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Abstract: Eco-driving is one of the most effective control strategies to enable energy management
for urban traffic. However, the existing eco-driving strategies still have two shortcomings: (i) these
strategies lack the consideration of lateral decision-making; (ii) their performance deteriorates when a
controlled vehicle encounters traffic queues at a signalized intersection. To overcome these shortcom-
ings, this paper proposes an innovative eco-driving strategy at intersection approach lanes consisting
of the bus-priority lane (BPL) and general-purpose lanes (GPLs). The proposed strategy has the
capability of lateral decision-making and allows ego connected and automated vehicles (CAV) to
bypass the traffic queue. To enable this capability, the proposed strategy permits the ego CAV to
change lanes and share the BPL. Both left-turning-movement CAVs and going-through-movement
CAVs are allowed to share the BPL; i.e., the function of the BPL can be switched as per the phases
of a traffic signal scheme. Through phase-switch-based bus lane sharing, the proposed eco-driving
strategy aims to improve traffic efficiency and sustainability under the partially connected and auto-
mated traffic environment. To validate its effectiveness, the proposed strategy is evaluated against
the non-control baseline and the state-of-the-art strategy. Sensitivity analysis is conducted under six
different demand levels and five different CAV penetration rates. The results show that the proposed
eco-driving strategy outperforms and has the benefits of fuel efficiency improvement, throughput
improvement, and delay reduction.

Keywords: eco-driving; energy management; bus priority; bus lane sharing; partially connected and
automated traffic

1. Introduction

With the increasing utilization of automobiles, a considerable amount of fuel is con-
sumed by vehicles each year. As reported in the United Nations Climate Change (UNCC) in
2014, vehicles as a main mode of transportation contribute significantly to energy consump-
tion, accounting for 17.5% of global carbon emissions [1]. Such enormous fuel consumption
in transportation would cause a series of severe problems, such as an energy crisis and
environmental degradation. Especially in congested urban traffic areas, these problems are
more serious due to frequent acceleration, deceleration, and idling. Therefore, an effective
energy management strategy is critical for urban traffic operations.

Eco-driving, as one of the most effective strategies, is widely adopted to enable energy
management for urban traffic. The main idea is to reduce acceleration, deceleration, and
idling by adjusting driving behaviors. Eco-driving is an effective method of mitigating
climate change such as global warming. Related research work has shown that 5-20% fuel
efficiency can be reached by eco-driving [2]. Existing eco-driving strategies for urban traffic
can be categorized into three kinds. The first kind of strategy focused on developing eco-
driving training programs for drivers to master energy-efficient driving abilities [3-8]. The
second kind of strategy focused on establishing eco-driving metrics to measure the energy
efficiency and effectiveness of different eco-driving interventions [9-13]. The third kind of
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strategy focused on designing an eco-driving mechanism for controlling vehicles, which
is the scope of this research. With the help of connected and automated vehicles (CAV)
technology, this kind of strategy has been more effective in reducing energy consumption
and exhaust emission. The reason for that is that this kind of strategy can control CAVs to
accurately implement all eco-driving control commands. Based on the CAV technology,
many eco-driving control strategies are proposed, including speed guidance, trajectory
planning, etc. [14-19]. All these strategies demonstrate great potential for achieving energy
efficiency improvement and exhaust emission abatement.

However, these control-based eco-driving strategies still have some shortcomings.
Many existing strategies only focused on optimizing longitudinal trajectories for vehicles to
achieve eco-driving [20]. The lack of consideration of lateral trajectories would make these
strategies inapplicable. This is because lane changing is inevitable if vehicles can acquire
efficiency improvement. To overcome this shortcoming, some strategies are proposed to
achieve eco-driving by sharing special-purpose lanes, such as bus-priority lanes (BPLs) [21].
The BPL can grant priority to transit buses by separating transit buses from general vehicles.
Since the frequency of transit buses is not always high, some eco-driving strategies allow
general vehicles to share the BPL without interfering with transit buses [22]. Such bus lane
sharing is essential because it can reduce road resource wastage on the BPL and achieve
efficiency improvement for some general vehicles. However, this eco-driving strategy
considering bus lane sharing still has a critical issue. Some previous research validated the
effectiveness of such strategies in a simplified scenario, such as two lanes at intersections, a
two-phase traffic signal, and some unsaturated traffic demand patterns [23,24]. The lack of
consideration of turning-movement intentions of vehicles in bus lane sharing makes the
strategy inapplicable and causes efficiency reduction at the signalized intersection.

To address the aforementioned issue, an innovative eco-driving strategy is proposed.
Compared with existing works in the eco-driving area, this strategy innovatively considers
a phase-switch-based bus lane sharing for partially connected and automated traffic at sig-
nalized intersections. It means that the strategy should allow vehicles with corresponding
turning movements to share the BPL according to the current signal phase. The strategy
bears the following features:

Allow phase-switch-based bus lane sharing for CAVs.

Improve traffic efficiency and sustainability in the partially connected and automated
environment.

Be enabled under various demand patterns.

Ensure absolute bus priority while allowing CAVs to share the bus lane.

The remainder of this paper is structured as follows. Section 2 presents problem
descriptions. Section 3 provides a step-by-step description of the logic of the proposed
decision-making module and the formulation of the proposed controller. Section 4 describes
the experiment design and associated results. Sections 5 and 6 detail the conclusions and
future works.

2. Problem Description

The scenario in this research is a signalized intersection under a partially connected
and automated traffic environment. As shown in Figure 1, a control zone consists of two
sections: Sections 1 and 2. Section 1 contains three lanes, the topmost lane is for bus
priority, namely the bus-priority lane (BPL). The other two lanes are for general purposes,
namely the general-purpose lane (GPL). Due to the lane channelization for different turning
movements, Section 2 contains four lanes. lane () is BPL and lanes @3 @ are GPLs. Each
GPL is dedicated to a special turning movement. All general vehicles run on the GPLs
when they come into the road section. The general vehicles are composed of connected
and automated vehicles (CAV) and connected and human-driven vehicles (CHV). All
vehicles enable communication with other vehicles and the roadside unit via vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) in real-time. CAVs can be controlled at a
microscopic level. As for CHVs, they are driven by humans and move at their own will.
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The BPL is designed to ensure absolute bus priority and is open to CAVs if they have no
interference with buses.

@D Connected and automated vehicle

P Connected human-driven vehicle

| B Connected and automated bus

Control Zone

Section 2
Section 1 ©)]
Al |4
J  BUSPRIORITY LANE (] OR @ [4
[ T ] < R |4
(] @

A Roadside Unit

Figure 1. Illustration of the scenario.

The task of this paper is to design an eco-driving strategy considering phase-switch-
based bus lane sharing. The eco-driving strategy serves four purposes: (1) allow phase-
switch-based bus lane sharing for CAVs; (2) improve efficiency and sustainability in the
partially connected and automated environment; (3) be enabled under various demand
patterns; (4) ensure absolute bus priority while allowing CAVs to share the BPL.

3. Eco-Driving Strategy

In this section, the logic of the proposed eco-driving strategy is introduced (Figure 2).
The eco-driving strategy is designed for all CAVs in the control zone. The strategy has two
crucial components: the eco-driving decision-making module and the phase-switch-based
bus lane sharing controller (PBLSC). The eco-driving decision-making module collects
global traffic information from vehicles and roadside units. Based on the global traffic
information, this module determines whether CAVs should take lane-changing maneuvers
or not. If the decision is lane-changing, the PBLSC is activated to optimize trajectories for
CAVs from longitudinal and lateral dimensions. If the output trajectories are feasible, CAVs
can be controlled to share the BPL and implement optimization plans. Otherwise, CAVs
continue to run on the GPL. Some detailed information about these two components has
been described in the following sections.

Eco-driving decision-making module

I

Decision:Lane-keeping Decision:Lane-changing
PBLSC

l

Feasible output exists?

l Yes

Optimization plan
implementation

Travel on GPL

Figure 2. Overall logic of eco-driving strategy.

3.1. Eco-Driving Decision-Making

The structure of the eco-driving decision-making module is shown in Figure 3. The
eco-driving decision-making module is activated at each time step. This module can be
divided into two parts: terminal passing time prediction and lateral decision-making. The
detailed description of each part is illustrated as follows.
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Figure 3. Eco-driving decision-making module.

Part 1. Terminal passing time prediction: This part is to predict the terminal passing
time for each CAV in the control zone. It calculates the terminal passing time of CAVs under
two circumstances. One is that CAVs always run on the GPLs to get through the signalized
intersection. The other is that CAVs share the BPL to pass the signalized intersection. These
results will be sent to part 2 for further decision-making. The detailed prediction method
will be introduced in Section 3.2.

Part 2. Lateral decision-making: This part adopts a rule-based approach to determine
whether CAVs should share the BPL or not. It can be divided into two steps: Step I and
Step II. Step I is designed for CAVs to determine whether to share the BPL and which signal
cycle to pass. Step Il is designed for CAVs to judge if transit buses would be disrupted
when CAVs share the BPL.

3.2. Terminal Passing Time Prediction

This section illustrates how to predict the terminal passing time for each CAV in the
control zone. The inputs of this part include vehicle state information (position, speed,
acceleration, turning-movement intention etc.), signal phase information, and timing infor-
mation. The outputs contain two kinds of predicted terminal passing time. One corresponds
to CAVs running on the GPL. The other corresponds to CAVs running on the BPL.

In this paper, this part selects a preceding vehicle that has the same turning-movement
intention as the ego CAV from back to front. Such a selected preceding vehicle (SPV) is
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crucial for predicting the ego CAV’s terminal passing time. The reason is that vehicles
with different turning-movement intentions would pass the intersection in different signal
phases. Such impacts of different turning movements can be eliminated when they are
running on the dedicated turning-movement lanes. Figure 4 illustrates the definition of the
SPV under three circumstances. The selected area represents a hypothetical lane in front
of the ego CAV c to select SPV. As shown in Figure 4a, the ego CAV ¢ with a left-turning-
movement intention is in the upstream section (Section 1). The selected area is divided into
two parts according to the route of the left-turning movement. As shown in Figure 4b, the
ego CAV c with a left-turning-movement intention is in the downstream section (Section 2),
but not on the dedicated lane for left-turning movement. The selected area is the dedicated
lane for left-turning movement in front of the ego CAV c. The reason is that the ego CAV ¢
must change lanes to a left-turning-movement dedicated lane to pass the intersection. For
the ego CAV ¢ with a going-through-movement intention, the selected area is shown in
Figure 4c. Based on the selected area, the SPV of ego CAV c can be identified.

L Left-turning-movement ego CAV ¢
@@L spy

I____1 The selected area

Al |4
BUS PRIORITY LANE | y
Al |4
()
A Roadside Unit
(@)
L Left-turning-movement ego CAV ¢
@DOL SPV
|____1 The selected area
Al |4
BUS PRIORITY LANE A | y
Al |4
()
Roadside Unit
(b)
G Going-through-movement ego CAV ¢
@G spy
I_ " 1 The selected area
- Al |4
BUS PRIORITY LANE | y
Al |4

((K) o
Roadside Unit

(c)

Figure 4. (a) Definition of SPV for the ego CAV with left-turning movement intention on the

upstream section. (b) Definition of SPV for the ego CAV with left-turning movement intention
on the downstream section. (c) Definition of SPV for the ego CAV with going-through movement
intention.
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3.2.1. Terminal Passing Time on GPLs

For each ego CAV ¢ with turning-movement intention i in the control zone, the terminal
passing time #;;' is formulated as follows:

t' = max{ty M 4 (n+ 1)y, 1] W
Vie {GT,LT,RT},Vc e C
where C denotes the set of ego CAVs index; i is the turning-movement intentions of CAVs;
GT, LT, and RT, respectively, denote going-through movement, left-turning movement,
and right-turning movement; t%_l’i is the terminal passing time of the SPV; t;, represents the
safety headway; 1 is the number of vehicles with different turning-movement intentions
between ego CAV ¢ and its SPV; t‘;;é is the earliest terminal passing time of ego CAV c with
turning-movement intention i. Its value depends on whether ego CAV c¢ can accelerate to
the speed limit in the control zone. It is formulated as follows:
Case 1. Ego CAV c¢ can reach the speed limit v;;, in the control zone.

toe = (L — x5 = S7) /Vtim + (V1im — 05) / @imax + s

2

Vi€ {GT,LT,RT},Vc € C @
: 2

Szl = (vlzz‘m - Uzl )/ 2amax 3)

Vi € {GT,LT,RT},Ve € C

where t; denotes the current time step st’i represents the distance required to accelerate to

maximum speed, xfs’i indicates the current position, and vfs’i represents the current speed. L
represents the length of the control zone and a,,,x is the maximum acceleration.
Case 2. Ego CAV ¢ can never reach the speed limit v;;,,, in control zone.

t5e = (U5iax — 05/ Amas )
Vi € {GT,LT,RT},Vc € C

. - 2
Ve = \/Zamﬂx~(L — xfs’l) + vfs” )
Vie {GT,LT,RT},Vc e C

where v%x is the maximum speed ego CAV c can reach in the control zone.

The terminal passing time is affected by signal timing when vehicles approach the
intersection because vehicles with different turning-movement intentions can only pass the
intersection at the corresponding signal phase. According to whether ego CAV c can catch
the current green light, there are two situations related to the calculation of t;’i:

Situation 1. Ego CAV c can catch the green light in the current signal cycle.

) c,i - < c,i <
t;'l _ tfi ‘ i GT,IC{i_ ty mod S <R+ Gs VeeC ©)
ty i=LT,R+Gs <ty modS <R+Gs+G
S=R+Gs+G (7)

where S denotes the length of a signal cycle, and R, G, and G are the duration of red light,
going-through-movement green light, and left-turning-movement green light, respectively.
In this situation, terminal passing time cannot be affected by multiple phases of signal
timing.

Situation 2. Ego CAV c cannot catch the green light in the current signal cycle.



Sustainability 2023, 15, 7330 7 of 20

‘ [£5'/S] S+ R+ Gs + t i=LT,c=1,0<t/modS <R+Gs
t = 1t /S| 'S+ R+Gs+t; i=LT,c>1,0< (t; "+ (n+1) t,) modS < R+Gs @®)
£ i=LT,c>1,R+Gs< (5 "+ (n+1) t;) modS <S
VceC
[t5'/S] S+ R+t i=GT,c=1,0<ty modS <R
4 [t5'/S]-S+ R+t i=GT,c=1R+Gs <ty modS<S
t5' = [£5/S] - S+R+t i=GT,c>1,0< (t "+ (n+1) ) mod S <R )
[t5'/S]-S+R+t; i=GT,c>1R+Gs < (t; "+ (n+1)-t,)modS<S
! i=GT,c>1R< (5" +(n+1) t) modS < R+Gs
VceC

As for going-through-movement or left-turning-movement ego CAV ¢, c = 1 means
it is the first vehicle in the selected area. Its terminal passing time is in the next passable
duration. ¢ > 1 means there are preceding vehicles. Whether ego CAV ¢ and its pre-
ceding vehicle can enter the intersection in the same green phase is also considered in
Equations (8) and (9).

3.2.2. Terminal Passing Time on BPL

For ego CAV c on BPL, the terminal passing time can be accurately calculated. The
reason is that the trajectory information of the preceding vehicles and buses can be collected
through V2I and V2V. The terminal passing time of ego CAV c on BPL can be calculated as
follows:

P
Vi e {GT,LT},Vi' € {GT, LT}, Ve e C

ci c—1,i c,i
5 = max{t Tt tpe} (10)

. . . . —_— i’ . . .
where i’ also represents the turning-movement intentions, and t;, 7" js the terminal passing

time of the preceding CAV on BPL.

3.3. Phase-Switch-Based Bus Lane Sharing Controller

This section introduces a PBLSC method to optimize vehicle trajectories for CAVs
which are allowed to share BPL. The PBLSC can help CAVs pass the intersection without
stops and ensure absolute bus priority. The basic formulation of PBLSC is introduced
sequentially.

3.3.1. Cost Function

The cost function to be minimized has two terms, including travel efficiency and fuel
consumption:

J=h+h (11)

The first term denotes that the vehicles should pass the intersection as fast as possible
to improve travel efficiency.

p=e (= s o -
Vi e {GT,LT,RT},Vce C,Vte T

where ¢ is the time index and T is the set of time index before ego CAV c leave the
intersection. xf’i and vf’i are the position and speed of ego CAV c at time t, respectively.
Equation (12) has two parts, the first part is the distance between the position of the ego
CAV c¢ and the position of the stop bar. The second is the gap between the speed of ego



Sustainability 2023, 15, 7330

8 of 20

CAV c and the speed limit. « is the weight of this part in the cost function. The second term
denoting total fuel consumption is illustrated as follows:

c,i
ay

h=p Ly
Vi€ {GT,LT,RT},VceC,VteT

(13)

where B is the weight of fuel consumption in Equation (13). ai’i is the acceleration of ego

CAV c at time t. |a‘;'i| is used to describe the fuel consumption of ego CAV c at each time
step.

3.3.2. Constraints
a.  Vehicle kinematic constraints
The movement of vehicles has to be subject to kinematic constraints as described

below. ,
c,i
Umin < (%% < Olim

14
Vie {GT,LT,RT},Vee C,Vte T (14)
Apin < a?i < Amax (15)

Vi€ {GT,LT,RT},Yc € C, Yt € T
v = 0% 4 at - At (16)

Vie {GT,LT,RT},Vcee C,Vt €T
X = o AL+ 1/2:08 - AR (17)

Vi€ {GT,LT,RT},VceC,VteT

Equation (14) means the speed of ego CAV ¢ must be limited within the minimum and
maximum allowed values (v, V1;, respectively). Equation (15) denotes that the acceler-
ation and deceleration of ego CAV c must be in a feasible range. Equations (16) and (17)
depict the vehicle dynamic constraints.

b.  Vehicle conflict-free constraints
The ego CAV needs to fulfill the vehicle conflict-free constraints when conducting lane-

changing to BPL. The following constraints ensure that vehicle trajectories are conflict-free.

, , ,
x5 — TV TV b M > 4 T

18
Vie {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Vc € C (18)
BT 4 MY > D ol (19)

Vi e {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Vc e C
s — x4 (1=} )M 2 I+ oy (20)

Vie {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Vc € C
JEE = a4 (L= F) M/ > D+ ooy @1

Vie {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Vc € C

where M is a large positive real number, b is the bus index and B is the set of bus index,

xf“’i/ and vf“’i/ are the position and speed of the following CAV behind ego CAV c at

b,i’ b
t

time t, respectively, x,” and v,” are the same circumstance for buses, Fth “ is introduced to

decide whether the preceding vehicle of ego CAV cis bus b, Ftb = 1 means bus b exists

and xf’i, > xf’i, otherwise 0, wf’c is introduced to decide whether the following vehicle of

ego CAV cis bus b, w!* = 1 means bus b exists and 22" < x, otherwise 0. w¢ ™, F¢~1*
are for the situation that the preceding or following vehicle is a CAV, I}, I are the length of

buses and the length of CAVs respectively, and 77 represents the average reaction time.
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c.  Lane-changing possibility constraints

The ego CAV must be subject to the lane-changing possibility constraints to get enough
lane-changing space, the following constraints are imposed:

gl —1,c ;1,7 b,c ,b,i’ -1, b,
. ty' > Ff C-t’,;‘ PR+ (B R, 22)
Vi e {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Yc € C

c,i c+1,c ,c+1,4 b,c ,b,i c+1,c b,c c+1,c b,c
' <wpt T Fw ) — (Wi wl )ty + (1w —w) )M

23
Vi e {GT,LT},Vi' € {GT,LT},Vt € T,Vb € B,Vc € C @)

where ti’,’i, means the terminal passing time of bus b. Equations (22) and (23) guarantee the
existence of lane-changing space on the BPL. Furthermore, they also ensure that the ego
CAV will not affect the trajectories of the preceding and following vehicles while passing
the intersection.

d.  Preceding and following vehicles’ type constraints

The following constraints are imposed:

wf“'a + wf’c <1 (24)
Vte T,Vbe B,VceC
FEle 4 Fre <

Vie T,Vb e B,VceC (25)

Equation (24) means the following vehicle of ego CAV c can only be a bus or a CAV, or
does not exist. The same situation also applies to Equation (25).

4. Evaluation

In this section, the proposed eco-driving strategy is evaluated through simulation
experiments compared with the non-control baseline and the state-of-the-art strategy. The
simulation experiments select throughput, delay, and fuel consumption as the measure-
ments of effectiveness. The simulation experiments are conducted under six different
congestion levels and five different CAV Penetration Rates. The goal is to fairly confirm the
benefits of the proposed eco-driving strategy while ensuring absolute bus priority.

4.1. Experiment Design
4.1.1. Testbed

The testbed of the simulation experiment is presented in Figure 5. In the testbed, the
road network with a signalized intersection is composed of two sections. The length of
Section 1 is 350 m and the length of Section 2 is 150 m. One lane is the bus-priority lane
(BPL) and the others are general-purpose lanes (GPL). Beside it, the roadside unit enabling
V2I communication with vehicles is built. All vehicles enable communication via V2V. The
simulation platform is based on PTV-VISSIM because PTV-VISSIM has a high simulation
speed and a user-friendly GUL

| Section 2 |

| Section 1

BUS PRIORITY LANE

4 4 4
N U N

\\\Aﬁ Roadside Unit

Figure 5. Testbed in the simulation experiment.
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4.1.2. Scenario
Three scenarios considering absolute bus priority are tested:

e Non-control baseline: In this scenario, all vehicles are human-driven vehicles. All
general traffic can only run on the GPLs.

e  State-of-the-art strategy: In this scenario, general traffic is composed of CAVs and
CHVs. The BPL is only open to CAVs with going-through-movement intentions. All
CAVs sharing the BPL cannot cause interference with buses. This strategy enables
single-phase-based bus lane sharing [22].

e  The proposed strategy: In this scenario, general traffic is composed of CAVs and CHVs.
The BPL is open to CAVs with going-through-movement intentions and left-turning-
movement intentions. All CAVs sharing the BPL cannot cause interference with buses.
The proposed strategy enables phase-switch-based bus lane sharing.

4.1.3. Measurement of Effectiveness

To investigate the effectiveness of the proposed strategy, three Measurements of
Effectiveness (MOE) are selected, including the surrogate of fuel consumption, throughput,
and delay. The surrogate of fuel consumption, as one of the MOEs, is defined as follows:

Fuel consumption = Y.y |ay"
t ¢

Vte T, VeeC

/m (26)

where m; denotes the number of vehicles in each time step t. To validate the credibility of
ensuring absolute bus priority, this paper adopts speed error as an evaluation index. This
evaluation index represents the deviation between the actual speed and desired speed of
buses. It is defined as follows:

speed error = (|actual speed — desired speed|/desired speed) x 100% (27)

4.1.4. Simulation Settings

The parameters in the simulation experiment are shown in Table 1.

4.1.5. Sensitivity Analysis

To fairly confirm the validation of the proposed strategy, sensitivity analysis is con-
ducted under six different congestion levels (0.6, 0.8, 1.0, 1.2, 1.4, and 1.6) and five different
CAV penetration rates (10%, 25%, 50%, 75%, and 90%). The saturation flow rate has been
calibrated due to the traffic signal, as shown in Table 1. Unlike the freeway, the factor that
vehicles can only get through the signalized intersection during the green time should be
taken into consideration. Hence, the congestion level of the signalized intersection has to
be calibrated by the parameters of the signal plan.

4.2. Results

The simulation results are presented in this section. The results have confirmed that
the proposed strategy has full advantages through comparison against the non-control
baseline and the state-of-the-art strategy. The advantages of the proposed strategy can be
observed in fuel efficiency improvement, throughput improvement, and delay reduction.
Furthermore, the credibility of ensuring absolute bus priority has been validated.

4.2.1. Fuel Efficiency Improvement Validation
Sensitive Analysis at Various CAV Penetration Rates

(1)  Compared with Non-control Baseline
Figure 6 shows the results of the fuel consumption comparison under various CAV

penetration rates (CPR) (demand level = 1.6). Compared to the non-control baseline, the
proposed strategy has the benefit of fuel efficiency improvement. Such a benefit grows
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with CPR. To be noted, the proposed strategy can save up to 33.63% of fuel consumption
when the CPR is 90%. The reason is that the proposed strategy can control CAVs to avoid
frequent stop-and-go when approaching the signalized intersection.

Table 1. Simulation settings.

Parameter Value
Length of Section 1 (m) 350
Length of Section 2 (m) 150
Simulation time horizon (s) 3900
Optimization time step (s) 1
Cycle of signal time (s) 60
Duration of red light (s) 24
Duration of the going-through-movement green light (s) 18
Duration of the left-turning-movement green light (s) 18
Saturation flow rate (veh/h) 1440
Departure time interval of buses (s) 60
Proportion of left-turning-movement vehicles 40%
Proportion of going-through-movement vehicles 40%
Desired speed for buses (km/h) 48
Desired speed for general vehicles (km/h) 60
Maximum speed (m/s) 20
Minimum speed (m/s) 0
Maximum acceleration (m/s?) 3.5
Minimum acceleration (m/s2) —4
Safe time headway (s) 1.6
Reaction time (s) 0.5
Length of the bus (m) 10
Length of the general vehicle (m) 4
Factor « 10
Factor B 1
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Figure 6. The fuel consumption comparison between the non-control baseline and the proposed
strategy under various CPR.

(2)  Compared with the State-of-the-art Strategy

Figure 7 shows the fuel consumption comparison result between the state-of-the-art
strategy and the proposed strategy under various CPR. Compared with the state-of-the-art
strategy, more benefits of fuel efficiency can be achieved with the proposed strategy. When
the CPR is 50%, the proposed strategy could save fuel by up to 15.15%. The reason is that
the proposed strategy makes more CAVs approach the intersection smoothly by allowing
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them to achieve phase-switch-based bus lane sharing. Such phase-switch-based bus lane
sharing makes CAVs pass the intersection without frequent acceleration and deceleration.
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Figure 7. The fuel consumption comparison between the state-of-the-art strategy and the proposed
strategy under various CPR.

Sensitive Analysis at Various Demand Levels
(1)  Compared with Non-control Baseline

Figure 8 shows the result of the fuel consumption comparison between the non-control
baseline and the proposed strategy under various demand levels (CPR = 75%). The results
reveal that the proposed strategy has the benefit of fuel efficiency improvement compared
to the non-control baseline. Such benefits grow with the demand levels. Especially under
oversaturated conditions (demand level = 1.6), the proposed strategy can save fuel by up
to 29.12%. The reason is that frequent acceleration and deceleration can be avoided by bus
lane sharing and optimal control for CAVs.

14 100
[ Non-control Baseline
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Figure 8. The fuel consumption comparison between the non-control baseline and the proposed
strategy under various demand levels.

(2)  Compared with the State-of-the-art Strategy

Figure 9 shows the result of the fuel consumption comparison between the state-of-
the-art strategy and the proposed strategy under various demand levels (CPR = 75%).
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Compared to the state-of-the-art strategy, the benefits of fuel efficiency improvement are
achieved by the proposed strategy. The fuel consumption can be saved up to 11.07% when
the demand level is 1.6. The reason for that is the proposed strategy allows more CAVs
to share the BPL through phase-switch-based bus lane sharing. Such phase-switch-based
bus lane sharing can reduce the frequent acceleration and deceleration caused by severe
congestion on the GPLs.

12 100
The State-of-the-art Strategy

BN The Proposed Strategy
N Benefit(%)

-
N

80

=
o

0.97
0.

0.94
93 0.92 0.93
09 091
i 0.88
4%
Is % 4.81% Izn'/. 3.18%
05

06 038 1 12

Demand Level

091 o9 60

09
08
40
20
11.07%
0.74%
0
14 16

Figure 9. The fuel consumption comparison between the state-of-the-art strategy and the proposed
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strategy under various demand levels.

4.2.2. Traffic Efficiency Improvement Validation
Sensitive Analysis at Various CAV Penetration Rates

(1)  Compared with Non-control Baseline

Figure 10 shows the result of the throughput comparison between the non-control
baseline and the proposed strategy under various CPR (demand level = 1.6). The benefits of
throughput improvement increases from 9.46% to 32.05% when the CPR ranges from 10%
to 25%. When the CPR is 50% or over, significant benefits of throughput improvement can
be observed. However, no obvious benefits of throughput improvement can be achieved
when the CPR is more than 50%. It makes sense that there is no more available space for
CAUVs to share the BPL when the CPR is high.

Figure 11 shows the result of the average vehicle delay comparison between the state-
of-the-art strategy and the proposed strategy under various CPR. The results reveal that
the proposed strategy achieves the benefits of delay reduction. Notably, when the CPR is
50% or over, such benefits are more obvious. That is because the proposed strategy can
control more CAVs to pass the intersection without stops during a target green phase when
the CPR is high.

(2)  Compared with the State-of-the-art Strategy

Figure 12 shows the result of the throughput comparison between the state-of-the-art
strategy and the proposed strategy under various CPR (demand level = 1.6). The result
confirms that the proposed strategy performs better in throughput improvement under
various CPR. Some reasons can be selected to explain that. Due to the phase-switch-based
bus lane sharing, the proposed strategy allows more CAVs to share the BPL to pass the
intersection during various green phases.

Figure 13 shows the result of the delay comparison between the state-of-the-art strategy
and the proposed strategy under various CPR (demand level = 1.6). The proposed strategy
outperforms the state-of-the-art strategy in delay reduction, especially when the CPR is
high. The reason is that the proposed strategy can reduce more CAVs’ idling by using
phase-switch-based bus lane sharing during various green phases.
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Figure 10. The result of throughput comparison between the non-control baseline and the proposed
strategy under various CPR.
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Figure 11. The result of delay comparison between the non-control baseline and the proposed strategy
under various CPR.

Sensitive Analysis at Different Demand Levels

(1)  Compared with Non-control Baseline

Figure 14 shows the result of the throughput comparison between the non-control
baseline and the proposed strategy under various demand levels (CPR = 75%). The
proposed strategy has no obvious benefits of throughput improvement when the demand
level is less than or equal to 1. The proposed strategy achieves the benefits of throughput
improvement when the demand level is 1.2 or over. When the demand level is 1.6, the
throughput improvement benefit of the proposed strategy is 32.94%. This makes sense
because the proposed strategy permits more CAVs to share the BPL to pass the intersection
during a given green phase.
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Figure 12. The result of throughput comparison between the state-of-the-art strategy and the pro-
posed strategy under various CPR.

100
—@i~ The Proposed Strategy
150 f1~ The State-of-the-art Strategy
Benefit(%) L 80
140 % '%
£120 % 160 <
< 51.05% =
£ 47.69% S
3 . 5
8 100 41.26% a0 -
80
18.66% r20
60 5.97%
0

10% 25% 50% 75% 90%
CAV Penetration Rates
Figure 13. The result of the delay comparison between the state-of-the-art strategy and the proposed
strategy under various CPR.

Figure 15 shows the result of the delay comparison under various demand levels
(CPR = 75%). The proposed strategy has delay reduction benefits under all demand levels.
When the demand level ranges from 0.8 to 1.2, the delay reduction benefits of the proposed
strategy increases from 23.14 to 78.15%. The reason for that is the proposed strategy
optimizes trajectories for CAVs sharing the BPL to pass the intersection without stops while
the non-control baseline cannot achieve that. With the growth of the demand levels from
1.2 to 1.6, the delay reduction benefits of the proposed strategy are still obvious but decline
gradually. This is because the proposed strategy has no more available space in the BPL for
CAUVs to achieve phase-switch-based bus lane sharing when the demand level is high.
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Figure 14. The result of throughput comparison between the non-control baseline and the proposed
strategy under various demand levels.
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Figure 15. The result of delay comparison between the non-control baseline and the proposed strategy
under various demand levels.

(2)  Compared with the State-of-the-art Strategy

Figure 16 is the result of the throughput comparison between the state-of-the-art
strategy and the proposed strategy in different demand levels (CPR = 75%). Under the
non-saturated (demand level = 0.6, and 0.8) and saturated conditions (demand level = 1.0),
the proposed strategy has no throughput benefits. The reason is that the uncongested roads
could easily handle all vehicles and thus have no room for improvement. The proposed
strategy outperforms the state-of-the-art strategy under oversaturated conditions (demand
level =1.2,1.4, and 1.6). Some reasons can be selected to explain that. Due to the PBLSC,
the proposed strategy can make more CAVs share BPL than the state-of-the-art strategy.

Figure 17 shows the result of the delay comparison under various demand levels
(CPR =75%). It can be observed that the proposed strategy performs well in oversaturated
conditions (demand level = 1.2, 1.4, and 1.6). Furthermore, the proposed strategy can
reduce delay by up to 69.59% when the demand level is 1.4. The reason is that the proposed
strategy can prevent more CAVs from too-long queues on the GPL during different signal
phases.

4.2.3. The Validation of the Absolute Bus Priority

The proposed eco-driving strategy can control CAVs to achieve phase-switch-based
bus lane sharing while ensuring absolute bus priority. To validate the effectiveness of
the capability of ensuring absolute bus priority, some experiments are conducted. As
mentioned previously, the speed error of the buses has been selected as a crucial MOE to
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evaluate the capacity of ensuring absolute bus priority. The result is shown in Table 2. In
this table, the actual accelerations are all less than 0.01 m/s? which can be ignored. The
desired speed for all buses is a constant. The actual speed is the average speed of all buses.
The speed error is all less than 0.1%, which means that all buses run on the BPL with a
desired speed. Hence, the proposed strategy has a credible capability of ensuring absolute
bus priority.
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Figure 16. The result of throughput comparison between the state-of-the-art strategy and the pro-
posed strategy under various demand levels.
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Figure 17. The result of delay comparison between the state-of-the-art strategy and the proposed
strategy under various demand levels.

Table 2. Speed and acceleration results of buses under the oversaturated demand level.

Demand Level Actual Speed Actual Acceleration  Desired Speed Speed Error

(km/h) (m/s?) (km/h) (%)
1.2 47.99 0.0056 48 0.02
1.4 48.01 0.0055 48 0.02
1.6 47.96 0.0086 48 0.08

5. Discussion and Conclusions

This research proposed an eco-driving strategy at signalized intersections for mixed
traffic consisting of CAVs and CHVs. This proposed strategy aims at maximizing the benefit
of general traffic, especially in fuel efficiency improvement, throughput improvement,
and delay reduction. To achieve these goals, the proposed strategy designs a method
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of phase-switch-based bus lane sharing for general vehicles while ensuring absolute bus
priority. Such an eco-driving strategy considering phase-switch-based bus lane sharing is
more applicable for signalized arterials with multiple rights-of-way. The reason why the
proposed strategy is more effective is discussed as follows.

As shown in Figures 18-20, these results are vehicle trajectories optimized by the pro-
posed strategy on the BPL under oversaturated demand levels (1.2, 1.4, and 1.6). The solid
black lines denote trajectories of CAVs sharing the BPL and the dashed black lines denote
trajectories of CAVs before sharing the BPL. The green lines represent the bus trajectories.
As shown in these results, due to the proposed strategy, more CAVs can be controlled
to bypass the traffic queue and pass the intersection without stops during a target green
phase to improve efficiency. Furthermore, frequent acceleration and deceleration caused by
severe congestion can be reduced after lane-changing to improve traffic sustainability.
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Figure 18. Trajectories of buses and CAVs sharing the BPL (demand level = 1.2).
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Figure 19. Trajectories of buses and CAVs sharing the BPL (demand level = 1.4).

Conclusions drawn from the results are as follows. Compared with the state-of-the-art
strategy, the effectiveness of the proposed strategy is validated in terms of fuel consumption,
throughput, and vehicle delay:

e  Under various CAV Penetration Rates (CPR), the proposed strategy outperforms the
state-of-the-art strategy, especially when the CPR is high. The proposed strategy can
respectively obtain the benefits of throughput improvement and delay reduction up
to 24.97% and 51.05%. Furthermore, the proposed strategy could save fuel by up to
15.15%. With the growth of CPR, the benefits of fuel efficiency decline gradually.
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e  Under various demand levels, the proposed strategy achieves more throughput im-
provement benefits under oversaturated conditions (demand level = 1.2, 1.4, and 1.6),
ranging from 1.08% to 23.97%. The delay reduction benefits of the proposed strategy
range from 2.21% to 69.59% from the non-saturated demand level to the oversatu-
rated demand level, respectively. Additionally, the fuel consumption of the proposed
strategy can be saved up to 11.07% when the demand level is 1.6.

e  The proposed eco-driving strategy can maximize the benefits of general vehicles while
ensuring absolute bus priority under various CPR and demand levels.

Demand Level=1.6

500

400

w
o
o

Distance(m)

n
o
o

100

I
1]
I
i
1
[,
I
I

i

/ {—— CAV Sharing BPL
Iy
]

/ Bus

7

' ‘

1300 1350 1400
Time(s)

Figure 20. Trajectories of buses and CAVs sharing the BPL (demand level = 1.6).

6. Limitations and Future Research

Although the proposed strategy has achieved more benefits of fuel efficiency improve-
ment, throughput improvement, and delay reduction, it still has some limitations. For
example, the proposed strategy lacks the consideration of the optimization of signal phase
and timing. Therefore, future research could be conducted on the joint optimization of
the traffic signal and vehicle trajectories. By incorporating signal timing optimization, the
eco-driving strategy can reduce unnecessary vehicle speed oscillation and fuel consumption
caused by inappropriate signal timing.
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