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In the three-phase traffic flow studies, the traffic flow characteristic at the bottleneck section is a hot spot in the aca-
demic field. The controversy about the characteristics of the synchronized flow at bottleneck is also the main contradiction
between the three-phase traffic flow theory and the traditional traffic flow theory. Under the framework of three-phase traffic
flow theory, this paper takes the on-ramp as an example to discuss the traffic flow characteristics at the bottleneck section.
In particular, this paper mainly conducts the micro-analysis to the effect of lane change under the two lane conditions, as
well as the effect of the on-ramp on the main line traffic flow. It is found that when the main road flow is low, the greater
the on-ramp inflow rate, the higher the average speed of the whole road section. As the probability of vehicles entering
from the on-ramp increases, the flow and the average speed of the main road are gradually stabilized, and then the on-ramp
inflow vehicles no longer have a significant impact on the traffic flow. In addition, this paper focuses on the velocity distur-
bance generated at the on-ramp, and proposes the corresponding on-ramp control strategy based on it, and the simulation
verified that the control strategy can reasonably control the traffic flow by the on-ramp, which can meet the control strategy

requirements to some extent.

Keywords: three-phase traffic flow theory, lane change, velocity disturbance, traffic control strategy
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1. Introduction

Since the 1950 s, the traffic flow research has achieved a
lot of remarkable fruits, and a great number of models have
emerged. Generally speaking, these traffic flow simulation
models can be divided into two categories, i.e., macroscopic
and microscopic.!'3! In the macroscopic models, Lighthill
and Whithamn firstly proposed the conception of continuum
model in 1955, which introduces a continuum model of fluid
mechanics based on the conservation law of the number of ve-
hicles in the traffic flow, and later scholars used the solution
of this model to explain the formation of traffic density waves
and shock waves. Besides this, Payne introduced the kinetic
equation based on the basic idea of car-following model and
established a high-order traffic flow model.®! Later, by replac-
ing the density gradient with the velocity gradient, Jiang et al.
proposed a new high order continuum model, and solved the
unreasonable characteristic speeds in the existing models.®7]
The micro-traffic flow model mainly studies the evolutionary
characteristics of the whole traffic flow from the perspective
of the interaction between vehicles, which is more in line
with the essence of the traffic flow, and the representatives
are car-following models and cellular automaton models. The
car-following model is essentially a particle dynamics system,
which postulates that vehicles need to keep a certain following
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distance to avoid collision, and the behavior of the following
car depends on the stimulation from the front car, so as to es-
tablish the relationship between the front and the rear vehicles.
Early car-following models were proposed by Reuschel®! and
Pipes.®) On this basis, many advanced models were pro-
posed, such as the Newell model,['”) the optimized velocity
model,!' the full velocity difference model,'21 models that
consider the effect of multiple vehicles,!'3] models that use
different control equations under different traffic phases,!'¥
etc. However, in the car-following model, overtaking is not
allowed, which is different from the real situation, and this
is the main drawback of the following model. The earliest
applications of cellular automata models in traffic flow orig-
inated from Cremer and Ludwig’s research.!'>! After Nagel
and Schreckenberg proposed the NaSch model, '] later schol-
ars proposed a number of improved models. In 2002, Kerner
proposed the KKW model, in which the vehicle speed at the
next moment is determined by two steps: speed adaptation and
random noise, and the influence range of the front vehicle on
the following vehicle is also considered.!!”]

At the end of the 20th century, the traditional traffic flow
fundamental approach theory gradually lost its dominance due
to its own limitations, and the three-phase traffic flow theory
began to draw more and more attention. In 2004, Kerner pub-
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lished the book “the Physics of Traffic”,['®! representing that
the three-phase flow theory has formed a complete theoreti-
cal framework. In the theory, the congested phase in the fun-
damental approach theory is further subdivided into synchro-
nized phase and wide moving jams phase, which together with
the free-flow phase constitutes a complete description of the
states of the traffic flow in the three-phase traffic flow theory.
In the congested phase, there are many congestion patterns at
road bottlenecks, and the driver’s preference and choice for
the gap under synchronized flow will affect the congestion
pattern.!'”) Meanwhile, scholars believe that the synchronized
flow can be stable, vehicles can maintain a state that tends to
speed synchronization, and this state can lead to phase tran-
sition to either the free flow phase or the wide moving jams
phase due to the perturbations in the actual traffic flow.[?’!
By analyzing the empirical data, Kerner ef al. found that all
the spontaneous phase transitions between different phases of
the traffic flow are first order, and the traffic breakdown from
free flow to the synchronized flow as well as the phase tran-
sition from the synchronized flow to the wide moving jams
state only occurs randomly after the traffic density reaches a
certain critical value, and its time and place are uncertain.[>!]
When the traffic flow is in wide moving jams, there will be
a complex microscopic spatiotemporal structure appearing at
the downstream jam fronts. This jam structure consists of al-
ternations of regions in which traffic flow is interrupted and
flow states of low speeds associated with “moving blanks”

22231 Besides these research, other analyses

within the jam.!
based on the real traffic data have revealed that the distribu-
tion of vehicles’ gap is not totally chaotic. With the running
of the traffic, the distribution of gap can be fitted by a concave
curve. And the corresponding models are also proposed by
these researchers.

At present, with the economic and social development
and the expansion of the road infrastructure, single lane be-
comes very rare and multi-lanes are the mainstream of the
roads. One important difference between single lane and two-
lane road is the lane-changing behavior. In addition, there are
a large number of traffic bottlenecks such as the road reduc-
tion and on-ramps that exist in real traffic, which are important
causes of traffic congestion, and lane change is also involved
between different lanes essentially. Therefore, it is imperative
to study the lane-changing behavior of vehicles and their com-
plicated impacts.

The core of two-lane traffic flow research is to establish
a realistic lane change model to study the influence of lane-
changing disturbance on road traffic flow, and in this aspect,
scholars have made some meaningful attempts.?*-26 Typi-
cally, Rickert et al. proposed a set of lane-changing rules in
1996,1?7) and later, Chowdhury et al. presented a symmetric
two-lane CA model (abbreviated as STNS model) in 1997. 28

A similar lane change model to that in STNS was adopted by
the famous simulation software TRANSIMS (short for trans-
portation analysis and simulation system).?>3) And Jia et al.
improved the existing problems in STNS model and proposed
H-STNS and A-STNS models. 132!

In the current studies, the traffic flow characteristics of
the bottleneck sections have become the focus of research in
the field of three-phase traffic flow. In Ref. [33], Kerner et
al. analyzed the characteristics of traffic flow at the bottle-
neck section and explained the reasons of the phase transition
from free flow to synchronized flow as well as the fixed distur-
bances at the bottleneck from micro-perspective. In Ref. [34],
the authors also conducted a microscopic analysis of the gen-
eration and evolution of the velocity disturbance in the uni-
form section of a single road. Based on the research results in
Refs. [33] and [34], this paper makes an analysis to the propa-
gation characteristics of velocity disturbance at the bottleneck,
and further its practical application is preliminarily explored
in order to make use of this characteristic to put forward the
corresponding on-ramp control strategy, so as to verify the the-
oretical research on the characteristics of the evolution of the
velocity disturbance.

2. Model description and velocity disturbance
analysis

The basic model is introduced in the appendix in this pa-
per, which is a one-lane cellular automaton model under the
framework of three-phase traffic flow theory. The basic model
used in this paper has been introduced in Ref. [34] in detail, so
we then directly conduct the study under two-lane condition.

2.1. The lane change rule and discussions
2.1.1. The lane change rule of STNS model

In the STNS model, each time step is divided into two
sub-time steps; in the first sub-time step, the vehicles switch
to other lane with the lane change rule; in the second time step,
vehicles update according to the rules in the single lane con-
dition. And further, the lane change rule is divided into two
parts: lane-changing motivation and safety condition, namely,

(D) Lane-changing motivation

d; <min(v; + 1,vmax) and di other > di, (H
(IT) Safety condition

di,back > dsafe ) (2)

where v; is the speed of the vehicle i, vyhax is the maximum
speed, d; omer denotes the gap in front of the i-th vehicle in
other lane, d; pack is the gap behind the i-th vehicle in the other
lane, and dg,y. is the safe distance to avoid collision of the ve-
hicle with the following vehicle in other lane. On the basis of
a series of models,?’-3?! we present our lane change rule as
follows.
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2.1.2. The new lane change rule

In this paper, the symmetric lane-changing rule is taken
in the first sub-time step of lane change rule, and then in the
second sub-time step, vehicles update in accordance with the
rules in single lane model described in Ref. [34]. Here, the
symmetric lane change means that the conditions for vehicles
changing lanes from lane 2 to lane 1 are the same as that in the
reverse process (assuming that the lanes from the left to the
right are respectively lane 1 and lane 2 in the direction of the
vehicle driving). Specifically,

(i) Lane-changing motivation

lane 1 > lane 2: v; > d;, or d; omer > di, 3)

(i1) Safety condition.

Based on the above analysis, we conclude that drivers
with different drive preferences always have significantly dif-
ferent driving strategies, so we further subdivide the drivers
into two categories, i.e., aggressive and conservative. The
aggressive driver’s safety distance is taken as the maximum
distance traveled by an aggressive driver during a single up-
date time step, while the conservative driver’s safety distance
is taken as the maximum distance that a conservative driver
can travel within a single update time step. So we set the fol-

lowing safe distance conditions:

Vinax,ag if driver is aggressive,

dsafe = . . . . (4)
Vimax,co if driver is conservative,

lane 1 < lane 2 : dgfe > d; pack, (®)]

where Vinax og and Vmax co are respectively the maximum speeds
of aggressive drivers and conservative drivers. Meanwhile, in
order to prevent the “ping-pong effect” that appears inconsis-
tent with the actual traffic in the simulation, this paper also
sets the lane-changing probability pchange to avoid it; when the
above conditions are met in the simulation, a random number
is generated, and if the random number is less than pchange,
lane change is conducted.

2.2. Simulation results and analysis

Simulations are carried out on a circular road with the
periodic boundary condition. In the simulations, every cell de-
notes 1.5 m. Each vehicle occupies 5 cells, and the length of
the road is 2000 cells. Considering the research in Ref. [33]
that most drivers tend to choose a safer speed, the proportion
of aggressive vehicles is set as 15%. The parameters of vehi-
cle performances and models are listed in Table 1 and Table 2
below.

Table 1. The parameters of vehicle.

Maximum speed Acceleration Deceleration
Vehicle type ~\yiihin Di(cells/s)  Outside Df(cells/s) Within D/(cells/s?)  Outside D/(cells/s2) Within D/(cells/s?)  Outside D/(cells/s2)
Aggressive 17 20 3 4 3 4
Conservative 13 17 2 3 2 3
Table 2. The parameters of models. density reaches k,, after which the speed gradually decreases
Pace P P Pan ke, Do - I as the interaction between vehicles on the road increases. Fur-

0.65 0.15 0.6 0.2 3 0 Is 5s

The survey takes 20 independent simulations, and every
simulation runs 6000 time steps. Among those simulations,
the first 3000 time steps are discarded to avoid the influence
of the initial state on the results. And the final result is the
average of these simulations.

2.2.1. The fundamental diagram

We conduct the simulation under periodic boundary con-
ditions, and set pchange as 0.6. The fundamental diagram is
shown below. In Fig. 1(a), as the traffic density increases, the
flow rate basically linearly increases before the density reaches
the critical value k,, after which it no longer grows rapidly and
reaches the maximum, and then the flow is gradually reduced
until it drops to 0 due to the number of vehicles on the road
at the time is too large. In Fig. 1(b), it can be seen that the
vehicle speed can maintain a steady maximum until the traffic

thermore, compared to the fundamental diagram in Ref. [34],
we can find that the critical density k, in Fig. 1 of this pa-
per is larger than that in Fig. 1 of Ref. [33], which is due to
the fact that under the two-lane condition, the road resources
can be fully utilized; therefore, the flow has a greater value
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Fig. 1. (color online) Fundamental diagram. (a) The averaged flow—
density diagram. (b) The averaged velocity—density diagram.
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before reaching the critical state. In addition, it can be seen
from Fig. 1(a) in Ref. [34] that the flow has a small drop after
reaching the maximum, and then decreases more gently; but
in this Fig. 1(a), the flow curve keeps a smooth decline when
the flow reaches the maximum. Similarly, this is because vehi-
cles can make full use of the road resources by changing lanes
when the road flow reaches the maximum, namely, as the traf-
fic density increases, the vehicles on the road can effectively
utilize the gap between vehicles, so that the traffic flow does
not drop sharply.

2.2.2. The lane change effect analysis

In the above sections, we have analyzed the basic model
of two-lane traffic flow. In this section, we discuss the effect of
lane change behavior; in general, it has a significant impact on
the road traffic flow. For the current lane, if the traffic density
is large, changing these vehicles to other lane will reduce the
local traffic pressure in this lane and induce a local dissipation
acceleration wave. For the target lane, if the traffic density of
the lane is in the critical state near the phase transition, these
vehicles entering through changing the lane will induce a local
diffusion deceleration wave, prompting the occurrence of the
phase transition. This is the dual role of lane change.

The simulation in this section is carried out under open
boundary conditions and pj, is used to denote the probabil-
ity of the vehicles entering from the main road. We simulate
the traffic flow on uniform road sections under different p;;, to
investigate the microscopic role of the lane changing.

As can be seen from Fig. 2, when pj, = 0.3, the trajectory
curves of vehicles are relatively smooth and the slopes are ba-
sically the same, indicating the traffic flow is in the free flow

state.
Time/s
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Fig. 2. (color online) Vehicle travel trajectories (pin = 0.3).

In Fig. 2, for convenience reading, the vehicle that
changes lane is marked in red. Either in lane 1 shown in
Fig. 2(a) or in lane 2 shown in Fig. 2(b), the vehicle that
changes lane does not have a significant impact on the traffic
flow, and the following vehicles in the two lanes still remain
in the previous driving states and their speeds are not affected
by the lane change of the front car.

Hence, it can be concluded that in the free flow, vehicle
lane change behavior does not have a significant impact on the
traffic flow.

Figure 3 shows the vehicle travel trajectory when pj, =
0.5. It can be seen that some trajectories are tortuous and the
slopes of curves are somewhat different, indicating that the
traffic flow is in the light synchronized flow phase between
free flow and synchronized flow.

In Fig. 3(a), the velocity of the following vehicles has no
obvious changes. In other words, the lane-changing vehicles
have almost no effect on lane 1. However, for lane 2, most
of the vehicles’ driving curves are relatively even and smooth
before the lane change vehicles enter. There is no obvious
mutual influence and velocity disturbance that can propagate
between vehicles. However, after vehicles switch lanes, the
following vehicle decelerates immediately to keep safety, and
this deceleration induces a velocity disturbance, and its follow-
ing vehicles also make a similar deceleration behavior. That
is, these lane change vehicles induce a velocity disturbance of
backward propagation after entering lane 2, resulting in a lo-
cal deceleration wave and local congestion. Thus, when the
traffic density on the road reaches a certain critical value, the
lane change behavior of the vehicle will cause the vehicles on
the other lane to decelerate continuously and induce a veloc-
ity disturbance of backward propagation, and this disturbance
will cause local congestion. This simulation result is also in
line with the reality.
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Fig. 3. (color online) Vehicle travel trajectories (pi, = 0.5).

It can be seen from Fig. 4 that almost all vehicle’s trajec-
tories and their slopes have large differences and are unevenly
distributed, so that it can be considered that the traffic flow is
already in the synchronized flow phase at this time.

In Fig. 4(a), the traffic density of lane 1 is relatively large,
and there is a velocity disturbance appeared propagating from
the downstream to the upstream of the road before vehicles
change lanes. This velocity disturbance severely restricts the
driving of following vehicles, so there are two vehicles in
Fig. 4(a) that change lanes when conditions are met, which
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weakens the effect of velocity disturbance. It can be seen that
before the first lane-changing vehicle is swapped out of lane
1, its following vehicles need to adjust their speed to adapt the
speed changes of the front car. However, after it drives away
from lane 1, these following vehicles can maintain a stable
driving speed due to the enough road gap caused by the exit of
the preceding vehicle, namely, the velocity disturbance prop-
agated to the upstream is weakened due to the lane change
behavior of the vehicle. For the second lane-changing vehi-
cle, similarly, its following vehicles are also affected before
it switches into another lane. However, the speed adjustment
range and frequency of the following vehicles are significantly
smaller than those of the first lane-changing vehicle. After the
vehicle is swapped out of lane 1, the following cars are no
longer affected by the velocity disturbance propagated from
the upstream and thus the disturbance is completely dissipated
because of the lane-changing behavior of the vehicle.

Therefore, we can conclude that when the traffic flow of a
lane is in the synchronized flow phase and the vehicle density
in a local section of the adjacent lane is low, the lane change
behavior of vehicles can weaken or even block the propagation
of the velocity disturbance on the road and reduce the traffic
density of the local road section, resulting in a local acceler-
ation wave, and prompting the local synchronous flow to the
free-flow phase transition.

Time/s

I [

Location/cells

60 1600
Lane 2

1520 1560 1600 1520
Lane 1

Fig. 4. (color online) Vehicle travel trajectories (pi, = 0.7).

3. The on-ramp control strategy

In the above sections, we introduce a symmetric lane
change rule to extend the single lane model into two lane CA
model and analyze the impact of the lane change on the traffic
flow under two-lane conditions.

For the current on-ramp control strategies of expressway,
whether they are timed control schemes or adaptive sensing
control strategies is mostly based on traffic statistics on main
roads and on-ramps of expressways. Indeed, the flow rate can
reflect the operation states of traffic flow. However, when the
traffic flow is in the synchronized flow phase, the flow rate and

speed are no longer linear one-to-one correspondence. There-
fore, making on-ramp control solely based on the detected
traffic data is likely to result in a “control blind area” in the
synchronized flow phase. When the traffic flow is in heavy
synchronized flow phase, if the flow rate of main road is not
significantly reduced, it is hard to generate the phase transi-
tion from the synchronized flow to the free flow only by ad-
justing the inflow rate of the on-ramp, thus missing the best
adjustment time of the on-ramp. Therefore, on the basis of the
previous improved two-lane model, we attempt to analyze the
velocity characteristics of the traffic flow at the upstream and
downstream of the on-ramp from the microscopic angle, and
further put forward the corresponding on-ramp control strat-
egy of expressway.

3.1. Basic settings and hypotheses

The numerical simulation in this section is based on an
expressway model with an on-ramp, and the simulated road
section is shown in Fig. 5 below. The basic model parameters
are the same as the previous section.

spot 1 spot 2 spot 3
oooo0! 00000 Mo0000 !
lane 1 pjy ———
lane 2 p;, —
ram
pOﬂ p

Fig. 5. The schematic diagram of the on-ramp system.

The open boundary condition is adopted in this study, and
pin and po, denote the probabilities of the vehicles entering
from the two main lanes and the on-ramp, respectively; the
on-ramp is located at the 1200th—1220th cells on lane 2.

The rules for the on-ramp are as follow: searching the
ramp road section continuously until find a space gap which
can accommodate a vehicle, then generate a car with prob-
ability pon, and its type be allocated according to the mixed
probability 15%.

3.1.1. Flow rate and speed analysis

In this section, we record the flow rate and velocity under
the different p;, and po,. The simulation parameters in this
section are the same as above except for the open boundary.

As can be seen from Fig. 6, with the increase of pj,, the
flux of the road first increases, and then fluctuates around it
after reaching a certain value. While pj, is low, with the in-
crease of pop, the flux under the same pj, shows a significant
increase. The reason is that when pj, is low, the number of ve-
hicles entering from the main road is small; as p,, increases, a
large number of vehicles enter the road from the ramp, making
up for the insufficient flow of the main road.
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Fig. 6. (color online) The flux under different p;, and pop.

Figure 7 shows the average velocity under different pi,
and pon. When pj, and po, are low, the velocity is relatively
large. As pin and po, increase, the number of vehicles on the
road increases correspondingly, then the interaction between
them becomes stronger and stronger, and the velocity gradu-
ally decreases. When pj;, is low, with the increase of po,, most
of the vehicles enter the main road from the ramp, and there
are fewer vehicles at the upstream of the on-ramp and will not
be affected by those vehicles before they reach the on-ramp;
However, when py, is large and po,, is low, most of the vehicles
are entering from the main road, and they mostly pass through
the on-ramp and will be affected by the vehicles entering from
the on-ramp to reduce the speed. As a result, the speed at the
pin end close to 0 in Fig. 7 is greater than the speed at the po,
end in the vicinity of 0. And when both p;, and p,, are close

to 1, the velocity reaches the minimum.

80
60

40

Velocity/(km/h)

20

0.4 ’ 0.6 )
Pon 08 1.0

Fig. 7. (color online) Average velocity under different p;, and pop.

In order to further analyze the impact of pj, and po, on the
traffic flow phases, we respectively select the flux and velocity
curves when is 0.3, 0.6, and 0.9 for analysis.

Figure 8 is the flow velocity curve with the growth of pj,
when pop is 0.3, 0.6, and 0.9. As can be seen from Fig. 8(a),
when pj, is zero, the flow rate curve gradually increases with
the growth of p,,. As mentioned above, this is due to the fact
that as pj, is fixed and small, the number of vehicles entering

from the on-ramp increases with the growth of py,, thereby

also resulting in the smaller velocity in Fig. 8(b). As the in-
crease of pji, reaches the critical value k,, the velocity curves
under the conditions of p,, = 0.6 and 0.9 are very close. After
Pin €xceeds the critical value, the two velocity curves decrease
in a substantially parallel manner; and at this critical value,
the flow curves corresponding to different p,, in Fig. 8(a) also
start to coincide. In this case, there are already more vehicles
on the road. Vehicles entering the main road from the ramp
at this time will have a greater impact on the following cars,
causing a large number of vehicles on the main road to queue
up. When the vehicles entering the ramp turn off the ramp,
the vehicles queuing on the main road pass the ramp more
densely and the vehicles on the ramp cannot enter the main
road. So, increasing po, in this case can not significantly af-
fect the traffic flow and speed of the main road. Therefore, the
corresponding flow and speed curves no longer have obvious
differences or even start to gradually coincide. With further
increase of pj,, the flux and velocity curves at po, = 0.3 also
show similar trends when p,, values are 0.6 and 0.9. Finally
when pj, reaches k., the ramp entry probability po, will no
longer affect the traffic flow of the main road, and the traf-
fic flow tends to be the same value; although the traffic flow
rate when pon is 0.3 is still steadily higher than the other two
cases, there is no longer an obvious difference, and the veloc-

ity curves at pon = 0.6 and 0.9 start to overlap.
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Fig. 8. (color online) Average flux and velocity under different poy.

3.1.2. Velocity disturbance analysis

In order to better understand the impact of vehicles enter-
ing from the ramp on the traffic flow, this section analyzes the
traffic flow under fixed pj, and different p,, conditions from
a micro perspective, and the traffic flow characteristics under
different p,, are compared.

Firstly, we analyze the situation when pj, = 0.3 and
Pon = 0.2. Figure 9 shows the trajectories of the vehicles in
lane 2, in which the green lines and blue lines respectively de-

note the vehicles entering from the ramp and the main road.
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Figure 10, from left to right, top to bottom, shows the corre-
sponding speed of vehicles which are marked in bold in Fig. 9
when passing through different spots.

Time/s
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Fig. 9. (color online) Vehicle trajectories on lane 2.

It can be seen from Figs. 9 and 10 that when the vehicle
1 and the vehicle 2 enter the main road from the ramp, the
following vehicle 3 decelerates to adapt the preceding vehicle
(Fig. 10(c)), and this deceleration makes it continue to main-
tain a low speed as it passes the 583th to 628th cells. Mean-
while, the following vehicle 4 also decelerates due to the de-
celeration of the vehicle 3, and also maintains the low speed
when passing through the 581th to 624th cells. Thus it can be

seen that after entering lane 2, the vehicle 1 and vehicle 2 in-
duce a velocity disturbance propagating upstream. However,
the low driving speed of vehicle 3 during disturbance period
produces a large gap from the preceding vehicle. Therefore,
after leaving the influence range of vehicle 2, the vehicle 3 can
continuously accelerate, resulting in a speed peak as shown in
Fig. 10(c). Similar to the propagation of velocity disturbance,
this local acceleration also leads to a continuous acceleration
of the following vehicle, and thus induces a local acceleration
wave.

It can be seen from Fig. 10 that the local acceleration
wave and velocity disturbance have the same propagation di-
rection, that is, propagating upstream of the ramp, but the ef-
fect is opposite. The upstream spread velocity disturbance
causes the following vehicles to decelerate, while the local
acceleration wave induced by the speed peak makes the low
speed vehicles accelerate to exit this congestion group. Hence,
when the disturbance occurs for a period of time, the vehicle
downstream of the ramp can maintain a high velocity, and the
deceleration disturbance will gradually propagates upstream,
causing the speed of the vehicles at the upstream of the ramp
decreases. And this is also in line with the definition of syn-

chronized flow in the three-phase traffic flow theory.
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Fig. 10. (color online) Individual vehicle speed along vehicle trajectories marked in Fig. 9.

Figure 11 shows the speed of the vehicle 3, vehicle 5, and vehicle 7, which are marked in Fig. 9. It can be seen from

the figure that the vehicle 3 is firstly affected by the velocity disturbance, making it decrease the speed to the synchronized

flow, and the following vehicles 5 and 7 also decelerate to adapt to the preceding vehicle. The velocity disturbance gradually

propagates upstream with the synchronized flow until it dissipates (at lower vehicle densities) or continues to propagate upstream

(at higher densities). However, after the disturbance dissipates, the vehicle accelerates and produces a speed peak. The speed
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of the vehicle returns to the free-flow speed and the local free flow phase propagates upstream along with the velocity peak.

Therefore, it can be concluded that velocity disturbance and speed peaks are two competing roles that have the same propagation

direction but opposite effects. When the propagation velocity of the velocity disturbance is faster than the speed peak, the local

synchronized flow accelerates to spread upstream. Otherwise, the synchronized flow will gradually dissipate in the process of

upstream propagation.
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Fig. 11. (color online) Individual vehicle speed along vehicle trajectories marked in Fig. 9.

3.2. The on-ramp control strategy

In this section, we mainly analyze and compare the speed
of vehicles at different spots on the expressway, and establish
on-ramp control strategies based on different speed character-

istics.
3.2.1. The characteristics of speed change

Figures 12 and 13 show the local traffic flow and aver-
age speed at the selected spots. Three spots are selected in
the simulation, each of which contains 5 virtual detectors, and
the average of the data obtained from the five virtual detec-
tors in each spot is taken as the data we use. The first virtual
detector in the first spot (Figs. 12(a) and 13(a)) is located at
the 20th cell, and thereafter the remaining virtual detectors are
placed every 5 cells. The first virtual detector of the second
spot (Figs. 12(b) and 13(b)) is placed at 5 cells in front of the
ramp and the remaining four virtual detectors are located ev-
ery 5 cells in the anti-flow direction. The third spot (Figs. 12(c)
and 13(c)) is located at 5 cells behind the ramp, and the rest
virtual detectors are set every 5 cells in the direction of the
traffic flow. Figures 12(d) and 13(d) show the total traffic flow
statistics and the average speed of the entire section, respec-
tively.

As can be seen from Fig. 12, in the case of p,, is large

and the flux tends to be stable, if po, is also large, the local

flow at spot 1 is greater than spot 2, and the flow at spot 3 is
the highest. It can be seen that when p;, and p,, are large, the
vehicles entering from the on-ramp have a more obvious im-
pact on the upstream main road traffic flow, whereas the initial
road section of the road is less affected as it is far away of the
ramp, so the flow rate is higher.

It can be seen from Fig. 13 that the observed velocity
change at spot 1 is not affected by the probability p,, in most
cases. However, in the case of p;, < 0.5, the average speed of
the entire road section at the observation point 2 and spot 3,
which are respectively at the upstream and downstream of the
ramp, is more sensitive to the probability pop.

Comparing Figs. 12 and 13, it can be seen that the veloc-
ities measured at different spots are more sensitive to py, than
the flux.

In order to further analyze the difference of velocity be-
tween different observation points, we separately use the data
obtained when and values are 0.3, 0.6, and 0.9, respectively,
and compare the velocity curves under different combinations
of them.

Figure 14 shows the velocity under different p,, with the
increase of pj,. When pj, < 0.4, in all cases of Figs. 14(a),
14(b), and 14(c), the spot 1 of the main road has the highest
speed, followed by the spot 2 on the upstream of the ramp,
and then the spot 3 on the downstream of the ramp is the low-
est. While pj, is between 0.4 and 0.7, the velocity measured
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at the spot 3 begins to exceed that of spot 2. We believe this
is because as pj, increases, the velocity disturbances occur-
ring at the ramp propagate more to the upstream, and at the
same time the propagation speed of the velocity peak toward
upstream is lower than the speed of the velocity disturbance
propagating upstream. Therefore, the impact of upstream lo-

Qmai

Flux/(veh/h)

Flux/(veh/h)

Flux/(veh/h)

cal synchronized flow of the ramp on the traffic flow gradually
becomes greater. As pj, continues to increase, when it exceeds
0.7, the local velocity downstream of the ramp even exceeds
the velocity at the upstream spot 1, so it can be considered that
the traffic flow upstream of the ramp has been basically in the
synchronized flow phase.
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Fig. 12. (color online) Flux at different spots.
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Fig. 13. (color online) Velocity at different spots.

Figure 15 shows the velocity with the increase of po, un-
der different p;,. When pjy, is low (pj, = 0.3), the spot 1 has
the highest speed, the spot 2 is the second, and the spot 3 is
the lowest. This result is similar to that in Fig. 14 when pj, is
less than 0.4. We believe that the velocity disturbance caused

by the ramp does not affect the traffic flow at this moment,

and the speed that the velocity disturbance propagates to the
upstream is lower than that of the speed peak to the upstream.
As pj, increases (pj, = 0.6), the measured velocity at spot 3 is
higher than that of spot 2, which is also same as the situation
when pj, is between 0.4 and 0.7 in Fig. 14. We believe that

the velocity disturbance caused by the ramp in this state al-
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ready has a certain impact on the traffic flow of the main road,
and some vehicles are greatly restricted and cannot maintain
a high driving speed. As the pj, further increases, the veloc-
ity at the downstream spot 3 has exceeded the velocity at the
upstream spot 1, indicating that there has been a synchronized
flow spread to the entrance of the main road; in this case, it is
very difficult to dissipate the velocity disturbance on the road
section simply by adjusting the on-ramp inflow rate. When
pin reaches 0.9, as long as there are few vehicles entering the
main road from the ramp, it will cause the velocity disturbance
which is difficult to dissipate completely (pon > 0.1). In this
state, the observed velocity at the downstream spot 3 is com-
pletely higher than the velocity obtained at the two upstream
spots, and it is very difficult to improve the traffic flow on the
main road solely by adjusting the p,y,, so completely shutting
down the ramp in this state is the only option.
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3.2.2. The on-ramp control strategy

From the analysis of the above section, we find that under
different combinations of po, and pj,, the speeds measured at
different spots on the road section are different. When the total
traffic flow in the road section is in free flow, the local velocity
disturbance generated at the ramp cannot obviously affect the
global operation status of the traffic flow, and the disturbance

will dissipate very quickly. When the on-ramp inflow rate in-
creases, the local velocity disturbance generated at the ramp
will gradually spread to the upstream of the main road. If the
vehicles entering from the on-ramp are further increased, they
will have a greater impact on the overall traffic operation states
of the road section, and the velocity disturbance generated at
the ramp will propagate upstream from the ramp along with
the synchronized flow until it reaches the initial section of the
road.

In the above three stages, we find that in the first stage, the
relationship between the velocity measured at the three obser-
vation spots on the road section can be kept as the maximum
value at spot 1, followed by the spot 2, and lowest at spot 3.
In the second stage, the spot 1 can still maintain the maxi-
mum speed, while the measured speed at spot 2 is lower than
spot 3. And in the last stage, the speed at the spot 3 has ex-
ceeded the speed measured by the spot 1. We believe that
long-term control of traffic flow in free flow phase with a high
average speed cannot make full use of expressway resources,
which is a waste of infrastructure resources. However, con-
trolling the traffic flow in the heavy synchronized flow phase
with very low average speed is very likely to cause global
congestion induced by velocity disturbance, which essentially
loses the meaning of on-ramp control. Therefore, the reason-
able control state range should be to control the traffic flow in
light synchronized flow phase upstream of the ramp, in which
the vehicles entering from the ramp will still induce velocity
disturbances, but the resulting local synchronized flow does
not fully propagate to the whole road section upstream of the
ramp, and the traffic flow and average speed still maintain at a
high level. This state is just corresponding to the case that the
speed at spot 1 is the highest, and the speed measured at spot
3 is higher than that of spot 2.

Hence, we take this state as the target control state of the
control strategy. In this control strategy, we adjust py, to bal-
ance the traffic flux between upstream and downstream, which
is reflected by the velocity of traffic flow. Based on the loca-
tion of the virtual detectors, the scenarios can be divided into
4 kinds. For the first scenario, the local velocity of spot 3 is
lower than the value at spot 2 and spot 1, which means that
there are few vehicles on the main road. Therefore, more ve-
hicles can drive into the highway. For the second scenario, the
velocity at the spot 1 is lower than the velocity at the spot 3,
and the velocity at the spot 3 is lower than the value at the spot
2. In this scenario, the disturbance begins to appear, but the in-
fluence made by the disturbance is small. For this reason, more
vehicles can still drive in the main road. For the third scenario,
the velocity at the spot 1 is the lowest, and the velocity at the
spot 3 is lower than the value at the spot 2. In this scenario,
the disturbance begins to propagate upstream and make a great
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influence on the main road. In this scenario, the number of ve-
hicles should be reduced to promote the dissipation. For the
last scenario, the velocities at different spots are stable, and the
adjustment of p,, is not necessary.

Based on the above analysis, the control strategy is pro-
posed and the pseudo-code is as follow. In the pseudo-code,
the vdigmain, vdigup, and vdigdown are the velocities at the
spot 2, spot 1, and spot 3, respectively. The pon is the pgy.

function[pon]=control(vdigmain,vdigup,vdigdown,pon)

if vdigdown<vdigup && vdigup<vdigmain
pon=min(pon+0.2,1);

elseif vdigup<vdigdown && vdigdown<vdigmain

pon=min(pon+0.1,1);

elseif vdigup<vdigmain && vdigmain<vdigdown

pon=max(pon-0.2,0);

else

pon=pon;

End

To test the effectiveness of the control strategy, we con-
tinuously measure the traffic flow for one hour under different
pin- Figure 16 shows the average speed per minute observed
under different p;, and the corresponding po,. It can be seen
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from Figs. 16(a), 16(b), and 16(c) that under this control strat-
egy, the speed at spot 3 is higher than the speed at spot 2. In
Fig. 16(a), we can see that there are fewer vehicles on the road
at this time, the vehicles can maintain a steady speed driv-
ing state within the measure period, and the speed at spot 3
is higher than that of spot 2 under this ramp control strategy
for a long period of time. In Fig. 16(d), po, is relatively large,
that is, the on-ramp mostly keeps completely open to make
up for the lack of the main road traffic flow due to the lower
Din-
in Fig. 14, it can be seen that this control strategy is effec-

Compared to the opposite simulation data at p;, = 0.3

tive when the traffic density is low. As can been seen from
Fig. 16(b), the measured velocity at spot 3 is still higher than
the velocity at spot 2, but they have no obvious trend to the
spot 1. In Fig. 16(e), we can find that whenever there is an
upward trend in the velocity of the spot 3, po, will decrease to
properly control and adjust the velocity disturbance caused by
the ramp. Compared to the case of pj, = 0.6 in Fig. 14, by this
control strategy adjustments, the po, within one hour is mostly
lower than 0.6; although there are cases that the speeds mea-
sured at spot 1 are lower than spot 3, it can still be adjusted to
return to the target control state.
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Fig. 16. (color online) Velocity at different spots and under different pj,.

Comparing to the case of pj, = 0.9 in Fig. 14, we can see
that in the absence of the control strategy, no matter how much
Pon 18, there will be a case that the speed at spot 1 will be lower
than the velocity at spot 3. However, it can be seen in Fig. 16
that under the regulation of p,, although the above case still
exists, the control strategy has not completely failed, and it can

still adjust the traffic flow states to a certain extent.

4. Conclusions

In this study, it is found that due to the lane change rules,
the road resources can be more fully utilized under the two-
lane condition. Correspondingly, the critical traffic density
of the traffic flow is larger, and the curve of the traffic flow
declines more smoothly after reaching the maximum. In ad-

dition, when the traffic flow is in the free flow phase, the lane
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change behavior of vehicles has no obvious effect on the traffic
flow. However, when traffic density is large, the lane-changing
behavior will weaken or cause the propagation of velocity dis-
turbance in traffic flow. Even if both the current lane and target
lane are in free flow phase before changing lanes, after the ve-
hicles switch into the other lane, they will cause velocity dis-
turbances which will affect the traffic flow states of the swap-
in lane. In the case that the traffic density further increases, if
there is a velocity disturbance in the swap-out lane, continuous
vehicle lane changes will gradually weaken the propagation
process of the velocity disturbance to the upstream, resulting
in the phase transition from local synchronized to the free-flow
in the current lane.

Based on the velocity disturbance characteristics of two-
lane traffic flow, this paper uses a modified two lane CA model
to simulate the ramp sections of expressway and compares the
vehicle speed at different observation spots and under different
conditions; on this basis, a ramp control strategy is proposed.
In the process of simulating this strategy, we find that when
the traffic flow is low, this strategy can effectively adjust the
on-ramp inflow rate to make up for the shortage of the main
road traffic flow. When the flow is high, the strategy can con-
trol the number of vehicles entering the main road from the
ramp timely, so that the overall traffic flow can be gradually
adjusted back to the target state if it is out of the control of
the target state. Especially, when the traffic flow exceeds the
adjustment range, the strategy can still play a regulatory role,
so that it is unnecessary to completely shut down the on-ramp.

Appendix A

The basic model is proposed in Ref. [34], and we intro-
duce this model in the appendix. This model can reproduce
some typical phenomena which can be explained by the three-
phase traffic flow theory. The relevant proof and discussion
can be found in Ref. [34].

Step 1 Speed adaptation

The speed adaptation mechanism can be found in the
In Eq. (Al),
Vi max,» 18 the maximum velocity of the vehicle i corresponding

KKW model described above in this paper.

to Viree in the KKW model, and d; corresponds to v, , which
denotes the distance between the vehicle i and the preceding
vehicle i — 1. The speed of the vehicle i at the next moment
should be less than v; max» to avoid collision. v; ges corresponds
to V¢ 4, and D corresponds to D, which is the synchronization
distance between vehicles. If the vehicle is within the previ-
ous car’s synchronization distance, the vehicle adjusts its ve-
locity to adapt to the previous vehicle based on the velocity
difference between the two vehicles. The initial velocity of
the vehicle can be calculated by

ﬁi,rH»l = max[ovmin(vi,maxmVzl,des;di)]a (A1)

where v; ges is defined by

Vin+acci- T, if d; > D,

Vides = { Vin+ sign(vi,hn - Vi.n) -acci- T, if d; <D.
(A2)
where sign(x) is a sign function; when x > 0, sign(x) = 1;
when x = 0, sign(x) = 0; and when x < 0, sign(x) = —1. This
formulation describes the case that when the vehicle i is out of
the preceding vehicle i — 1, the vehicle i is accelerated with a
fixed acceleration. And there are three cases when the vehicle
i enters the synchronization distance of the preceding car: case
1, v; < vi_1, then the vehicle i accelerates to chase the previ-
ous vehicle; case 2, v; = v;_1, the vehicle remains the current

driving state; case 3, v; > v;_1, vehicle i decelerates.

The vehicle accelerates and decelerates to adjust its own
velocity or to indicate the random condition in driving in the
speed adaptation and velocity fluctuation. In this paper, the
deceleration is essentially different from that of the brake to
avoid a collision, which is revealed by using d; to constrain
in formula. This assumption is identical to the KKW model.
Therefore, as to simplify the model, the acceleration and de-
celeration rates are the same in speed adaptation.

This paper employs the linear function to calculate the
synchronization distance D

D:D0+ks'vi,n T, (A3)

where Dy and k; are positive constants.

The above steps of speed adaptation are identical to KKW
model. In addition, the drivers are divided into two types, i.e.,
the aggressive one and the conservative one, in the speed adap-
tation phase.

According to practical experience, the aggressive drivers
tend to drive at a higher speed and maintain a smaller distance
with the former vehicle, while the conservative drivers tend to
do the opposite. Thus, the aggressive driver employs greater
acceleration for chasing the former vehicle in time. Conse-
quently, the aggressive drivers decelerate excessively to avoid
the collision when the preceding vehicle decelerates due to its
own higher moving velocity.

Regardless of the fact that whether the driver is aggres-
sive or conservative, when the vehicle is far away from the
preceding car, its velocity and acceleration are higher because
the driver does not worry about the collision with the former
vehicle. The smaller the gap between the two vehicles is, the
lower the velocity and the acceleration are.

For describing the diversity of driving behavior, the max-
imum speed and acceleration of the vehicle are subdivided ac-
cording to the type of a driver and the distance from the vehi-
cle ahead. The subscripts agg and con denote variables of ag-
gressive and conservative drivers, respectively. Consequently,

Vmaxagg,in ANd ACCagg in, @S Well s Vinaxcon,in and acceon in, are
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the maximum moving velocity and acceleration corresponding
to the aggressive and conservative vehicles, respectively, when
the vehicles keep within the synchronization distance of the
former vehicle. Similarly, Vimaxage out and aCCagg out as well as

Vmaxcon,out aNd acCeon out, Tespectively represent the maximum

moving velocity and acceleration corresponding to the aggres-
sive and conservative vehicle when the vehicle stays outside
the synchronization distance of the former vehicle.

Hence, the refined maximum speed vmax, and the accel-

eration acc are as follows:

Vmaxaggin I di <D and driver is aggressive,
. ~} Vmaxagg.out if d; > D and driver is aggressive, (Ad)
;max,n — . . . .
LA, Vmaxconin 1f d; <D and driver is conservative,

Vmaxcon.out 1

if d;<D
di>D
di<D
di>D

ACCagg in and driver is aggressive,

dees — ACCaggout if and driver is aggressive,
I~ . . . .
acCeonin  1if and driver is conservative,
and driver is conservative.

(A5)

acceon.out if

Step 2 Fluctuation of speed

When the driver keeps a particular driving state for a long
time, the sensitivity to outside stimuli will decrease. In this
paper, the velocity changes of the former vehicle are regarded
as the external stimulation to the following vehicle, so the
speed difference between vehicles should be taken into con-
sideration. The reduction of the sensitivity causes the driver
to maintain the driving state at the last moment; thereby, the
response delay appears. Specifically, due to the loss of the
sensitivity, regardless of the road conditions, the probability
of the start delay of vehicles which stand still for a long time
is higher than the vehicles which have just stopped. For the

max|[0, min(V; 41 +dec; - sign(vi—1 n — vin) -di)] if

max (0, V; p4-1 —dec; - T)

Viptl =
bt max(0,V; 11 —dec; - T)
max (0, V; p41 — dec; - T)

where 7. is the critical time for drivers to lose the sensitivity
of the stimulus, #; , s is the time of vehicle i keeping a certain
driving state, pmacc and pgs are the probabilities of reaction
delay for the moving and stopping states that have reduced
the drivers’ sensitivity, and pp and pgy are the randomiza-
tion probabilities of speed change in the moving and stopping
states, respectively, for the driver’s sensitivity is still high.
The velocity fluctuation in this paper describes such a ve-
locity change behavior: for the vehicle with reduced sensitiv-
ity and still moving, the reaction delay occurs with a proba-
bility pmacc, Which can make the vehicle be closer to or far
away from the front vehicle depending on the speed differ-

ence between the two vehicles, usually leading to the driver’s

di>D

and driver is conservative,

same reason, a driver of a vehicle that has been in movement
for a long time (the speed of the vehicle is higher or lower than
the preceding vehicle, i.e., acceleration or deceleration with re-
spect to the preceding vehicle) tends to maintain the previous
driving state, whether closer to or far away from the vehicle
ahead. However, for the vehicle driving with a short duration,
the driver’s sensitivity from external stimulus is higher, so the
driver can respond to the speed change of the preceding vehi-
cle in time and generate random speed changes (such as avoid-
ing the obstacles, efc.). The tendency of this response delay is
defined as the speed adjustment based on the probability in the
paper.

The above-mentioned speed fluctuation caused by the re-
sponse delay is generated in the course of the vehicle adapta-
tion to the speed change of the front vehicle; thus, it appears
to be based on the initial velocity from the speed adaptation in

the last step. This phenomenon can be described as

tins >t & viy #0 & rand() < pmace,
if ti,s<te & viy #0 & rand() < ppm, (A6)
if s>t & vip=0 & rand() < pss,
if tins < tc & Vin = 0 & rand() < Psm;

over-acceleration or over-deceleration behavior. This mech-
anism/setting can exacerbate the over-acceleration and over-
deceleration behavior of the vehicles within the synchronized
distance and promote the phase change.

This model takes the same value for the speed variations
acc; and dec; in the speed adaptation and speed fluctuation
process. Thus, for vehicles that have stopped, if their sen-
sitivity has reduced, a greater randomization probability pgs
is given to indicate their tendency to remain the current state
(i.e., parking). Meanwhile, for drivers with higher sensitivity,
a lower randomization probability pgy, is taken to describe ve-
hicles which can start in time. Furthermore, a lower random-

ization probability py, is used to reflect the random variation
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of speed for the vehicles that have higher sensitivity without
stopping.

For vehicles that the velocity is non-zero at time n, since
the adjustment of their acceleration and deceleration depends
on the drivers’ behavior and road condition, the amplitude of
their adjustment is minor. Therefore, the new model denotes
the same variation of acceleration and deceleration as dec;.
This hypothesis is the same as acc; of the speed adaptation,
and the two values are the same. Different symbols are taken
to mark the two speed variations in order to reflect the change

caused by different reasons.

decaggin if di <D and driver is aggressive,
decagoont if di>D and driver is aggressive,
decconin if di <D and driver is conservative,
decconouwt if di > D and driver is conservative.
(A7)

dec; =

Step 3 Update of the location of the vehicle
The v; ,11 is calculated by the two steps above at time

n+ 1, and the location of vehicle is determined by
locipny1 =locipn+vipi1-T. (AB)

And the parameters recording the vehicle’s movement condi-
tions are also updated

Vin 7é 0 & Sign(vi—l,n - Vi,n) = Sign(vi—l,n-H _Vi,n+1)>
Vin 70 & sign(vi—1n — Vi) 7# Sig0(Vie1 pr1 — Vintl)s

(A9)

tins+ 1 if
' _J0 if
fimt1s = tins+1 if Vvig=vip1 =0,
0 if Vin = 0 & Vin+l 74— 0.
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