scenario 4), but the continuous impact
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Figure 7: Vulnerability variation diagram under link partial failure. (a) Cumulative vulnerability when setting the road link 24⟶25 failed.
(b) Time-varying vulnerability. (a) Cumulative vulnerability. (b) Time-varying vulnerability.
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Figure 8: Individual link vulnerability variation. (a, b) Cumulative and time-varying vulnerability under severe impact. (c, d) Cumulative
and time-varying vulnerability under general impact. (a) Cumulative vulnerability under severe impact. (b) Time-varying vulnerability
under severe impact. (c) Cumulative vulnerability under general impact. (d) Time-varying vulnerability under general impact.
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of the two is basically the same. Using static indicators
to compare the vulnerability indicators of the two equi-
librium states may lead to conclusions that the vulnera-
bilities of the two situations are similar, which is
inaccurate.

4.3. Individual Link Vulnerability Evaluation Results. It is
not convenient to list the evaluation results of all the links
under all interference situations since there are many
links in the example road network. ,erefore, take the
situation with the highest vulnerability value in the
vulnerability evaluation of the former road network as
the evaluation object, giving the evaluation result in
which the link vulnerability changes significantly under
this situation.

Figure 8 shows the vulnerability index variation of the
road links with large vulnerability values in situation 4,
depending on the degree of each link impact. Obviously,
links 29⟶30 and 30⟶31 are severely impacted, and the
impact is even higher than the direct event-occurred link
24⟶25. Among them, the influence of the link 29⟶30 is
mainly in the disorder stage, and 30⟶31 is affected
multiple times during the event impact, which is mainly
because the travelers alternately select the shortest path and
the second shortest path with the traffic flow evolution,
causing link congestion to be formed several times and
gradually dissipated.

,e time-varying vulnerability of the road link 11⟶6
shows a large fluctuation, and the cumulative vulnerability
also has risen with fluctuations. ,is repeated fluctuation of
time-varying vulnerability is also caused by the traveler’s
alternately selection between the shortest path and the
second shortest path.

,e two vulnerability index values on the event-occurred
link 24⟶25 rise sharply in the disordered phase and de-
cline gradually in the recovery phase. In addition, the time-
varying vulnerability of this link is maintained at a lower
position after the vehicle is evacuated, and the cumulative
vulnerability is also gradually reduced correspondingly. ,e
two vulnerability index values of the links 20⟶24 and
24⟶27 have a small increase with fluctuations in the
disordered phase and then quickly return to the low position
and enter a new stable state. ,is change is mainly due to the
fact that the two links connect the upstream nodes of the
event-occurred link 24⟶25, undertaking the task of
evacuating the link traffic flow. ,erefore, the vulnerability
value in the disordered phase has a large increase obviously
and then gradually enters a new equilibrium state after the
vehicle evacuation is completed.

5. Conclusions

,e vulnerability evaluation of the example road network is
carried out, and the dynamic change law of vulnerability is
summarized. ,e model is used to evaluate the vulnerability
of road network and link from the two aspects of complete
failure and partial failure. ,e specific research results and
conclusions obtained are as follows:

(1) ,e impact of interference events usually includes a
large increase in the time-varying vulnerability value
in the disordered phase and then gradually returns to
the low level in the recovery phase. ,e change in
cumulative vulnerability value is mainly reflected in
the significant increase in the disordered phase and
the gradual decline or substantial stability after the
evolution into the recovery phase.

(2) Comparing the evaluation results of the road net-
work and individual link, it is found that the road
network vulnerability change is relatively flat, and
the influence of individual link has the order of
influence of event-occurred link, adjacent road links,
and similar functional links. ,erefore, the road
clearing and traffic guidance should be carried out
according to the specific conditions of each stage
during the dynamic process, strengthening the traffic
guidance for the direct event-occurred link and then
the similar functional links to avoid repeated
congestion.

(3) Comparing the results of complete failure and partial
failure of the road, it is found that the interfering
event will not have a significant impact on the road
network vulnerability when the road has sufficient
spare capacity. When the spare capacity of the road
link is insufficient, the complete failure of the road
causes a greater initial impact. ,erefore, it is nec-
essary to maintain a certain traffic capacity for the
road links to avoid the vehicles from rushing into
adjacent road links in a short period of time.

(4) From the perspective of road traffic flow, when the
main road with large traffic flow fails, the road
network has a large cumulative vulnerability and a
greater time-varying vulnerability during the dis-
ordered phase. ,erefore, prioritizing the smooth
flow of major roads can weaken the impact of road
network vulnerability exposure.

(5) From the perspective of network topology, the less
the spare capacity or the number of alternative road
links, the higher the vulnerability of the road link.
,erefore, improving the density of the road network
and improving the redundancy of the road network
from the topological level can also improve the
ability of the road network to resist interference
events.

In terms of the universality, it should be noted that
lessons from this study could not be generalized to regions
like the US or Europe where urban traffic condition is
different from that in China. However, for some developing
countries, our findings have potential to provide some
reference comparably, especially for rapid urbanizing and
renewing cities in southeast Asia, with similar traffic con-
dition and road structure to China. ,e dynamic road
vulnerability is complex and the data from Shenzhen city are
of limited size, which calls for more context-sensitive and
place-based research to supplement the existing knowledge
in the future. Our findings could contribute to guiding
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sustainable development of integrated transport planning
for these developing countries.

For future study, the CTM will be integrated with other
transportation networks. Improved versions of this model
will consider the elastic demand of traffic travel and the
cognitive error of the user since only the complete failure or
partial failure of an individual link was considered. ,e
multilink combination failure caused by severe interference
events can be studied in the future.
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