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This paper uses the cellular automaton model to study the dynamics of traffic flow around an on-ramp with an

acceleration lane. It adopts a parameter, which can reflect different lane-changing behaviour, to represent the diversity

of driving behaviour. The refined cellular automaton model is used to describe the lower acceleration rate of a vehicle.

The phase diagram and the capacity of the on-ramp system are investigated. The simulation results show that in the

single cell model, the capacity of the on-ramp system will stay at the highest flow of a one lane system when the driver

is moderate and careful; it will be reduced when the driver is aggressive. In the refined cellular automaton model, the

capacity is always reduced even when the driver is careful. It proposes that the capacity drop of the on-ramp system is

caused by aggressive lane-changing behaviour and lower acceleration rate.
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1. Introduction

In recent years, much attention has been paid
to modelling the dynamics of traffic flow.l'~14 Many
theoretical models have been proposed to explain the
evolution mechanism of traffic flow. They can be con-
ceptually classified into macroscopic and microscopic
models. In the so-called microscopic vehicular traf-
fic flow models, individual vehicles interact with each
other and the properties of traffic are reflected by the
collecting behaviours of those vehicles. Car-following
models and cellular automaton (CA) models are the
two main kinds of microscopic models. Due to efficient
and fast performance in computer simulation, the CA
model has become an excellent tool for simulating real
traffic flow. In 1992, Nagel and Schreckenberg pro-
posed the well-known Nagel-Schareckenberg (NaSch)
model."®! Although it is very simple, the NaSch model
can reproduce some real traffic phenomena, such as
the occurrence of phantom traffic jams and the re-
alistic flow-density relation (fundamental diagram).
Later, various generalizations and extensions of the

NaSch model were proposed to simulate the behaviour

of traffic flow.['6~18 Nowadays, realistic driving be-
haviours are introduced into the NaSch model, then
complex traffic behaviours are simulated.19-23]

A traffic bottleneck is a section of road with a
carrying capacity substantially below that character-
izing other sections of the same road. So capacity
drop is a significant property of bottlenecks. Along
with capacity drop, complex traffic flow patterns also
emerge, such as synchronized flow. As an important
factor in real traffic, bottlenecks have attracted the
interest of many researchers. Bottlenecks include on-
ramps, off-ramps, lane closings, uphill gradients, nar-
row road sections, etc. Among the various types of
bottlenecks, the on-ramp and the off-ramp have been
widely studied by using CA models.?*=32 For the on-
ramp system, there are several methods to describe
the behaviour of a vehicle entering a main road from
an on-ramp. Some previous work[?433! implied a sim-
ple manner, where vehicles are inserted directly onto
the highway with a frequency. But those models are
not very realistic because the ramps themselves are
not modelled. In order to describe the on-ramp sys-
tem more realistically, Jia et al.l*”] established the CA

*Project supported by the State Key Development Program for Basic Research of China (Grant No. 2006CB705500), the National
Natural Science Foundation of China (Grant Nos. 70631001, 70501004 and 70701004), Program for New Century Excellent Talents
in University (Grant No. NCET-07-0057), and the Innovation Foundation of Science and Technology for Excellent Doctorial

Candidate of Beijing Jiaotong University (Grant No. 48025).

fCorresponding author. E-mail: zygao@center.njtu.edu.cn

(© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

060501-1



Chin. Phys. B Vol. 19, No. 6 (2010) 060501

model for the on-ramp system and the acceleration
lane is adopted. As the vehicles from the on-ramp lane
have to change from the acceleration lane to the main
road, appropriate lane-changing rules are needed to
model the realistic traffic behaviours at the on-ramp.
In this paper, a parameter is introduced to represent
the different lane-changing behaviours of drivers and
the traffic dynamics are analysed in detail.

In order to simulate more realistic traffic be-
haviours, finer discretization in space, that is to say
a vehicle is allowed to span a number of consecutive
cells in the longitudinal direction, is considered in the
CA models for traffic flow.[?*=36] Here we call these
models refined CA models. In the refined CA models,
the acceleration rate is low because the cell has a small
length. In addition, more realistic driving behaviours
can be well described, such as slow-to-start, velocity
adoption, expectation, etc. Complex traffic flow pat-
terns, typically synchronized flow, can be reproduced.
But the dynamics of traffic flow at an on-ramp have
not been systematically studied with the refined CA
model. This is also what we are going to do in this
paper.

In Section 2, a model for an on-ramp system is
proposed. In Section 3, the simulation results are anal-
ysed in detail. Lastly, the conclusion is given.

2. Model

The on-ramp system with an accelerating lane has
been well studied by using a single-cell model in our
previous work.[?”) The schematic diagram of the on-
ramp system is shown in Fig. 1. One can see that
the road is divided into four sections: region A (main
road upstream of point M), B (on-ramp upstream of
point M), C (main road downstream of point N) and
D (the accelerating section). The single lane refined
NaSch model is used to model the movement of a ve-
hicle. In section D, the road has two lanes, thus some
additional lane-changing rules are needed to simulate

the merging behaviours of the vehicle in the right lane.

M N
A Lp C
— [ []] ? —
B accelerating section
! D

on-ramp

Fig. 1. Schematic illustration of the on-ramp system.

Before going to the consideration of lane-changing
rules in section D, we first introduce the CA model
for vehicle movement. In a cellular automaton traf-
fic low model, the road is divided into L cells, and
a vehicle has a length of [ cell(s). It is usually as-
sumed that the length of a vehicle is 7.5 m, then the
length of a cell corresponds to 7.5/l m. So as [ in-
creases, the space discretization is finer. Furthermore,
the acceleration rate is usually set as 1 cell/s?, thus
the value of [ also determines the acceleration rate. In
the original NaSch model, [ = 1 is selected. Here the
refined NaSch model, in which [ can be larger than 1,
is used to describe the forward movement of vehicles.
Next, we briefly recall the updating rules of the refined
NaSch model. There are 4 sub-steps: (i) acceleration:
vp(t +1/3) — min(v, (t) + 1, vmax); (i) deceleration:
U, (t42/3) — min(v, (t+1/3), dy,); (iii) randomization:
Un(t + 1) — max(v, (t +2/3) — 1,0) with probability
p; (iv) position update: x,(t+1) = 2, (t) + v, (t + 1).
Here v, (t) and z,(t) denote the velocity and position
of the vehicle n respectively; vpax i the maximum ve-
locity; d, = xpa1(t) — x,(t) — I denotes the number
of empty cells in front of the vehicle n, and [ is the
length of the vehicle, i.e., the number of cells taken
up by a vehicle; p is the randomization probability. In
the original NaSch model, I = 1 is selected, while in
the refined NaSch model, [ > 1.

The above rules control the forward motion of ve-
hicles. In the case of two-lane traffic one has to in-
troduce an additional set of lane-changing rules. In
section D, the vehicle in the right lane must change
to the left lane before it reaches the end of section D,
and the vehicle in the left lane is not allowed to change
to the right lane. Unlike the lane-changing rules in
Ref. [27], a simpler rule is adopted in this paper. If
the condition

dn,front >1 and dn,back > maX(O; Uob + kl) (1)

is met, the lane-changing is performed by vehicle
n. Here dy front (dn back) denotes the gap to the
front (back) vehicle in the destination lane at time
t. Similarly, with d,,, dn front = Tn front — Tn — [ and
dppack = Ty — Tnback — I, Where T front and Tp pack
are the positions of the front and back vehicles on the
destination lane. We should point out that the vehicle
in the destination lane driving side by side with vehicle
n is deemed to be the back vehicle of vehicle n. The
Uob represents the velocity of the following vehicle in
the destination lane at time ¢. Condition dj, front > {
means “I can move into the destination lane in the
next time step”; condition dy, pack > max (0, vob + k)
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indicates that the gap to the back vehicle is accept-
able, and k is an integer. Higher values of k mean
that the driver needs a larger gap to complete the lane
change, that is to say, he is more careful. Three values
of k are selected to reflect different lane-changing be-
haviours. k¥ = —1 denotes that the driver is aggressive.
The aggressive driver believes that the following vehi-
cle will decelerate by [ cells when the lane-changing
is performing. k£ = 0 indicates the driver is moder-
ate. The moderate driver believes that the following
vehicle will maintain speed when the lane-changing is
performing. k = 1 means the driver is careful. The
careful driver thinks that the following vehicle may ac-
celerate by [ cells when the lane-changing is perform-
ing. According to the above analysis, we can obtain
that the minimum acceptable gaps to the back vehi-
cle are max(0, von, — 1), vob and vep, + [ for aggressive,
moderate and careful drivers, respectively.

The boundary conditions are adopted as follows.
Assume that the first cells on sections A and B corre-
spond to x=1, and the entrance regions of roads A and
B include vyax cells, i.e., the vehicles can enter roads
A and B from the cells 1,2,..., Unax.

step, when the update of the vehicles on the road is

In one time

completed, the positions of the last vehicles on roads
A and B and that of the first vehicle on road C, which

first

last last and )

are denoted as =", xf , respectively, are
checked. If xk“t (xga“) > Umax, & vehicle with velocity
Umax 18 injected with probability aa (ap) at the cell
last)

min[z25(2185%) — 10, Umax]. Near the exit of road

C, the leading vehicle is removed if x5t

is larger than
the length of lane C and the following vehicle becomes
the new leading vehicle and it moves without any hin-

drance.

3. Simulations and discussions

In this section, the simulation results are pre-
sented. In the simulations, section C is divided into
(1000 x 1) cells, section D into Lp x I cells, sections A
and B into (2000 x 1) cells. The length of a vehicle cor-
responds to 7.5 m. One time step corresponds to 1 s.
The model parameters vypax = 5 %1, p=0.1, Lp = 20
are used. The first 50000 time steps are discarded to
let the transient time die out. The flux is obtained by
counting the vehicles which pass a virtual detector in
50000 time steps. The fluxes on roads A, B and C are
qa, g and qc, respectively.

3.1. Effect of lane-changing behaviour

First, the effects of lane-changing behaviours on
the traffic flow are investigated, and the single cell
model with [ = 1 is used. In Fig. 2 a phase diagram in
(aa, ap) space with different k is shown. Consistent
with the results in Ref. [27], one can see that the phase
diagram is categorized into four regions. In region I,
the traffic flows on both roads A and B are free flows;
in region II, the traffic is free on road A and it is con-
gested on road B; in region III, the traffic is congested
on road A and is free on road B; and in region IV, the
traffic flows are congested on both roads A and B.
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Fig. 2. The phase diagrams in (aa, ap) space of the
on-ramp system with different k. Here [ = 1 is used.

Compared with the case of k& = 0, regions I, II
and IIT shrink while region IV enlarges in the case
of kK = —1, but region I almost does not change, re-
gion II enlarges and region III shrinks in the case of
k = 1. Such results indicate that the traffic condi-
tion on roads A and B is deteriorated by aggressive
lane-changing behaviour. So aggressive lane-changing
behaviour cannot make the vehicle from the ramp lane
drive faster. If the driver is careful, the driving con-
dition on road A is improved and high flux can be
obtained, although the flux on road B is slightly re-
duced.

Figure 3 shows the flux on each road as a function
of ap when ag = 0.3. One can see that ga and ¢p
first increase linearly with aa, which indicates that
the traffic on roads A and B is free. After a criti-
cal value af is reached, ga and ¢g will not change
as ap increases, thus the traffic is saturated. Since
gc = qa + gB, the saturated flux ¢¢ on road C is
deemed to be the capacity of the on-ramp system. gg,
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in the cases of £k = 0 and k£ = 1 is equal to gmax,
which is the maximum flux of the single lane system,
and larger than that in the case of kK = —1. Aggres-
sive lane-changing behaviour depresses the capacity
of the on-ramp system. In reality, driving behaviour
is diverse, so there must be aggressive lane-changing
The
saturated flux on road A ¢} increases as the lane-
In the

cases of k = —1 and k = 0, ¢g does not change as ap

and the capacity drop phenomenon happens.
changing behaviour becomes more careful.

increases, because the traffic on road B is free when
that on road C is saturated. But in the case of k =1,
gs decreases to a low value when the traffic on road
C is saturated. This indicates that the traffic on road
B is congested. This is consistent with the results in
the phase diagram (Fig. 2).
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Fig. 3. The flux on each road as a function of ay when
ap = 0.3. The solid line represents ga in the case of
ag = 0.0.

Figure 4 shows the flux on each road as a function
of ag when ap = 0.5. When ag is not very large, ¢p
and gc¢ increase linearly while ga stays unchanged as
ap grows. This corresponds to region I in the phase
diagram, and the traffic on roads A and B is free.
With further increase of ap, gc does not increase any
longer; however, ga decreases while gp still increases
linearly. This corresponds to region III in the phase
diagram, and the traffic on road A is saturated, but
that on road B is free. When ap is also large, the
traffic on road B is also saturated. We note that in
the saturated state, the saturated flux ¢} and ¢} in
the case of k = —1 is lower than that in the case of
k = 0. Aggressive lane-changing cannot increase the
flux on road B but decreases it. As a result, g will
decrease as ap grows if the lane-changing behaviour is
aggressive and capacity drop happens. Figure 4 also
shows that ¢} is lower than ¢f in the cases of k = —1

and k = 0, while the converse result is obtained in the
case of k = 1. Careful lane-changing behaviour brings
less disturbance to the traffic on road A.
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Fig. 4. The flux on each road as a function of g when
ap = 0.5.

3.2. Effect of lower acceleration rate

Now, we study the effect of lower acceleration rate
and fix the value of k = 0. In Fig. 5 a phase diagram
in (ca,ap) space with different [ is shown. With the
increase of [, regions I and III shrink apparently while
regions II and IV are enlarged. So with finer dis-
cretization in space, the traffic on road A is improved
It is harder
for the vehicle in the right lane within section D to

while that on road B is deteriorated.

change to the left lane when [ > 2. The lane-changing
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Fig. 5. The phase diagrams in (aa, ap) space of the
on-ramp system with different . Here k = 0 is used.

behaviours in the cases of [ = 1 and [ = 3 are shown
in Fig. 6. Although the initial configurations are the
same at time step ¢, the vehicle B2 can easily change
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to the left lane in the case of [ = 1, while it cannot
change to the left lane in the case of [ = 3. One can
see that at time step ¢ 4 2, the vehicle B2 reaches the
point N, but d, pack is not large enough to make a

lane change in the case of [ = 3.
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Fig. 6. Step-by-step example for the evolution process.
The left part has I = 1 and the right part has [ = 3. Be-
cause lane-changing does not happen at time step ¢ + 1
in the case of [ = 3, the configuration at ¢ + 2 is plotted.
The numbers denote the velocity of the vehicle at time
step t. For simplicity, the velocity is updated under the
deterministic case.

Figure 7 shows the flux on each road as a func-
tion of apa when ag=0.4. As [ increases, the saturated
flux of road C g¢ decreases. Thus the capacity of the
on-ramp system will be reduced. In the case of [ =1,
gp will not change as ap increases, because the traffic
on road B is free as shown in Fig. 5. But in the cases
of { =3 and 5, gg will decrease to saturated flux ¢} as
ap increases. The ¢ becomes smaller as [ increases.
So the traffic condition on road B is worsened. The
ga increases to saturated flux ¢}, as aa increases. We
note that ¢ in the two cases of | = 3 and [ = 5 has
the same value and is larger than that in the case of
I = 1. This indicates that the traffic condition of road
A is improved when [ is larger than 1, but it cannot
be improved further when [ > 3. We know that as [
increases, the acceleration rate becomes small. Lane-
changing usually happens at low speed. After lane-
changing, the vehicle has to accelerate to high speed
for driving as fast as possible. If the acceleration rate
is low, more time steps are needed for the vehicle to
get back to high speed. The flux of the on-ramp sys-
tem is reduced. Thus the capacity drop phenomenon

happens with larger [, i.e., lower acceleration rate.

lzlqu lzl?QB & lzll,qc
0.89—a—1 =3, ga—2—1=3,q8 —=4—1=3, qc 1
—~v—1=5ga—~1=5¢8 —1=35 qc
0.6 1 i
»
=
0.4 4
0.2
0 T T T
0 0.2 0.4 0.6 0.8

A

Fig. 7. The flux on each road as a function of apa when
ap = 0.4. Here k = 0 is used.

Figure 8 shows the flux on each road as a function
of ag when ap = 0.4. We also note that the saturated
fluxes g¢, and ¢f; decrease as [ increases, while the sat-
urated flux ¢} in the two cases of [ = 3 and [ = 5 has
almost the same value and it is higher than that in
the case of [ = 1.
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Fig. 8. The flux on each road as a function of ag when
ap = 0.4. Here k = 0 is used.

With larger [, the acceleration rate becomes small
and the capacity of the on-ramp system is reduced,
even if there is no aggressive lane-changing behaviour.

4. Conclusion

In this paper, the traffic dynamics of the on-ramp
system is investigated by a CA model. The phase di-
agram in (aa, ap) space and the flux on each road as
a function of as and ap are analysed in detail.

With aggressive lane-changing behaviour, the
traffic conditions of not only road A but also road
B are deteriorated. With more careful lane-changing
behaviour, the traffic condition of road A is improved
while that of road B is worsened. The capacity of
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the on-ramp system is reduced by aggressive lane-
changing behaviour.

As [ becomes larger, the acceleration rate de-
creases, and the lane-changing ability of the vehicle
from road B to road A is restricted. Thus the traffic
condition of road A can be slightly improved. At the
same time, the traffic condition of road B is seriously
deteriorated. In all, the flux of the on-ramp system is
reduced.

According to the simulation results, we can con-
clude that both aggressive lane-changing behaviour
and a lower acceleration rate can cause capacity drop.

We know that in realistic traffic, aggressive lane-
changing behaviour commonly exists, and some ve-
hicles have lower acceleration rates. So the capacity
drop phenomenon widely happens at on-ramp bottle-
necks.

In our future work, the effects of aggressive lane-
changing behaviour and lower acceleration rate on
traffic flow dynamics will be studied in other traffic
conditions. We are going to explore some measures
to restrain aggressive lane-changing behaviour. Then

the capacity of the on-ramp can be improved.
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