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a b s t r a c t

Based on the two-lane traffic model proposed by Chowdhury et al., a highway traffic
model with a blockage induced by an accident car is proposed, in which both symmetric
lane changing rules and asymmetric lane changing rules are adopted. The fundamental
diagrams and spatial-temporal profiles are presented after the numerical simulation and
the jam transition is studied. It is shown that the accident car not only causes a local
jam behind the accident car, but also causes vehicles to cluster in the bypass lane. The
asymmetric lane changing rules are more advantageous in reducing the local jam than the
symmetric lane changing ruleswhen the accident car is in the right lane, and the symmetric
lane changing rules are superior when the accident car is in the left lane. Furthermore the
curves of lane-changing frequency against the total density are given. It is found that the
vehicles will change lane more frequently when traffic is inhomogeneous with different
types of vehicle or with an accident car.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

With the development of modern society, traffic and pedestrian flows have attracted considerable attention [1–9].
There have been essentially two different types of approaches, macroscopic and microscopic ones (dynamical models).
And the cellular automata (CA) model is one of the most efficient treatments. It can provide a simple physical picture of
the system and can be easily modified to deal with different phenomena of traffic [1–4]. Although most investigations
consider homogeneous systems with one type of vehicle on a one lane road, real traffic is usually inhomogeneous and
has more than one lane. Based on the NaSch model and taking account the detailed representation of infrastructure such
as multi-lane traffic, on- and off-ramps and highway intersections, much progress has been made in the simulation of large
traffic networks. Several two-lane extensions of the NaSch model [3] were proposed, among which the models proposed
by Chowdhury [4] are applied in many simulations. These two models were symmetric and asymmetric with respect to the
two lanes as well as with respect to the two types of vehicle respectively. It is shown that they are able to reproduce some
empirically observed phenomena, such as lane usage inversion and jams.
Besides, the theory of traffic congestion is one of the most quickly developing fields of statistical physics during last

years [5–7]. The physics of congested traffic pattern formation at an on-ramp bottleneck has been studied [8–11]. One of
the most important aims of these researches is to find traffic control methods which could increase freeway capacity, traffic
safety and result in high-quality mobility.
However little has been studied about the dynamics of traffic induced by a car accident using the CAmodel. An exception

is a two-lane traffic model proposed by Kurata et al. [2] using an optimal velocity model, in which the traffic jams induced
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by an accident car were investigated and only the symmetric lane-changing rules were adopted. They found that there are
two kinds of jam: one is the localized jam just behind the car involved in the accident and the other is the extended jam.
In this article, the physics of congested traffic pattern on two-lane highway traffic with an accident car is studied using

the cellular automaton model, and both the symmetric lane changing rules and the asymmetric lane changing rules are
adopted. The fundamental diagrams and the spatial-temporal profiles are presented after the numerical simulation and
some meaningful results are obtained.
The paper is organized as follows: In Section 2, a description of the NaSch model of single-lane traffic and lane changing

rules proposed by Chowdhury et al. are introduced and some characteristics of inhomogeneous traffic are revealed in the
form of a fundamental diagram and spatial-temporal profiles. In Section 3, a two-lane highway model with a blockage due
to an accident car is proposed and the traffic characteristics including the phase transition and lane changing frequency have
been studied. Finally, concluding remarks and a summary of findings are contained in Section 4.

2. Basic cellular automaton models of traffic flow

2.1. Nagel–Schreckenberg model of single-lane traffic

The simplest single-lane stochastic cellular automatamodel studied byNaSch [3] is defined as follows: The road is divided
into cells and a vehicle has a length of one cell. Each cell may either be empty or be occupied by one vehicle. Each vehicle
has an integral velocity v between 0 and the speed limit vmax. This speed limit may be different depending on the kinds
of vehicle under consideration. Let vn and xn denote the current velocity and position of the nth vehicle respectively. And
let dn be the empty sites in front of the nth vehicle, dn(t) = xn+1 − xn − 1. The movement of the vehicle is determined
by a set of simple update rules and the system update is performed in parallel. Then the state of the system at time t + 1
could be obtained from the state at the preceding time t by applying the following set of updating rules: (1) Acceleration:
vn → min(vn + 1, vmax). (2) Deterministic deceleration to avoid accident: vn → min(vn, dn). (3) Randomization with
probability p: vn → max(vn − 1, 0) (4) Update of positions: xn(t + 1)→ xn + vn.
With the above very simple rules, this model can be used to reproduce the basic phenomena encountered in real traffic,

e.g., the occurrence of phantom traffic jams.

2.2. Two-lane automaton model of inhomogeneous traffic proposed by Chowdhury et al.

In order to extend the NaSchmodel tomulti-lane traffic, one has to introduce lane changing rules. Here we consider two-
lane traffic and adopt the symmetric lane changing rules and the asymmetric lane changing rules proposed by Chowdhury
et al. [4]. The updating step is divided into two sub-steps: one is sideways movement, i.e., vehicles may change lanes in
parallel according to the lane-changing rules; and the other is forwardmovement, i.e., the speed and position of each vehicle
is updated in the current lane following the rules as those in the NaSch single-lane model.

2.2.1. The symmetric lane changing rules
If the left lane is not used by default, it is natural to consider the symmetric incentive criteria. That is to say, the rules for

updating the states of the vehicles are symmetric with respect to the vehicles as well as with respect to the lanes and hence
the name. Then a vehicle changes lane with probability plc provided:
Incentive criterion:

dn < min(vn + 1, vmax). (1)

Safety criterion:

dpred > dn (2)

dsucc > dsafe (3)

where dpred and dsucc are the gaps between vehicle i and the preceding vehicle and the succeeding vehicle in the target lane
respectively; and dsafe is the maximum possible speed of the succeeding vehicle in the target lane. For the sake of simplicity,
plc is assumed to be 1 all through the paper.

2.2.2. The asymmetric lane changing rules
The rules for updating the states of the vehicles in the asymmetric model are asymmetric with respect to the vehicles

(i.e., vehicles with a different value of vmax follow different lane changing rules), as well as with respect to the lanes (i.e., the
rule for moving from the left lane to the right lane is different from that for moving from the right lane to the left lane). The
left and right lanes will also be referred to as the fast and slow lanes, respectively. The asymmetric rules can be divided into
two parts:

(1) The rules for moving from the right lane to the left lane by a slow vehicle is the same as that in the symmetric model
stated above. While a fast vehicle changes from the right lane to the left lane with probability plc provided
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(i) Incentive criterion:
(a) When the preceding vehicle in the current lane is a fast vehicle

dn < min(vn + 1, vmax); (4)
(b) When the preceding vehicle in the current lane is a slow vehicle

dn < vfmax; (5)
(ii) Safety criterion:

dpred > dn; (6)

dsucc > dsafe. (7)
(2) The rules for moving from the left lane to the right lane:

For the slow vehicles:
(i) Incentive criterion:

dpred > vn; (8)
(ii) Safety criterion:

dsucc > dsafe. (9)
For the fast vehicles:
(i) Incentive criterion:
(a) When the preceding vehicle in the target lane is a fast vehicle

dpred > vn; (10)
(b) When the preceding vehicle in the target lane is a slow vehicle

dpred > vfmax; (11)
(ii) Safety criterion:

dsucc > dsafe. (12)

The rules for updating speeds and positions of vehicles in the current lane are identical to those in the NaSch single-lane
model, just as in the symmetric lane-changing rules.

3. A two-lane highway model with a blockage due to an accident car

3.1. Outline of the model

In real traffic, we usually find that traffic jams appear just behind the carwhich is broken down or involved in an accident.
This car can be considered as a blockage. When other vehicles behind reach the position occupied by the accident car, they
will always stop or change lane to pass through the site. Then a jam appears. Here based on the two-lane model proposed
by Chowdhury et al., we propose a two-lane highway model with a blockage due to an accident car and discuss the capacity
reduction and the jamming transition by numerical simulation.
According to the lane-changing rules proposed by Chowdhury et al., a two-lane highway with a lattice of L cells per lane

is assumedwith periodic boundary conditions, and an accident car which is unable to move exists at the middle of one lane.
Two types of vehiclemove along onedirection characterized by twodifferent values of vmax, i.e., v

f
max and vsmax, corresponding

to the fast and slow vehicles respectively. Here the terms fast and slow vehicles are referred to those intrinsically fast (e.g., a
motorcar) and intrinsically slow (e.g., a truck) vehicles. The slow vehicles have value of vsmax = 3 and the fast vehicles have
value of vfmax = 5, analogous to Ref. [12]. Furthermore, the partial density of the fast and the slow vehicles are defined as ρf
and ρs respectively. They are expressed as follows:

ρf = Nf /N, ρS = NS/N (13)

where Nf and Ns are the numbers of fast and slow vehicles respectively, while N = Nf + Ns is the total number of vehicles.
Then the total density of the vehicles is defined as:

ρ = N/(L · 2). (14)

The ratio factor R (0 ≤ R ≤ 1) is introduced, and the following conditions are satisfied: ρs = ρ · R and ρf = ρ · (1− R).
The numerical simulation is performed according to the above updating rules and lane changing rules. Each cell was

set to be 7.5 m long and either empty or occupied by just one vehicle, and all vehicles are initially positioned randomly. A
system of length L = 400 was studied, which corresponded to the length of actual road around 3 km. One time step ∆t
corresponded to 1s, which was of the order of the reaction time for humans. Then the maximum velocity vfmax = 5 and
vsmax = 3 corresponded to 135 km/h and 81 km/h respectively in real traffic.
The computational formulas used in numerical simulation are given as follows:

J = ρ · v (15)

where J is mean flow, ρ is global vehicle density, and v is mean velocity. v can be expressed as:

v =
1
T

T+t0−1∑
t=t0

1
N

N∑
i=1

vi(t) (16)
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Fig. 1. Fundamental diagrams. (a) Symmetric lane-changing rules with different values of R. (b) Two-lane traffic with an accident car.

where vi(t) is the velocity of the ith vehicle at time t , and T is a selected sampling time interval. In the numerical simulation,
the first 1 × 104 time-steps of each run were put away in order to remove the transient effects, and then the data were
recorded in successive 1× 104 time-steps. The mean velocity was obtained by averaging over 30 runs of simulation.

3.2. Simulation and results

As a primary simulation, Fig. 1(a) shows the fundamental diagrams of two-lane traffic model with different values of
R based on the symmetric lane-changing rules proposed by Chowdhury et al., in which the cases R = 0.0 and R = 1.0
correspond to the situations of only one type of vehicle, i.e., only fast vehicles and only slow vehicles respectively. It is
found that the maximum flows maintain almost the same as long as there are slow vehicles on the road. Furthermore the
fundamental diagrams coincide with each other as R ≥ 0.5. This shows the fact that the slow vehicles have a significant
influence on the traffic systemwhen these symmetric lane-changing rules are adopted. Besides, themaximum flow as R = 0
(only fast vehicles on the road) is larger than that as R > 0 (with slow vehicles), and the corresponding density at the
maximum flow in the former case is smaller than that in the latter case, i.e., ρ fmax < ρsmax. When densities are lower than
ρsmax, the flow without slow vehicles is obviously higher than that with slow vehicles corresponding to the same value of
density. This phenomenon depicts the reality in traffic flow. On the other hand, when the density is larger than ρsmax, the
diagrams show hardly any difference between them because of mutual hindrance. Since the fast vehicles are unable to
maintain a high speed at the higher density region. The results coincide with that obtained by Chowdhury et al. [4].
In order to find the influence of the accident car on the traffic, the fundamental diagrams of two-lane traffic with an

accident car are presented in Fig. 2 corresponding to four cases:
A: the accident car is on themiddle of the right lane (slow lane) and the symmetric lane-changing rules are adopted with

R = 0.1;
B: the accident car is on the middle of the left lane (fast lane) and the asymmetric lane-changing rules are adopted with

R = 0.1;
C: the accident car is on the middle of the right lane (slow lane) and the asymmetric lane-changing rules are adopted

with R = 0.1;
D: the accident car is on themiddle of the right lane (slow lane) and the symmetric lane-changing rules are adopted with

R = 0.
From the diagrams, it is found that the four cases are incorporated into one curve. This indicates that the accident

car is a prominent factor in the traffic. That is to say as long as there is an accident car on the road, the relationship
between the total flow and density is always the same no matter what lane-changing rules are adopted and whether it is a
homogeneous system. Furthermore, the fundamental diagramswith an accident car show three regions, i.e., undersaturated
traffic, saturated traffic andoversaturated traffic. In the first region, traffic flow increases linearlywith the increase of density.
The second region shows an approximate flat plateau in the middle of the density, just as the features of a single defect. The
nontrivial phenomenon is that the mean total flow J is independent of density and remains the same as that in the initial
free flow. And in a high density region, the traffic flow decreases linearly with the increase of vehicle density. That is to
say, the local increase of density will not compensate for the reduced local velocity in this region. It can be found that the
accident car can bring a global effect on the traffic, accompanied with the appearance of a phase separation between the
macroscopic high density region and the low density region. And this is part of the reason for the existence of the flat plateau
in the fundamental diagrams.
Fig. 2 compares the fundamental diagrams of the right lane and the left lane corresponding to cases A, C and D, and the

accident car is on the right lane in all these cases. It is obvious that the diagrams of the different lanes exhibit different
properties in these three cases while the relationships between the total flow and the density exhibit the same properties
in Fig. 1(b). How does this happen?
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Fig. 2. Fundamental diagrams of two lanes corresponding to the case A, C and D.

Fig. 3. Spatial-temporal profiles, the left diagram indicates the right lane and the right diagram indicates the left lane. (a) Case D, (b) case A, (c) case C,
(d) the asymmetric lane-changing rules are adopted with the accident car on the left lane, R = 0.1, ρ = 0.10.

First we focus on case D in which there is no slow vehicle. Thus the interaction between vehicles is relatively weak. In
the small density region, when vehicles in the right lane cannot move at their desirable speed due to the accident car, most
of them always try to change lane to the left lane where the driving conditions are better. Then from Fig. 2, it is found that
the flow in the left lane is apparently larger than that in the right lane when the density is not so large. With an increase in
density, some vehicleswhich are on the left lane at that time come back to the right lane because the traffic circumstance are
also becoming worse there. Eventually the flow in both of two lanes decreases, and the situation in the right lane is worse.
Then jams appear in the traffic.
In order to have some further insight into the traffic dynamics, the spatial-temporal evolution of vehicles is studied near

the blockage due to the accident car. Fig. 3(a) is the spatial-temporal profiles of caseD, inwhich the symmetric lane-changing
rules are adopted with R = 0 and ρ = 0.10, and the accident car is on the right lane (the slow lane). Here the left diagram
indicates the right lane while the right diagram indicates the left lane. The appearance and disappearance of the trajectory
lines mean the lane-changing of vehicles. The steeper the trajectory lines are, the slower the vehicles are. It is found that a
jam appears behind the accident car in the right lane. The result is due to the vehicles that are not able to change lane in
time and are hindered at the blockage. Corresponding to the local jam of the right lane behind the accident car, the situation
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Fig. 4. Fundamental diagrams of two-lane traffic corresponding to the different lane-changing rules with an accident car is in the left lane, in which
R = 0.1, ρ = 0.10.

in the left lane is a little better but clusters can also be found. This phenomenon coincides with the property shown in the
Fig. 2 (case D) that the flow in the bypass lane is larger than that in the lane with an accident car.
This is caused by lane-changing from the right lane to the left lane behind the accident. When a vehicle in the right lane

changes lane, it is usually at a small velocity and prevents the following vehicles in the left lane from going ahead. Then
the following vehicles in the left lane slow down and a cluster of fast vehicles is formed behind the slow vehicles, and a
jam eventually appears. The vehicles can change lane back to the right lane when the incentive criterion and the security
criterion are satisfied. Thus it can be found that the accident car not only causes a local jam in the lane it is in, but also causes
vehicles to cluster in the bypass lane, i.e., an extended jam. This coincides with the result obtained by Kurata et al. [2].
Nowwe focus on the cases A andC in Fig. 2. It can be seen that the flow in the right lanewith the asymmetric lane changing

rules (case C) is larger than that with the symmetric lane changing rules (case A). This indicates that the asymmetric lane
changing rules are more advantageous in reducing the local jam than the symmetric lane changing rules when the accident
car is on the right lane (the slow lane). On the other hand, the flow in the left lane shows the property quite the other way
round when the two lane-changing rules are adopted respectively.
In case A, the flows of two lanes are similar when the symmetric lane-changing rules are adopted in the low density

region. This phenomenon is ascribed to the fact that vehicles are able to change lane freely and exempted from the effect of
the accident car. With an increase of the density (ρ > 0.1), the flow in the bypass lane is larger than that of the accident
lane. On the other hand, in case C where the asymmetric lane-changing rules are adopted, the flow in the accident lane is
larger than that of the bypass lane as ρ < 0.25. With an increase in density, the flow of the bypass lane increases until it
overtakes the flow of the accident lane. This is because the probability of changing lane from the right lane to the left lane is
small in the low and moderate density region due to slow vehicles when the asymmetric lane-changing rules are adopted.
Then the flow in the right lane is maintained higher than that of the left lane. Until the driving circumstances of the right
lane become worse as the density increases, more vehicles eventually change to the left lane.
The spatial-temporal profiles are given in Fig. 3(b) corresponding to case A, in which the symmetric lane-changing rules

are adoptedwith R = 0.1 and ρ = 0.10, and the accident car is on the right lane (the slow lane). The only difference between
Fig. 3(a) and (b) is that there exist slow vehicles in Fig. 3(b). It can be found that the jam width behind the accident car in
Fig. 3(a) is larger than that in Fig. 3(b), and the number of hindered vehicles in the bypass lane in the former case is smaller
than that in the latter case. This coincides with the diagrams of cases A and D in Fig. 2. The phenomenon should be ascribed
to the fact that the difference between the qout and qin of the right lane in Fig. 3(a) is larger than that in Fig. 3(b), here qout
indicates the outflow of vehicles from the jam, and qin indicates the inflow of vehicles to the jam. When vehicles are all fast,
the inflow is larger compared to that with slow vehicles. Although some vehicles change to the bypass lane, this part of flow
cannot compensate the increase of inflow. Then the jam width becomes larger in Fig. 3(a) than that in Fig. 3(b).
Fig. 3(c) shows the spatial-temporal profiles corresponding to the case C in Fig. 2, in which the asymmetric lane-changing

rules are adopted with R = 0.1 and ρ = 0.10, and the accident car is also on the right lane as in case A (Fig. 3(b)). It can
be found that the jam width behind the accident car in Fig. 3(c) is smaller than that in Fig. 3(b) in which the symmetric
lane-changing rules are adopted, and the hindered vehicles in the bypass lane in this case are more than that in the Fig. 3(b).
This phenomenon can be interpreted by the fundamental diagrams (Fig. 2). And the fact is revealed once again that in the
low and moderate density regions, if the percentage of slower cars is 0.1, the asymmetric lane-changing rules are more
advantageous in reducing the local jam than the symmetric lane changing rule when there is a blockage in the right lane,
i.e., the slow lane.
But things are quite different when the accident car is in the left lane (fast lane). Fig. 4 is the fundamental diagrams of the

right lane and left lane with R = 0.1, in which the symmetric lane-changing rules and the asymmetric lane-changing rules
are adopted respectively in order to have a comparison. It can be found that in the lowandmoderate density regions, the flow
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Fig. 5. Average lane-changing frequency per vehicle per time step against the total density for two-lane highway traffic.

of the accident lane based on the symmetric lane-changing rules is larger than that based on the asymmetric lane-changing
rules, and the result is just the reverse in the bypass lane.
Fig. 3(d) exhibits the spatial-temporal profiles with the accident car in the left lane, in which the asymmetric lane-

changing rules are adopted. Further the simulations show that the corresponding spatial-temporal profiles based on the
symmetric lane-changing rules are similar to Fig. 3(b) except the location of the lane is exchanged. Then it can be found that
the symmetric lane-changing rules are superior to the asymmetric lane-changing rules in reducing the local jam provided
that there is a blockage in the left lane (the fast lane). And it is reversed in the bypass lane. The fundamental diagrams in
Fig. 4 coincide with the spatial-temporal profiles in Fig. 3(d).
To get further insight into the lane-changing dynamics, the lane-changing frequencies per site per time step are presented

in Fig. 5 both for the asymmetric and the symmetric lane-changing rules, also for the case with and without an accident car
in one of two lanes. The curves from bottom to top indicate the following six cases:
Case 1: the symmetric lane-changing rules are adopted with R = 0 and no accident car;
Case 2: the symmetric lane-changing rules are adopted with R = 0.1 and no accident car;
Case 3: the symmetric lane-changing rules are adopted with R = 0.1, and the accident car is in the middle of the right

lane (slow lane);
Case 4: the asymmetric lane-changing rules are adopted with R = 0.1 and no accident car;
Case 5: the asymmetric lane-changing rules are adopted with R = 0.1, and the accident car is in the middle of the left

lane (fast lane);
Case 6: the asymmetric lane-changing rules are adopted with R = 0.1, and the accident car is in the middle of the right

lane (slow lane);
From the diagrams, it can be found that:
(1) The maximum lane-changing frequency based on the asymmetric lane-changing rules is larger than that based on

the symmetric lane-changing rules when the other conditions are the same, just as in case 2 and case 4 or in case 3 and
case 6.
(2) The maximum lane-changing frequency in the case with an accident car is larger than that without an accident car

when the other conditions are the same. This phenomenon can be found in case 2 and case 3 and also in case 4, case 5 and
case 6. This coincides with the reality that vehicles change lanes frequently in order to avoid the accident car.
(3) Themaximum lane-changing frequency in the casewith slow vehicles is larger than that with only one type of vehicle

when the other conditions are the same. This can be found in case 1 and case 2. The lane-changing frequency is the lowest
when there is no slow vehicle and no accident car, and the lane-changing probability reaches its maximum just near the
critical density, as case 1 shows.
(4) The value of the density corresponding to themaximum lane-changing frequency in the symmetric case is larger than

that in the asymmetric case. And the curve in the asymmetric case is steeper than that in the symmetric case. This indicates
that vehicles in the asymmetric case have more sense of lane-changing than that in the symmetric case.
(5) The maximum lane-changing frequency exists in the small density region. The larger the maximum lane-changing

frequency is the smaller the corresponding ρmax is. With increasing density, the lane-changing frequency shows no
distinction between any of the cases. This property should be ascribed to the fact that the lane-changing criteria are difficult
to satisfy when the density increases, and vehicles cannot change lanes as frequently as before.
Briefly the simpler the traffic is the less lane-changing occurs. The extreme case is the traffic with no slow vehicles and no

accident car, and the corresponding lane-changing frequency is the lowest. This suggests thatwhen traffic is inhomogeneous
with different types of vehicle or with a blockage the vehicles will change lane more frequently. In addition the maximum
lane-changing frequency based on the asymmetric lane-changing rules is larger than that based on the symmetric lane-
changing rules. As a result there may be more potential traffic accidents due to frequent lane-changing.
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4. Conclusions

The property of inhomogeneous traffic flow with a blockage induced by an accident car is studied based on the two
lane cellular automaton model proposed by Chowdhury et al. The results of the numerical study, i.e., the fundamental
diagrams and the macroscopic features of spatial-temporal profiles at the blockage, are given by applying both symmetric
and asymmetric lane-changing rules. It is shown that when there is no accident car on the road, the presence of slow
vehicles has a strong influence on the dynamics of traffic flow. And the fundamental diagrams for the different lanes exhibit
different properties when different lane-changing rules are adopted and the accident car appears in different lanes. In the
low and moderate density regions, if the percentage of slow vehicles is 0.1, the asymmetric lane-changing rules are more
advantageous in reducing the local jam than the symmetric lane-changing rules when there is a blockage in the right lane
(the slow lane); and on the contrary, the symmetric lane-changing rules are superior provided that there is a blockage in the
left lane (the fast lane). The spatial-temporal profiles show that the accident car not only causes a local jam, but also causes
vehicles to cluster in the bypass lane. The results also indicate that when traffic is inhomogeneous with different types of
vehicle or with an accident car, then vehicles will change lane more frequently. In addition, the maximum lane-changing
frequency based on the asymmetric lane-changing rules is larger than that based on the symmetric lane-changing rules.
When there is no slow vehicle and no accident car, the corresponding lane-changing frequency is the lowest.
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