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Dedicated bus lanes (DBLs) have been widely utilized to ensure public transport priority. To improve overall road efficiency,
various control methods of multiplexing DBL are developed and discussed. In this study, we focus on the control method which is
based on the connected-automated vehicle (CAV) technology, and the proposed method is validated by using microscopic traffic
simulation. The simulation results show that two proposed control methods of multiplexing DBL can reduce the average delay and
the average number of stops and increase the travel speed. In comparison, the real-time control method based on the CAV

technology offers better effects than the improved signal light control method.

1. Introduction

Under the conditions of the shortage of urban road re-
sources and the high cost of infrastructure construction,
one or more lanes have been set up on existing urban
roads with traffic signs and markings as DBL for public
buses, which has become one of the effective measures to
ensure public transport priority in many big cities [1]. 89%
of cities in Europe, including cities which have smaller
numbers of DBL, own DBL. Some large cities in China,
including Beijing, Shanghai, Guangzhou, Shenzhen,
Qingdao, Kunming, Hangzhou, Wuhan, Xi’an, Shi-
jiazhuang, and so on, have also built a large number of
DBLs [2].

Although DBL can improve bus operation efficiency,
there are two main problems: one is the reduction of total
road capacity and the other is the low utilization rate of
DBL, leading to a waste of road resources. Numerous re-
search studies have attempted to multiplex these road
resources, which might be potentially wasted. A commonly
used method is to restrict the time for DBL so that only
buses can use them during certain periods of the day
(morning and evening peak hours), and other vehicles are

not allowed to enter during these periods, and during the
rest of the time, the DBL is used as a general lane for all
vehicles. However, this solution does not take into account
dynamic traffic demands of road resources for various types
of vehicles. When other vehicles are prohibited from en-
tering the DBL, there are still some spare road resources
that could be utilized; during the period of mixed use of
buses and other types of vehicles on DBL, the lack of ef-
fective control measures for other types of vehicles is easy
to affect the efliciency of bus system, and the public
transport priority cannot be guaranteed. Viegas first pro-
posed the concept of intermittent bus lanes (IBLs), which
determine whether a certain section of the lane becomes a
DBL according to whether the bus presents or not: when
the bus approaches a certain section of the lane, this lane
becomes a DBL; when the bus leaves this section, the lane
becomes a normal lane and is open to all types of vehicles
[3, 4]. Eichler et al. found that bus lanes with intermittent
priority (BLIPs), unlike dedicated ones, do not significantly
reduce street capacity [5].

With the advanced technologies of vehicle to everything
(V2X), Internet of vehicle (IOV), and CAV, the control
method and the logic of designing DBL can be improved
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dramatically. For instance, the roadside units can be set up
near the bus lane to collect and upload the real-time bus
positioning data and traffic operation data to the central
control platform and then the dynamic control strategy for
different vehicles could be implemented by combining the
the real-time data and the control algorithm [6].

In practical situations, CAV technology will firstly be
used in commercial vehicles [7], which include buses,
freight vehicles (logistic, express delivery, and so on), etc.
What is strikingly noticeable is that the operation char-
acteristics (speed and acceleration) of these vehicles are
relatively similar. The mixed use by slow-moving vehicles
and fast-moving vehicles is one of the most important
reasons that limit the road capacity to reach the designed
level [8], and slow-moving vehicles, such as buses or trucks,
will cause “movement bottleneck” phenomenon [9, 10]. A
possible scenario in the near future is that the commercial
vehicles have already popularized CAV technologies, while
other types of vehicles are still in a state of human driving.
In this case, considering to multiplex the DBL for these
slow-moving vehicles would have the following three ad-
vantages: the first is that multiplexing DBL will reduce the
occurrence of moving bottleneck [11]; the second is that the
efficiency of the DBL under the premise of ensuring public
transport priority will be improved; the third is that the
CAV freight vehicles can be investigated as the basis of DBL
multiplexing technology, which is favourable for the effi-
ciency of DBL.

Zhu [12] compared DBL with IBL by using a cellular
automaton traffic flow model, and the results proved that
when the traffic flow was low, opening the DBL to general
vehicles significantly improved the efficiency of road traffic.
Zyryanov and Mironchuk [13] used the microscopic traffic
simulation model to evaluate the effects of different traffic
volume and bus priority signals on the IBL and found that
the IBL can increase the travel speed of public buses and
other vehicles even when the traffic volume increased. Wu
etal. [14] explored the benefits of BLIP. Yang and Wang [15]
compared the influences of DBL and IBL on the buses and
adjacent traffic, and the results showed that IBL performs
better than DBL because it has less negative impact on other
vehicles. Joskowicz [16] studied the following issues: the
configuration method of dynamic traffic signs on the IBL,
the data collection, the queuing time of public buses on the
IBL, and the effect of IBL on road capacity. Dong and Zhao
[17] developed a “time division multiple” method of DBL
which can calculate the appropriate time period for other
vehicles to “borrow” the bus lane. Chiabaut and Barcet [18]
assessed the impact of IBL on the public traffic and suggested
that the IBL system could be a promising strategy; when it is
combined with the traffic signal priority, the average bus
travel time is significantly reduced. Song et al. [19] suggested
a shared lane of DBL and right-turn-exclusive lane to reduce
the impact of DBL on traffic conditions.

The studies mentioned above have focused on the
impact of multiplexing DBL on the traffic flow, and the
effect of different types of vehicles as the main
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multiplexing subject was neglected; moreover, the con-
trol device such as traffic signal is the main DBL mul-
tiplexing control device, and the limitations of such
device and method also affect the performance of DBL
multiplexing. If CAV and other advanced technology can
be applied to DBL multiplexing, the application effect of
IBL can be enhanced at a lower cost while ensuring bus
priority.

Regarding the highly controllable and self-control
achievable character of CAVs, which are similar to buses,
this study takes the CAVs as the DBL utilization subject. On
the basis of the existing multiplexing control method, the
new method which combines signal light and CAV tech-
nology is proposed. Then, the traffic simulation will be used
to evaluate and compare the impact of the two imple-
mentation methods on the road traffic [20]. Considering the
need of secondary development and research conditions in
this study, we select PTV Vissim and Python as the traffic
simulation tools.

2. Control Methods of DBL Multiplexing

2.1. Method 1: Improved Signal Light Control Method. In this
method, as the signal detection and control device, the
roadside units were set from the upstream intersection
beside the DBL at intervals of distance L, the position and
speed of CAVs and buses were collected in real time, and
they were uploaded to the central control platform. The
platform returned the control signal to the roadside units
according to the control strategy. The CAVs thus fol-
lowed the instruction of roadside units to enter or exit
the DBL. Figure 1 shows the sketch map of this method.
The control strategy was divided into flowing five steps
[17].

(1) Taking the i-th roadside unit as the center of a circle
and using R as the radius to search for the closest bus
to the upstream of the unit, which is called the
approaching bus, the distance to the i-th roadside
unit is Dy (i) (according to the distance to the
upstream intersection, from near to far,
i=1,2,...,n, where n is the total number of
roadside units on the utilizing road section).

(2) Assuming that the CAV is allowed to travel on the
DBL between the i-th and the (i+1)-th roadside unit
at the moment ¢, the roadside unit i-th will broadcast
the signal “CAVs are allowed to enter,” and the
holding time of this signal is the DBL multiplexing
time; at the end time, the roadside unit i-th will
broadcast the signal “CAVs are prohibited from
entering,” at the same time, CAVs on the DBL must
exit.

(3) The travel time of the CAV between i-th and (i+1)-th
units is calculated as

L
Tcav = + Tborrow + AlTlight +T

return> ( 1 )

cav
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FiGURE 1: The sketch map of method 1.

where T, is the predicted waiting time for the
signal lights at the downstream intersection; v, is
the speed of the CAV; T ..., is the minimum time
required for the CAV to enter the DBL; T, is the
minimum time required for the CAV to exit the
DBL; Ty oprow and T ey are affected by many factors
such as individual driver differences, roads, and
weather; and A1 indicates the introduced coefhicient,
assuming that there are two following scenarios :

when there is no intersection between i-th and (i+1)-
th units, A, = 0; when there is an intersection, A, = 1.

(4) The travel time of the approaching bus from the
current position to the (i+1)-th unit searched at the
i-th unit is calculated as

_ Dy (i) + L

Ty = + A, Tignes (2)

Vbus

where vbus is the speed of the approaching bus; A,
indicates the introduced coefficient, assuming that
there are two following scenarios : when there is no
intersection between i-th and (i+1)-th units, A; = 0;
when there is an intersection, A, = 1.

(5) Determine whether to allow CAV's to multiplex DBL.

The methodology is further illustrated through the use of
two scenarios.

The first scenario is to take the i-th roadside unit as the
center of a circle and use R as the radius to search for the
closest bus to the upstream of the unit. If no approaching bus
is found, the CAV will be allowed to enter the DBL between
units i-th and (i + 1)-th, the roadside unit i-th will broadcast
the signal “CAVs are allowed to enter DBL.”

The second scenario is to take the i-th roadside unit as
the center of a circle and use R as the radius to search for the
closest bus to the upstream of the unit. If the approaching
bus is located, the formula is

Tbus = Tcav + Tmin + Thead’ (3)

where T},.,q is the minimum headway between the CAV and
the bus on DBL (specified as 1.5 seconds to 2 seconds)
(defined by numerous studies) and T ;, is the minimum
time for the CAV using the DBL (too short will cause
frequent lane changing, whereas too long will affect the bus
priority). Figure 2 shows the flowchart of this method.

2.2. Method 2: Real-Time Control Method Based on CAV
Technology. In this method, the real-time position and
speed data of CAVs is known, taking the CAV as the center
of a circle, R as the radius, according to whether there is an
approaching bus within the search radius, comparing the
moving characteristics of the approaching bus with the CAV
to decide whether the CAYV is allowed to enter the DBL, the
steps are as follows. Figure 3 shows the sketch map of this
method.

(1) If there is no approaching bus in the searching area,
the CAV is allowed to enter the DBL.

(2) If there is one and only bus in the searching area, it is
necessary to judge whether the CAV is allowed to
enter or is forced to leave. The judgment method is as
follows:

Tborrow = Tbus - Thead =
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multiplexing the DBL must exceed all the buses
within the search radius. The judgment method is as
follows:
A B
_— T < T T — Ddsbus T
borrow =+ dsbus — + head ~ ~ 4 head> (5)
| Vdsbus
|
where T 44, is the time required for the closest bus to travel
[TT] Bus from the current position to the safe headway with the
(S) CAV smallest distance from the CAV on the DBL; Ty, is the

FiGure 3: The sketch map of method 2.

where T, o 1 the minimum time required for the
CAV to enter the DBL; T}, is the time required for
the bus to travel from the current position to the safe
headway with the smallest distance from the CAV on
the DBL; T},.,q is the minimum headway safety time
when the vehicle changes lanes; Dy is the distance
from the bus’s current position to the headway safety
position of the CAV on the DBL; and v, is the speed
of the bus.

(3) If there are multiple buses in the searching area, the
closest bus is determined as an approaching bus.
Since the premise of multiplexing DBL is to ensure
the bus priority and not cause interference to the
buses, if there are multiple buses within the search
radius, it is considered that the duration of

minimum headway safety time when the vehicle changes
lanes; v 44, is the speed of the bus; and Dy, is the distance
from the bus’s current position to the headway safety po-
sition of the CAV on the DBL. Figure 4 shows the flowchart
of this method.

3. Simulation Experiment Design

In this study, Vissim and Python were used to verify and
compare the impact of the two DBL multiplexing control
methods mentioned above on traffic flow.

3.1. Objective Function. The travel speed and road capacity
are important indices of road performance evaluation. This
study takes the travel speed of the CAV V,, as the opti-
mization goal.

cav

F(R,Tpyy,) = Min(V, (6)

cav)'
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Figure 4: The flowchart of method 2.

3.2. Constraints

3.2.1. Bus Volume. The purpose of setting up DBL is to
ensure bus priority. Compared with normal lanes, buses can
get a better driving environment with DBL. When the bus
traffic volume on the bus lane is greater than the volume on
the adjacent normal lane, the driving environment of the bus
on the DBL is actually inferior to that of the normal lane, and
the bus lane loses its multiplexing significance. The following
constraints must be met between the bus flow and other
vehicles’ flow:

Qbus <Q1ane) (7)

n

where Q,,, is the bus volume of the DBL; Q,,,. is other
vehicles volume; and n1 is the quantity of normal lanes in the
road section.

3.2.2. Saturation of DBL. According to the U.S. “Highway
Capacity Manual” and the literature research summary
[21], when the saturation on the DBL is greater than 0.7,
the lane will be congested, the effect of multiplexing DBL
will decrease sharply, and the bus delay will significantly
increase. In this research, the following saturation
constraint was set:

Qbus + Qcav <

0.7,
Cbus (8)

where Q,, is the bus volume of the DBL; Q_,, is the CAV
volume of multiplexing DBL; and C,, is the capacity of the
DBL.

4. Simulation Results and Analysis

A road network in Shijingshan District, Beijing, is estab-
lished in the Vissim, as shown in Figure 5. The chosen
experimental road section is 2,300 m long from east to west,
and the nearside lane is the DBL. The experimental road
section is a long-distance road with four intersections. Seven
roadside units are set next to the DBL: three roadside units
are set on the east of intersection 1, with distance of 100 m,
400 m, and 700 m, respectively; two roadside units are set on
the east of intersection 2, with distance of 50 m and 300 m;
one roadside unit is set on the east of intersection 3, with
distance of 80 m; and one roadside unit is set on the south of
intersection 4, with distance of 50 m.

Figures 6-8 show the phase and time of the four in-
tersections on the experimental road; the simulation time is
3,600s; the time required for the CAV to enter the DBL,
Torrows 18 15s; the time required for the CAV to exit the
DBL, T um> i 12s; the minimum safety headway time
during lane changing, T} ..q> is 2s; the minimum time for
using the DBL, T..;.., is 30 s [22]; and the search radius, R, is
20 m. Considering the background of multiplexing DBL is
the road traffic has reached saturation, the single lane input
volume is set as ¢ = 1,800 pcu/h. The average delay, average
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FiGUre 5: The traffic simulation road network.
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FIGUre 6: The phases and duration time of intersection 1 and
intersection 2.

number of stops, and travel speed are selected as the in-
dicators for the effect evaluation of multiplexing DBL.

Three simulation experiments were conducted: normal
use of DBL (normal), multiplexing DBL by CAV controlled
by signal light (method 1), and multiplexing DBL by CAV
controlled by real-time situation (method 2). Figures 9-11
show the average delay, the average number of stops, and the
travel speed of different vehicles in the three situations.

The simulation results showed that the two control
methods were implemented under the premise of bus pri-
ority. Both method 1 and method 2 can reduce the delay of
CAVs and other vehicles most of the time.

As shown in Figure 9(b), method 2 had a greater effect on
the delay reduction of CAVs than method 1. The reason was
that method 2 is more flexible in real-time monitoring and
judgment of the vehicle position than the roadside unit
signal light in method 1. Figure 9(a) shows that both
methods increase the average delay of other vehicles at
specific time. The merging lanes of CAVs had impacted on
other general vehicles.

Figure 10 shows that under the premise of the average
number of bus stops did not significantly increase, both
methods can reduce the number of stop times of CAVs and
other vehicles most of the time, while method 2 performed
better than method 1.

Through the analysis and verification of visualized
data, the results in Figure 11 showed that both method 1
and method 2 have improved the travel speed of CAVs
and other vehicles, and the priority of buses was not
intervened.

During the simulation experiment period, the travel
speed of CAVs and other vehicles without control methods
was 44.7 km/h and 36.4 km/h, respectively. In method 1, the
travel speed of CAVs and other vehicles was 47.3 km/h and
37.8 km/h, respectively, whereas the numbers were 48.8 km/
h and 39.9km/h in method 2. Compared with the normal
situation, method 1 increased the travel speed of normal
vehicles and CAVs by 5.8% and 3.8%, respectively, and
method 2 increased that of normal vehicles and CAVs by
9.2% and 9.6%, respectively. The improvement effect of
method 2 was clearly greater than that of method 1. The
reason was that the real-time detection used by method 2
was more flexible than the roadside unit signal light control,
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and method 2 maximized the use of road resources under
the premise of ensuring the priority of buses.

5. Conclusion

This paper investigated the multiplexing of DBL for CAVs
through the microscopic traffic simulation model; two
different control methods were implemented under the same
road condition, and traffic volume was analyzed. The results
indicated that

(1) Both methods could improve the driving perfor-
mance of CAVs and other vehicles, and the efficiency
of DBL and the capacity of roads are increased under
the premise of ensuring bus priority.

(2) The real-time control method based on the CAV
technology is more efficient than the improved signal
light control method, which fully shows that with the
development of the CAV technology, the method
with CAVs as the main control subject will be more
flexible and effective.

(3) The multiplexing DBL control method for CAVs
proposed in this paper can be used as a transition
plan from the existing signal light control method
to the future application of CAVs. The future
study will mainly focus on two parts: exploring
the traffic flow characteristics of mixed CAVs and
human-driving vehicles; investigating the effects
of DBL multiplexing on the bus priority signal
control.
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