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Abstract: This paper aims to investigate the impact of occasional traffic crashes on the urban traffic
network flow. Toward this purpose, an extended model of coupled Nagel–Schreckenberg (NaSch)
and Biham–Middleton–Levine (BML) models is presented. This extended model not only improves
the initial conditions of the coupled models, but also gives the definition of traffic crashes and their
spatial/time distribution. Further, we simulated the impact of the number of traffic crashes, their time
distribution, and their spatial distribution on urban network traffic flow. This research contributes to
the comprehensive understanding of the operational state of urban network traffic flow after traffic
crashes, towards mastering the causes and propagation rules of traffic congestion. This work also a
theoretical guidance value for the optimization of urban traffic network flow and the prevention and
release of traffic crashes.

Keywords: urban road network; traffic crashes; the spatial distribution of traffic crashes; the time
distribution of traffic crashes

1. Introduction

A fluent urban traffic network is important for a city’s normal operation. However, with the
acceleration of urbanization and the rapid development of urban road traffic, traffic crashes have
increased significantly. Traffic crashes can easily cause casualties, property damage, and environmental
damage. For traffic itself, traffic crashes can lead to traffic congestion, reduced road capacity, and
increased travel time, fuel consumption, and environmental pollution. Urban traffic management is
concerned with ways to reduce the impact of traffic crashes on urban road networks and ensure the
efficient operation of traffic.

In order to solve this problem, scholars have proposed a large number of models from a variety
of perspectives, and have made some achievements. Based on the research scope, these models can
be roughly divided into macro models and micro models. The macro models mainly focus on the
macro impact and predictive prevention of traffic accidents, while the micro models focus on the
characteristics of accidents, their causes, influencing factors, and other aspects.

Most macro models are based on existing mathematical and statistical or network models to
analyze the macro-level characteristics of crashes [1–4]. The conclusions obtained can help to obtain
the main factors affecting crashes at the macro level, and then propose traffic safety control measures
accordingly. Generally, micro-level models can better reflect the propagation mechanism of traffic
crashes and their impact on traffic flow. The micro-level simulation analysis of road traffic flow
after crashes mainly includes traffic flow dynamics models [5,6], car-following models [7–9], and
cellular automata (CA) models [10]. Among them, the cellular automata model is the most popular
because it is computer-friendly and can flexibly modify its rules to cover a variety of real traffic
conditions (e.g., crashes, lights, ramps, bottlenecks, etc.), while preserving the nonlinear behavior and
other physical characteristics of the traffic flow [11]. The classic one-dimensional cellular automaton
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traffic flow model is the Nagel–Schreckenberg (NaSch) model [12], which is mainly used in the
simulation of highway crashes [13,14]. Because an urban road network is a complex two-dimensional
system consisting of many road intersections in different directions, one-dimensional models are
not applicable. Therefore, scholars have tried to establish two-dimensional CA models to describe
urban road traffic. In 1992, Biham, Middleton, and Levine proposed the first two-dimensional traffic
situation CA model [15] (i.e., the BML model) to simulate the formation and propagation rules of traffic
congestion in an urban two-dimensional network, and found that it could identify the key factors of
urban traffic flow phase transitions (e.g., traffic density). Later, scholars made many improvements
to the BML model in order to study urban road traffic crashes by considering many factors, such as
average vehicle speed, traffic signals, and so on [16,17]. The BML model can simulate the operation of
an actual intersection signal, but it does not consider the road-connecting intersections, and its rules
are too simple to simulate some more subtle features. From these viewpoints, in 1999, Chowdhury
and Schadschneider proposed the ChSch model, which coupled the classical one-dimensional NaSch
model and the two-dimensional BML model for the study of urban road traffic, and achieved good
results [18].

Golob et al. studied the relationship between highway accidents and weather, lighting, and
other factors, and concluded that the type of collision is strongly related to median traffic speed
and to temporal variations in speed in the left and interior lanes [19]. They then developed a
method to determine how crash characteristics are related to traffic flow conditions at the time of
occurrence [20]. Aljanahi et al. pointed out that there is an apparent decrease in the rate of crashes if
the percentage of heavy vehicles increases, with the speed distribution held constant [21]. Hiselius’s
research draws a similar conclusion: as the number of trucks increases on the road, the number of
crashes decreases [22]. Therefore, compared with trucks, cars are more likely to cause traffic crashes.
Additionally, strengthening the management of cars can effectively improve road safety. Zhu et al.
presented a highway traffic model with a blockage induced by an accident car, and concluded that the
accident car not only caused a local jam behind it, but also caused vehicles to cluster in the bypass
lane [23]. By considering the influence of traffic crashes and the maintenance of highway sections
on traffic flow, Qian et al. analyzed highway traffic flow under the lane control when an accident
occurs, and found that within a certain density range, the longer the blocked time and the length of the
blocked section, the greater the influence of traffic flow [24]. For the prevention of road traffic crashes,
research results show that improving roadway width, pedestrian facilities, and access management are
effective in reducing road traffic crashes [25]. It has also been verified that charging vehicles for access
to the central city during peak hours can sharply reduce both the number of crashes and the crash
rate [26]. Scholars have also analyzed the influence of bad weather [27], road conditions, and building
environment on crashes [28–30], as well as the externality of traffic crashes and its relationship with
hourly traffic flow [31–34].

The above-mentioned articles have carried out in-depth analyses of the characteristics, predictions,
influences, and evaluations of traffic crashes from different aspects, and obtained some good results.
However, these studies are mainly aimed at highway traffic flow, while urban road networks are mainly
weaves of a large number of roads in different directions, there are many intersections and signal lights,
and the traffic organization is more complicated. The above research results are no longer applicable in
this situation. Therefore, some scholars have tried to extend the research on highway traffic crashes to
urban networks. For instance, Nagatani believes that the location of traffic crashes will induce traffic
congestion, which will delay the forward movement of the rear vehicles. The delay time of traffic
crashes is the main factor determining the range of impact time. Based on this idea, the operational
status of urban traffic networks for single traffic crashes has been studied [35–37]. Yao et al. presented
the susceptible-infected-susceptible (SIS) model and obtained the analytical expression of the critical
value of delay spread, which provided basic theoretical guidance to prevent the large-area delays of
urban road traffic network caused by disruptive traffic crashes [38]. However, the above studies mainly
analyzed the impact of crashes on urban road networks from a macroscopic perspective, but fail to
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make a more detailed analysis combined with the traffic flow phase. In urban road traffic networks,
several pressing questions remain. What are the impacts of traffic crashes sites, time of occurrence,
road traffic density, and other factors on traffic flow? How can targeted measures be taken to reduce
these adverse effects and improve traffic efficiency, so as to provide a theoretical basis for traffic
management departments to formulate policies? In this paper, considering that the two-dimensional
cellular automaton ChSch model has a natural advantage for studying urban road traffic flow, we
introduce traffic crashes into the model and obtain an new extended model coupling the NaSch and
BML models to simulate the impact of traffic crashes on urban traffic flow itself, by analyzing the traffic
flow characteristics under different time and space conditions of crashes, the change rules of different
traffic flow phases and traffic parameters are obtained, and suggestions are put forward regarding
traffic operation and the management of urban road networks under crash conditions.

2. Model

The extended model is defined on a two-dimensional square lattice of sites with periodic boundary
conditions, which is the simplification of an urban traffic network. Each site has three states, namely,
either occupied by a car moving downwards, a car moving to the right, or empty. A horizontal arrow
pointing to the right represents vehicles moving to the right, and a vertical downward arrow represents
vehicles moving downward. The model updates synchronously, and does not allow vehicles to overtake.
All traffic lights (which are only green or red in this model) have the same cycle and run synchronously.
The roads are divided into sections, and traffic lights are divided into nodes in this model.

First, we define a traffic crash. Using Nagatani’s idea of traffic crashes [35], the vehicle is delayed
by a certain amount of time before it can pass the accident location, t1 is used to describe the time
required to deal with traffic crashes and the impact caused by traffic crashes on other vehicles in the
traffic network. Other variables are given as below:

ρ—Density of the initial traffic network;
T—Simulation time;
T1—Cycle of traffic lights;
Tg—Green light time;
Tr—Red light time;
Tg = Tr = 0.5× Tl;
P1—The probability of randomization;
Vmax—The maximum speed;
n—Number of crashes;
L—Side length of the lattice;
rl—The length of each road section;
rn—Number of sections;
Rl—Length of the road;
Rl = rl × rn.

So, the size of the lattice is L× L = Rl ×Rl.
Figure 1 shows the operational states of road network traffic flow at different initial densities

(ρ = 0.5, ρ = 0.3, respectively) when traffic crashes occur at the center of the road network. Figure 1a
shows the case when L = 110, n = 1, and ρ = 0.5, and Figure 1b shows the case when L = 110, n = 1,
and ρ = 0.3. The white points represent vehicles, in the vertical direction driving downward, and in
the horizontal direction driving to right. It is clear that the road network on the left shows congestion
at most intersections, with only a few vehicles moving freely, and the basic traffic function failure
caused by congestion has led to traffic congestion and delay has been increased. On the right figure, it
can be found that the entire traffic network flow is in the free-flow state, and most vehicles can travel at
maximum speed. Thus, the operational status of the road network is related to the initial density. With
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the increase of the traffic networks’ density, vehicle congestion and delays worsen. Therefore, there is a
critical density in the road network. When the initial density is less than this critical density, vehicles
can travel freely, and when the initial density is greater than this critical density, the road network
easily forms a global traffic congestion by itself.
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Figure 1. The simulation of an urban traffic network under L = 110, n = 1 : (a) ρ = 0.5; (b) ρ = 0.3.

3. Results and Analysis

To eliminate the random impacts of different initial conditions on the simulation results, we
re-averaged 100 samples. When the sample ran 2 × 103 time steps, the simulation system made an
average of all 2 × 103 time steps. If there is no special explanation, the relevant parameters in the
simulation were taken as follows: L = 110, Tl = 30, Tg = Tr = 0.5× Tl = 15, Rl = 110, rl = 10, rn = 11,
P1 = 0.3, Vmax = 3.

In the odd time steps of Tg or Tr, the horizontal east–west direction traffic lights are green and the
vertical north–south direction traffic lights are red. In the even time steps of Tg or Tr, the opposite is
true. The model uses periodic boundary conditions, which ensures that the traffic density ρ of the road
network is fixed.

When the number of road crashes n > 1, α and r are respectively used to indicate the angle
(according to the counterclockwise rotation) and the straight line distance of the accident point from
the center accident point, in order to determine the location of the crash from the road network
center. In numerical simulation, the vehicle average speed of the entire network was obtained by the
following equation:

V =

T∑
t=1

Ve +
T∑

t=1
Vs

T
, (1)

where V is the average speed over all time steps, Ve is the average speed of all vehicles moving to
the right, Vs is the average speed of all vehicles moving downward, T is the total time steps in the
simulation, and t denotes a single time step.

3.1. Global Clustering

On the basis of above model, the simulation was conducted under the above initial conditions.
At the beginning, vehicles which were only allowed to move to the right or downward were respectively
randomly distributed on the horizontal and vertical roads. Parallel computing and location updating
were performed according to the rules given above. After the initial unstable state gradually moved
towards a steady state, we found that the traffic flow changed from the free flow phase to a completely
congested phase.

After many simulations, we found that in the extended coupled model, the operational state of
the road network was closely related to the initial density. When the initial state density was less
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than a certain critical value, the road network was in the free flow state. When the initial density was
greater than this value, it very easily spontaneously formed a completely congested configuration.
A certain configuration of urban traffic network congestion is called clustering. Global clustering often
means the congestion of the whole urban road traffic network. At this time, all the vehicles in the road
network are closely connected, and there is no gap between the front and rear vehicles. That is to say,
the formation of a global cluster is very similar to the global clustering in the BML model. The complete
congestion configuration in the extended ChSch model is shown in Figure 2. In the Figure, the white
lines are the vehicle queues. It can be seen that the road network system had formed clusters from the
upper-left corner to the lower-right corner. This configuration makes it so that all the vehicles in the
road network are unable to move forward, causing the entire traffic network to collapse. We found
that in the BML model, the vehicle clusters from the lower-left corner to the upper-right corner were
formed by the vehicles traveling northward and the vehicles traveling eastward. Therefore, it can be
seen that the direction of the traffic flow determines the final global cluster configuration.
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Figure 2. The completely congested configuration of the urban road network under L = 110, ρ = 0.4,
and number of crashes n = 0.

3.2. The Relationship between Global Congestion and Road Network Density

From the above numerical simulation, it could be found that when the initial density ρ = 0.4, the
road network was completely blocked by itself. However, with changes of ρ, the global clustering may
not occur. That is because when the initial density was small, all vehicles could move freely and the
entire traffic network was in a free-flow state. This shows that the global congestion and road network
density are related.

By changing the initial traffic density, the average speed changed accordingly (as shown in Figures 3
and 4), and finally we found that the critical density value caused global congestion. The initial density
of the road network was set to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, or 0.9, respectively, and meanwhile we
studied corresponding changes to the average speed. When the initial traffic density was less than 0.2,
the average speed obtained was significantly greater than the average speed under other initial density
conditions, and global clustering did not occur. When the initial density was equal to 0.3, in 500 time
steps, some vehicles were blocked, but some vehicles could travel freely. When the initial density was
greater than 0.3, the road network was easily blocked. This indicates that there was a critical initial
density that changes traffic flow from free-flow to global congestion near ρ ∈ [0.2, 0.3]. In Figure 4,
when the initial density was greater than or equal to 0.5, the average speed became 0 in a very short
time, which means that the entire road network was paralyzed. In order to study the influence of the
spatial distribution and time distribution of accident points on the whole network more clearly, the
initial density of the traffic network was set to ρ = 0.4 for simulation calculation. Global clustering
occurs under this condition.
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Figure 3. The average speed under different ρ.
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Figure 4. The average speed under different ρ (0–250 time steps).

3.3. The Impact of Crashes on the Traffic Network

In order to study the difference between the impact of crashes on the urban road traffic network
and congestion caused by the network on its own, we selected a point on the road network losing its
traffic function to represent the traffic crashes on the actual urban road traffic network. The simulation
results are shown in Figure 5. The left figure shows the complete congestion configuration caused by
crashes at the node near the center point, and the right figure shows complete congestion configuration
caused by the vehicles themselves without an accident point. In the left figure, the vehicles upstream
of the crash point formed an isolated congested area, indicating the accident had a greater impact on
the upstream traffic, which is the same as actual traffic. In actual traffic, when an accident happens
somewhere, the upstream vehicles are affected and queued up, while the downstream vehicles are
basically unaffected. Instead, the upstream vehicles are prevented from entering the downstream
sections due to accident, so the downstream vehicles can travel freely and the average speed of all
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vehicles may increase. In the right figure, the congestion area is concentrated in the middle diagonal,
determined by the traveling direction of the vehicles.

Sustainability 2019, 11, x FOR PEER REVIEW 7 of 15 

Sustainability 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability 

3.3. The Impact of Crashes on the Traffic Network 

In order to study the difference between the impact of crashes on the urban road traffic network 

and congestion caused by the network on its own, we selected a point on the road network losing its 

traffic function to represent the traffic crashes on the actual urban road traffic network. The 

simulation results are shown in Figure 5. The left figure shows the complete congestion 

configuration caused by crashes at the node near the center point, and the right figure shows 

complete congestion configuration caused by the vehicles themselves without an accident point. In 

the left figure, the vehicles upstream of the crash point formed an isolated congested area, indicating 

the accident had a greater impact on the upstream traffic, which is the same as actual traffic. In actual 

traffic, when an accident happens somewhere, the upstream vehicles are affected and queued up, 

while the downstream vehicles are basically unaffected. Instead, the upstream vehicles are 

prevented from entering the downstream sections due to accident, so the downstream vehicles can 

travel freely and the average speed of all vehicles may increase. In the right figure, the congestion 

area is concentrated in the middle diagonal, determined by the traveling direction of the vehicles. 

 

Figure 5. The completely congested configuration of an urban road network under 110L = , 

0.4= , 1n = (left), and 0n = (right), respectively. 

We need to calculate the average speed of the urban road traffic network with or without 

crashes in order to study the impact of crashes on the average speed of the entire road network. 

Figure 6 shows the average speed of the urban road traffic network with or without crashes. 

Interestingly, the average speed of the traffic network with crashes was higher than that without 

crashes at most time points. To further study the duration of this result, we continued to calculate 

the average speed of these two cases and found that the average speed of traffic network with 

crashes was higher than that without crashes at more than 96% of simulation time points. 

Figure 5. The completely congested configuration of an urban road network under L = 110, ρ = 0.4,
n = 1 (left), and n = 0 (right), respectively.

We need to calculate the average speed of the urban road traffic network with or without crashes
in order to study the impact of crashes on the average speed of the entire road network.

Figure 6 shows the average speed of the urban road traffic network with or without crashes.
Interestingly, the average speed of the traffic network with crashes was higher than that without
crashes at most time points. To further study the duration of this result, we continued to calculate the
average speed of these two cases and found that the average speed of traffic network with crashes was
higher than that without crashes at more than 96% of simulation time points.
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Figure 6. The average speed under n = 0 and n = 1.

This conclusion seems strange, but it is not difficult to understand. The congestion area is an
isolated area. The formation of the area relatively increases the road area of vehicles in other regions,
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and the vehicle density on the entire road is reduced. The speed of vehicles in the non-congested areas
of the road network is improved, such that the entire average speed is improved.

In Figure 7, the average speed became higher than that without crashes 20 time steps after the
accident occurred. With the simulation, the speed difference increased continuously. This agrees with
our conclusion above.
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Figure 7. The average speed under n = 0 and n = 1 (20–140 time steps).

3.4. The Impact of Traffic Crashes’ Spatial Distribution on the Traffic Network

From the above conclusion of the ChSch model’s global clustering, when traffic crashes occur
at different locations, the impacts on the network are also different, including the average speed of
the network and congestion configurations. Next, we simulated the impact of traffic crashes’ spatial
distribution on the urban road traffic network.

For the convenience of the research, we defined the spatial distribution of the crash points as follows.
Crash points are evenly distributed on the diagonal from the upper-left corner to the lower-right corner
of the road network. The location distribution of the center point and crash points on the road network
is shown in Figure 8. There are four crash points on left side of the urban road traffic network’s center
point, and there are four on right side as well, which we numbered from 1 to 8. In the following, we
study the relationship among the location of each crash point, the average speed of the network, as
well as the global congestion time in order to determine the impact of the crashes’ spatial distribution
on the traffic network.

We simulated the operational status of the urban road traffic network when traffic crashes occurred
at different points (from point 1 to point 8). The average speed curves of the network are shown in
Figures 9–12, which were obtained by counting the speed of the network in the above eight cases.

Figures 9 and 10 show the simulation results of crash points one to four. At the beginning of the
simulation time step, the average speed of system did not have obvious rules. As time progressed, the
following phenomenon occurred. When the crash occurred at the point farthest from the city center
(point 1), the average speed of the system was the lowest. When the crash occurred at point 4, which is
closest to the city center, the average speed of the system reached the highest. This trend of the average
speed of the system can be seen more clearly in Figure 10. This shows that the impact on the traffic
network increased as distance from the center point increased, and the average speed of the urban
road traffic network decreased with the distance from the center.
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Figure 9. The average speed at different crash points.
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Figure 10. The average speed at different crash points (350–410 time steps).
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Figures 11 and 12 show the average speed of the system when the crashes occurred at points 5, 6,
7, and 8, respectively. The results show that when the crash occurred at the point farthest away from
the city center, the impact on the system’s average traffic flow was the greatest, and the declines of the
system’s average speed were the greatest. This is because the movement direction of vehicles in the
model was to the right and downward. The system formed a global congestion from the upper-left
corner to the lower-right corner by itself, and the congestion points we set were just on this diagonal.
Traffic crashes at points from 1 to 4 can cause congestion quickly, leaving a large amount of road space
for the remaining vehicles to move freely, so the network average speed increased. The impact of
crashes from points 5 to 8 was the opposite to the case of crashes from points 1 to 4.
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Figure 11. The average speed at different crash points.
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Figure 12. The average speed at different crash points (340–390 time steps).

3.5. The Impact of Traffic Crashes’ Time Distribution on the Traffic Network

The following describes the impact of traffic crashes’ time distribution on the urban traffic network.
We chose traffic crashes on point 4 in Figure 8; the time of the traffic crashes was defined as taccident,
and its values were (t1 = 1, t2 = 51, t3 = 101, t4 = 151, t5 = 201, t6 = 251, t7 = 301). That is, we
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evaluated the change of the system’s average speed when the traffic crashes occurred at point 4 during
time step taccident. The following simulation evaluated the impact of traffic crashes’ time distribution on
the traffic network’s average speed.

From Figures 13 and 14, the impact on entire traffic flow first increased and then decreased as the
time of traffic crash was pushed forward. This shows that the time of traffic crashes occurring at same
place had some regular impact on the road network. Before a wide range of traffic congestion appeared,
congestion which happened in advance could cause local congestion, which makes it more difficult for
vehicles in other areas to form congestion. However, with the gradual increase of congestion in the
road network, the impact of newly formed congestion points on the road network is decreased.
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Figure 13. The average speed under different taccident.
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Figure 14. The average speed under different taccident (180–240 time steps).

In the above two figures, it can be seen that the different times of the traffic crashes had a certain
impact on the system’s average speed. So, we calculated the impact of traffic crashes occurring at
different times on the global clustering, as shown in Figure 15. From this figure, when a traffic crash
occurred at time step t1 = 1, the entire road network was completely blocked after the road network
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ran 503 time steps, and when a crash occurred at time step t4 = 151, the longest time of the global
cluster formed was 574 time steps, but at time steps t5 = 201, t6 = 251, and t7 = 301, the global cluster
time gradually decreased. This is because before the road network gradually formed a certain range of
traffic congestion, and traffic jams which occurred in advance could cause local congestion. Vehicles in
other areas could thus take up more space to travel freely, making it more difficult to form congestion.
However, with the gradual formation of road network congestion, the impact of new congestion points
on the road network decreased. This means with delay of the crash, the traffic flow of the entire road
network first increased and then decreased. Therefore, traffic crashes occurring at different times in
the same place had different impacts on the road network’s operational status. The later the crash
happened, the smaller its impact on the road network.
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Figure 15. The impact of different traffic crash occurrence times on the global cluster time.

4. Conclusions

Occasional traffic crashes are one of the major causes of congestion in urban traffic networks.
In this paper, we introduced traffic crashes into an extended coupled model of NaSch and BML models,
and studied the impact of the time and spatial distribution of traffic crashes on the urban road network.
The simulation results were as follows.

When the initial traffic density of the urban road network was not greater than 0.2, the average
speed of vehicles traveling was obviously greater than that under other density conditions, and there
was no global clustering. The initial traffic density of the urban road network had a critical density
near the value of ρ ∈ [0.2, 0.3]. When the system’s initial density was greater than the critical density, it
made the traffic flow change from the free-flow state to the completely congested state. Hence, urban
traffic managers and policy makers should control the number of vehicles in the road network to avoid
the transition of traffic flow phase from free-flow phases to traffic jams due to the high traffic density.

The location of the traffic crashes relative to the road network center had a differential impact on
the traffic network. The impact on the traffic network was the greatest when the crash occurred at
the point farthest away from the center point, and the average speed of the traffic network was the
lowest in this case. This is because the road network is denser as distance to the center of the city
decreases, and there is a stronger ability to withstand crashes; thus, the congestion caused by crashes
can be quickly evacuated from other adjacent road sections. Roads farther away from the center of
the city are the opposite. Therefore, compared with the city center, this situation requires that traffic
management departments strengthen the daily management of the surrounding road sections of the
city and improve the efficiency of crash handling so as to avoid the great impact of traffic congestion
caused by crashes in the surrounding sections of the city on the urban traffic as a whole.

Traffic crashes occurring at different times at the same place had a certain impact on road network
operational states. The later the accident happened, the smaller the impact on the road network. For
congestion caused by traffic crashes, if it was not resolved in time, the longer the congestion lasted,
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and the greater the impact on the entire road traffic. The earlier the crash occurred, the greater the
possibility of this situation arising. Therefore, traffic management departments need to improve the
ability to detect and dispose of traffic crashes, and reduce the duration of congestion caused by crashes,
so as to reduce their impact on the entire urban traffic network.
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