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This paper investigates the impacts of a bus holding strategy on the mutual interference between buses and passenger
cars in a non-dedicated bus route, as well as the impacts on the characteristics of pollutant emissions of passenger cars. The
dynamic behaviors of these two types of vehicles are described using cellular automata (CA) models under open boundary
conditions. Numerical simulations are carried out to obtain the phase diagrams of the bus system and the trajectories of
buses and passenger cars before and after the implementation of the bus holding strategy under different probabilities of
passenger cars entering a two-lane mixed traffic system. Then, we analyze the flow rate, satisfaction rate, and pollutant
emission rates of passenger cars together with the performance of a mixed traffic system. The results show that the bus
holding strategy can effectively alleviate bus bunching, whereas it has no significant impact on the flow rate and pollutant
emission rates of passenger cars; the flow rate, satisfaction rate, and pollutant emission rates of passenger cars for either
the traffic system or for each lane are influenced by the bus departure interval and the number of passengers arriving at bus

stops.

Keywords: mixed traffic flow, bus holding strategy, cellular automata, traffic emissions

PACS: 05.50.4q, 45.70.Vn, 64.75.~g, 64.70.—p

1. Introduction

Buses play a crucial role in mitigating traffic congestion
and reducing environmental pollution in urban areas as an in-
tegral part of the public transportation system. However, buses
can be affected by stochastic factors in actual operations, such
as time-varying traffic demands at bus stops, uneven traffic de-
mands between bus stops, traffic lights, etc., which ultimately
leads to bus bunching. Then, bus bunching will lead to longer
waiting time and higher travel costs for bus passengers.

To more accurately understand the mechanism of bus op-
erations, researchers have devoted themselves to considerable
studies on bus route systems and proposed various models,
such as car-following models,!?! the time headway models, %!
and cellular automata (CA) models.*! In these models, when
a bus experiences a delay caused by various disruptions, it re-
sults in a gradual reduction of the time interval between the
current bus and the subsequent bus, ultimately leading to bus
bunching. Among the aforementioned models, the CA model
is extensively utilized in traffic flow simulation owing to its ef-
ficient and rapid performance. The traffic flow CA model was
initially proposed by Nagel and Schreckenberg!® to repro-
duce the stop-and-go waves observed in real traffic.!”l Since
then, numerous improved traffic flow CA models have been
proposed, 8101 including the Kerner—Klenoy—Wolf (KKW)
model,®! the brake light model,!'°! and so on. The first CA

model of a bus route system, developed by O’Loan et al.,!'!]

fCorresponding author. E-mail: cyanyrh@sdut.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd
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discovered that as bus density rises, traffic flow state transi-
tions from a clustered state to a homogeneous state. Luo et
al.l"? simulated a bus route using a single-lane CA model and
obtained four phases of bus operations. Qiang ef al.['3 an-
alyzed the interaction between buses and passenger cars in
a two-lane mixed traffic flow system. Zhou et al.l'¥ used
a CA model to investigate the effects of bus bays on het-
erogeneous traffic flow. In addition, to mitigate the prob-
lem of bus bunching, the real-time control methods for buses
have also become a focus of the public transportation research
over the past decades. Klumpenhouwer ez al.!'>! adopted the
Markov chain to model the stochastic nature of bus operations
and proposed a bus holding strategy to mitigate bus bunch-
ing. Liang er al.l'® developed a self-adaptive control scheme
to equalize the headway between buses, which can reduce
the travel time of buses by about 12%. Apart from the bus

15,16

holding strategy,[!>-1%! the stop-skipping!!”-!®! and coordinated

control[19-21]

strategies were also commonly used for bus con-
trol.

Recently, traffic emissions (i.e., vehicle emissions or ve-
hicle pollutant emissions) have become a non-negligible con-
straint on the sustainable development of a society. Kaza et
al.??! discovered that the emissions of greenhouse gases from
transportation were roughly equivalent to those of the electric-
ity sector in America. The research conducted by Stafoggia et

al.”?3) revealed that atmospheric particulate matter posed a se-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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rious hazard to human cardiovascular and respiratory systems.
In the pursuit of reducing traffic pollution, researchers have
undertaken numerous studies focusing on traffic emissions
from both simulated and experimental perspectives. >+ Pa-
nis et al.>¥ developed a vehicle exhaust emission model that
correlated traffic emissions with vehicles’ instantaneous ve-
locity and acceleration using the measured data from vehi-
cle tailpipes. Zheng et al.!*®! discussed the effects of traffic
and meteorology on particle concentrations in varied temporal
scales using real measurements.

Combining different traffic flow models and traffic emis-
sion models to investigate traffic pollution has been widely

27281 explored the relationship

discussed.!?’3% Tang et al.!
among fuel consumption, emissions, and the cost of travel
without delays in the equilibrium state and studied the im-
pacts of traffic signals on fuel consumption and emissions us-

29301 ynveiled the ef-

ing a car-following model. Zhu et al.!
fects of traffic signals on carbon dioxide (CO;) emissions of
traffic flow and put a delay-feedback control strategy to miti-
gate traffic emissions. Lakouari et al.*”! used a CA model to

341 investi-

study CO, emissions in a roundabout. Qiao et al.
gated particulate matter (PM) emissions of two typical traffic
flow CA models with a slow-to-start rule. Wang et al.’*”! cou-
pled a traffic flow CA model with a traffic emission model to
reveal the emissions of pollutants such as CO», nitrogen ox-
ides (NO,), volatile organic compounds (VOC), and PM in a
single-lane mixed traffic flow.

In previous studies, there are sparse researches on the
control strategies for non-dedicated bus routes from a micro-
scopic perspective. Furthermore, it is rare to study the traf-
fic emissions in non-dedicated bus routes using CA models.
Given this, in a two-lane mixed traffic system with a non-
dedicated bus route, we investigate a traffic flow CA model
under open boundary conditions to study the effects of a bus
holding strategy on the flow rate, satisfaction rate and pollutant
emission rates of passenger cars together with the performance
of a mixed traffic system.

The rest of the paper is organized as follows. Section 2
presents the mixed traffic flow model and the bus holding strat-
egy in a two-lane mixed traffic system with a non-dedicated
bus route. Section 3 introduces the empirical traffic emission
model. Section 4 fulfills the numerical simulations and the

result analyses. Section 5 gives some conclusions.

2. Mixed traffic flow model

In this section, a two-lane CA model which considers
buses and passenger cars is introduced. Subsection 2.1 de-
scribes a two-lane mixed traffic system with a bus route. Sub-

section 2.2 presents the traffic flow CA model for buses and

passenger cars (collectively called as vehicles). Subsection 2.3
gives the optimal dwell time of a bus at a bus stop.

Notations of model parameters and variables are listed in
Table 1.

Table 1. Notations of model parameters and variables.

Notion  Description

Ns number of bus stops

Is length of a bus

Ic length of a passenger car

l distance between two adjacent bus stops
o bus departure interval

a probability of passenger cars entering the traffic system
T desired time gap

sE effective spacing

Xs position of the bus stop

va(t velocity of vehicle n at time step ¢

)
vPV(t)  desired velocity of the preceding vehicle at time step ¢

position of vehicle n at time step ¢

by (t brake light state of vehicle n at time step ¢

t,?(t) spacing between vehicle n and its preceding vehicle at time
step ¢

sn(t) spacing between vehicle n and its preceding vehicle at time
step ¢

sPV(t)  spacing between passenger car n and the preceding vehicle on
the target lane at time step ¢

sEV(r)  spacing between passenger car n and the lagging vehicle on the
target lane at time step 7

d ability of vehicle to randomly slow down

P randomization probability

TP dwell time of bus n

1; time for passengers getting on and off a bus

TH holding time

Tn(?s optimal dwell time of bus »n at bus stop s

Na number of passengers arriving at a bus stop per minute

M passenger capacity of a bus

NSP (1) number of passengers waiting for a bus at bus stop s at time
step ¢

N,ES (r) number of passengers on bus n when it arrives at bus stop s at
time step ¢

N,?S (f) number of passengers getting off a bus at bus stop s

N,I,_’S (r) number of passengers allowed to get on a bus at bus stop s

2.1. Bus route description

The schematic diagram in Fig. 1 illustrates a two-lane
mixed traffic system with a bus route. In the system, both
buses and passenger cars are encompassed. The length of a
bus, that of a passenger car and that of a vehicle are denoted
by I, Ic, and Ly € {Lg,Lc}, respectively. The lane without
bus stops and that with bus stops are denoted by lane 1 and
lane 2, respectively. Each lane can be regarded as a lattice
consisting of L cells. Along lane 2, there are Ng bus stops
without bus bays. These bus stops are numbered as 1, 2, 3,
..., Ns sequentially from left to right.
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Bus stop 1
’<_711

Bus stop 2

[ Bus stop s | [Bus stop Ns|

Fig. 1. Schematic diagram of a two-lane mixed traffic system.

To focus on the impacts of the bus holding strategy on the
performance and pollutant emissions of traffic flow, the fol-
lowing assumptions are made in this paper.

(i) Bus stops are uniformly arranged along lane 2,[!%13]
and the distance between two adjacent bus stops is / cells, thus
(Ns + 1)1 cells.

(i1) The length of a bus stop is equivalent to that of a
bus. 2]

(iii) Buses are restricted to run on lane 2 without overtak-

a total road length is L =

ing, while passenger cars can run on lane 1 or lane 2.[+13]

(iv) Passengers always board the first-arriving bus unless
that bus is full.

(v) All passengers are homogeneous, meaning that factors
such as route selection and transfers are not considered.

2.2. Updating rules of vehicle movement with open bound-
ary

During the operations of a bus, it begins along its route
from the origin bus stop, passes through multiple intermediate
bus stops, and ultimately arrives at the destination bus stop.
To depict this progression, open boundary conditions are em-
ployed in the process of model formulation.

Each bus enters the traffic system from the left boundary
of lane 2, then passes through Ngs bus stops in sequence, and
exits from the right boundary of lane 2 at last. At each bus de-
parture interval Tp, if the first I cells of lane 2 are free, a new
bus without passengers will enter lane 2; otherwise, no new
bus will be generated. After each bus updates its position, if
the position of the leading bus xi_ is greater than L, this leading

| min[va () +aq, vml,
valt 1) = { min[v, (1) 4 as, vm],

—Xp(t) —Lv S

RO R

ln(l) _ Xn+1 (t)

where aq and as are the values of acceleration taken by a ve-
hicle in the relatively quick and slow states, respectively; vy
is the maximum velocity of a vehicle; b, (¢) is the brake light
state of vehicle n at time step ¢, b,(¢) = 1 means the brake
light on, b,(t) = 0 means the brake light off; 1,(t) and 5 (1)
are the time gap and safety time gap that vehicle n reaches the

position of the rear of its preceding vehicle at time step ¢, re-

bus will be removed and its follower will replace it to become
a new leader; otherwise, the leading bus will continue to run
on lane 2.

Each passenger car enters the traffic system from the left
boundary of lane 1 or that of lane 2 with a probability o; it
selects lane 1 with a probability P, while selecting lane 2 with
a probability 1 — P. At each time step ¢, if the first Ic cells
of lane 1 or those of lane 2 are unoccupied, a new passenger
car will enter lane 1 with a probability P or lane 2 with a
probability a(1 — P); otherwise, no passenger car will be gen-
erated. Similarly, after each passenger car updates its position,
the leading passenger car will be removed when its position xi,
is greater than L; otherwise, it continues to run.

The updating rules for each vehicle consist of two sub-
processes, i.e., longitudinal and lateral movement rules.

2.2.1. Longitudinal movement rules

In the longitudinal direction, the velocity and position up-
dating are considered for each vehicle. The desired time gap
brake light (DTGBL) model®! is adopted to depict the lon-
gitudinal movement of each vehicle in each lane. v,(¢) and
xu(t) represent the velocity and position (i.e., position of the
front) of vehicle n at time step #, respectively; here n belongs
to {1,2,3,...
lane. In the two-lane traffic, a car is relabeled after changing

,N}, and N is the number of vehicles in a single

a lane. At each evolutionary time step  — ¢ + 1, the parallel
updating rules of the DTGBL model are as follows.

Step 1 Acceleration

If a vehicle accelerates, its velocity updating rule is

[on (1) = Olta(r) > 13 (1)] & wa(t) >0,

{[ba(r) = Ol|ta(1) > 13 (1)] & wa(t) > O},

=min[v,(¢),h], (H
\
spectively;

and ! are logical operators representing ‘and’, ‘or’, and ‘not’,
respectively; min means minimize.

Step 2 Deceleration

If a vehicle decelerates, its velocity updating rule is

va(t+1) = min |:Vn(t+ 1), FSE(t)H ,

Tn
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va(t+1) <vp(t), by(t+1)=1, (2)

where [x] is the minimal integer which is greater than or
equals to x; T is the desired time gap; sE(¢) is the effective
spacing.

When vehicle n slows down, it will switch on its brake

light. Thus, sZ(t) can be expressed as

sE(t) = s,(r) + max [( ) } ,
sn(1) —xn+1( ) —Xu(t) —
vy (1) = min [snﬂ(r),vm(r)], 3)

where s, () is the spacing between vehicle n and its preceding
vehicle at time step ¢, [y = ¢ if the preceding vehicle is a pas-
senger car, otherwise, Iy = Ig; vEV (¢) is the desired velocity of
the preceding vehicle of vehicle n at time step ¢; g is a parame-
ter to guarantee safety for the subject vehicle and its preceding
vehicle; max means maximize.

When vehicle 7 is a bus and needs to stop, the spacing is
determined not only by the empty cells between the bus and
the preceding vehicle, but also by the spacing between the bus
and the next bus stop. In this case, s,(¢) needs to be rewritten
as

Sn([):min[anrl(t)*xn(t)*lVaxS*xn(t)]a 4

where xg is the position of the bus stop which is the closest to
vehicle n.

Step 3 Randomization with probability p

If a vehicle randomly slows down, its velocity updating
rule is

va(t+1)=max [v,(t +1) —d,0], rand() < p,
P=DB; rand() < p,b,(t+1) =1,
&)

where d is the ability of a vehicle to randomly slow down;
rand() is a random number within [0,1]; p is the randomiza-
tion probability; pp is the braking probability when a vehicle
switches on its brake light.

Here, the randomization probability satisfies the follow-
ing conditions:

PB, bn+1<t):1 & tn(t)<tr§(t)a
P =19 Po; Vn(t) =0, (6)
po, (bari(t) =1 & t,(t) <£3(1)) |val(t) = 0],

where pg, po, and pp are different randomization probabili-
ties.

Step 4 Motion

After the velocity of a vehicle is updated, its position up-
dating rule is

xn+1(t) :xn(t)"_vn+1(t)' @)

2.2.2. Lateral movement rules

Lane-changing behavior is an important component of
the CA model for multi-lane traffic flow. Because buses do
not change lanes, so the lane-changing rules''®! are used to
guide the lane-changing decisions for passenger cars. The
lane-changing is permitted if the following conditions are sat-
isfied.

(i) Incentive condition

When a passenger car driver finds that the driving condi-
tions on the target lane (the lane that the passenger car driver
intends to enter) are superior to those on the current lane, the
passenger car driver will have the motivation to change a lane.
This condition can be expressed as

sp¥ (1) > sa(t), (8)

where sFV(t) is the spacing between passenger car n and the
preceding vehicle on the target lane at time step ¢.

(i1) Safety condition

The act of a passenger car changing a lane to the target
lane should not disrupt the normal movement of the lagging
vehicle on the target lane, this condition can be expressed as

Slyfv (t) > Vmax, O]

where sV (¢) is the spacing between passenger car n and the
lagging vehicle on the target lane at time step #; vpax is the
maximum desired velocity of a vehicle.

2.3. Optimal dwell time for buses

When bus 7 arrives at bus stop s, its estimated dwell time
T,,D needs to be calculated, which is determined by two fac-
tors: the service time 7> for passengers getting on and off a
bus, and the holding time T calculated using the bus holding

strategy. The estimated dwell time can be expressed as
TP = max (75, TH). (10)
2.3.1. Service time

It is assumed that a passenger arrives at each bus stop at
each time step with a probability Py = N /60, where N rep-
resents the average number of passengers arriving at a bus stop
per minute. Also, the number of passengers waiting for a bus
at bus stop s at time step ¢ is denoted by NF(¢).1'>l When a
passenger arrives at bus stop s at time step ¢, the updating rule
of the number of passengers waiting for a bus at bus stop s at
each evolutionary time step t — 7+ 1 is

Ny (1)+1, rand() <P
NE(H_ = {Nipgt;j— 7 rand8 ; P::

where s belongs to {1,2,3,...

Y

,Ns — 1} since there is no pas-
senger to board a bus at the last bus stop.

When bus n arrives at bus stop s at time step ¢, it is re-
quired to serve for a period to allow passengers to get on and
off a bus. Let N,Es(t) represent the number of passengers on
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bus n when it arrives at bus stop s at time step ¢. Then, the num-
ber of passengers getting off at bus stop s, denoted by N,(gs(t),
can be given by

0, s=1,
N'?s(t): “'Nr]?,s(t)’ s€4{2,3,4,--- Ns—1}, (12)
N (),  s=Ns,

where U is the percentage of passengers getting off a bus, and
no passenger gets off a bus at the initial bus stop, and all the
passengers get off a bus at the last bus stop.

Let M be the passenger capacity of a bus, thus the number
of passengers allowed to get on a bus at bus stop s, denoted by
N} (1), can be expressed as

Ny o(t) = min [N (t+1),M — N2 (1) + N (£)] . (13)

Then, the number of passengers on bus n at the next bus stop
is computed as

Npo1 () = NP () = N2(1) + N (8). (14)

Next, the number of passengers waiting for the next bus at bus
stop s at the next time step is calculated as

N (t+1) =NE () — Ny (1), (15)

Correspondingly, the service time for bus n at bus stop s, de-
noted by TP, is

T,0 = max (BN, (1), BoNpos () + K, (16)

where By and o are the average time of getting on a bus and
that of getting off a bus for one passenger, respectively, and
P is greater than o since getting on a bus takes longer time
than getting off a bus; k is a parameter to represent the time
required to open and close the doors of a bus at a bus stop.

2.3.2. Holding time

It is assumed that the bus holding strategy!'®! is applica-
ble to each bus except the leading bus at all the bus stops. If
bus 7 is not the leading bus, the bus holding strategy imple-
mented by bus n at bus stop s is as follows.

When bus #n arrives at bus stop s at time step ¢, the time
gap between bus n and the preceding bus and that between it
and the lagging bus are denoted by 1, (¢) and t, (¢), respec-
tively. To avoid bus bunching, the holding time for bus n at
bus stop s, denoted by 7,1, is given by

Mey =17 (0] 5 (0)> 170,
=i oz, 0

where A € (0,1) is a parameter and set to 0.5 to ensure the
convergence rate. "]
Then, £,/ (¢) and 1, (¢) are expressed as

A D
tn+ (t) = tn,s - thrl,.w

1y (1) = =", (18)

where t,":x is the time that bus n arrives at bus stop s; t,]?H‘S is
the time that bus n 4 1 leaves bus stop s; x; is the positioh of
bus stop s; x,—1 is the position of bus n — 1; v is the average
velocity of a bus towards a bus stop.

When the dwell time of bus 7 at bus stop s is greater than
zero, it means that bus n needs to serve passengers or imple-
ment the bus holding strategy. In this case, if there is still space
left on bus n and there are new passengers arriving at bus stop
s, bus n must prolong its service time at bus stop s. Let T,E  Trep-
resent the prolong time of bus n at bus stop s, thus the optimal
dwell time of bus n at bus stop s, denote by Tn?s, is expressed
as

T2 =max (T2 + Ty, TE) . (19)

ns — n,s n,s»n,s

3. Traffic emission model

Panis et al.'>¥ developed an empirical model to estimate
traffic emissions using the nonlinear multiple regression tech-
nique and the measured data. This model considers the in-
stantaneous velocity and acceleration of each vehicle. At
95% confidence level, CO;, emissions produced by vehicles
can be exactly predicted. The Panis emission model only
considers exhaust pollutant emissions emitted by the engine
through the tailpipe,*”) and allows researchers to estimate
traffic emissions in real-time during traffic simulation (online
traffic emissions estimation), which implies that the effects of
traffic lights, pedestrian crossings, etc. on traffic flow can be
reflected by the pollutant emissions immediately captured by
the Panis emission model. The Panis emission model is widely
utilized by the scientific community, where recent studies em-
ploy it as an online traffic emission estimator. [31-36:40:411 The
researchers integrated the Panis emission model with traffic
modeling approaches based on CA model, car-following, or
fluid dynamics to examine the effects of different situations
on traffic emissions. Woodward et al.!*?! utilized the Panis
emission model to investigate the dispersion of pollutants on
an intersection modeled as a fluid dynamics problem. Wang et
al.'31 followed a CA approach to analyze the impacts of the
follower stopper control strategy on traffic efficiency, pollutant
emissions, etc. under different penetration rates of connected
and automated vehicles.

The Panis emission model incorporates a lower limit of
pollutant emissions (Ep in units of g/s). The pollutant emis-
sions have severe negative impacts on human beings. In this
study, it is assumed that buses are new-energy vehicles and
do not produce pollutant emissions, and CO,, NO,, VOC, PM
emissions of petrol passenger cars are considered. Then, the
pollutant emissions of passenger car n at time step ¢, denoted

110502-5
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by E,(t), can be given by

Ey(t) = max [Eo, fi + fova(t) + f3va(t)? + faau(t)

+ fsan(t)* + fova(t)an(t)], (20)

where a, (1) is the acceleration of passenger car n at time step
t; f1. f2. f3, fa, fs, fo are all the parameters to estimate the
pollutant emissions and determined using nonlinear regression
techniques.

Table 2 lists the calibrated values of the parameters in
Eq. (20) for CO,, NO,, VOC, PM emissions of petrol pas-

senger cars.
The emissions of traffic flow, denoted by E, can be re-
flected by the average emissions of passenger cars and defined

as
_ 11 l()+Tl N
E:FNHZ ZEn(t), 1)
=ty+1n=1

where tg and T are the start time and the duration of an anal-
ysis period, respectively; N is the number of passenger cars
during the analysis period.

Table 2. Calibrated values of the parameters in Eq. (20).

Pollutant Parameter
Ey fi 12 f fa fs fe
CO, 0 5.53x107! 1.61x107! —2.89%1073 2.66x107! 5.11x107! 1.83%x10~!
NO, 0 6.19x1074 8.00x107? —4.03x1076 —4.13x1074 3.80x10~* 1.77x10~*
vOC 0 447x1073 7.32%x1077 —2.87x1078 —-3.41x10°6 4.94%107° 1.66x10°6
PM 0 0 1.57x1073 —9.21x1077 0 3.75%x107 1.89x107
Table 3. Parameter settings during traffic simulation.

Parameter Ns l P h T DB Po PD g M u Br Bo K
Value 30 500 03 6 1.8 094 05 0.1 7 100 0.25 14 08 6
Unit - cells - S s - - - cells persons - s s S

During traffic simulation, each cell corresponds to 1.5 m
on a real road, and one time step represents 1 s in reality.

(12,131 each passenger car

According to the related references,
takes up 5 cells and can reach a maximum velocity of 12 cells
per time step; each bus takes up 8 cells and can reach a max-
imum velocity of 8 cells per time step. Besides, the values of

13381 Traffic simula-

other parameters are shown in Table 3.!
tion is performed with 30 independent runs. Each run lasts for
2 x 10* s and the data of the first 1.2 x 10* s of each run are

discarded in measuring traffic emissions.

4. Results and discussion
4.1. Operational states of buses

The operational states of buses can be classified into four
different categories: homogeneous, bunching, with sufficient
capacity, and with insufficient capacity. If the actual time gap
between two successive buses arriving at a bus stop is not less
than a half of the scheduled time gap, the operational state of
buses is in a homogeneous state; otherwise, it is in a bunch-

(13441 1f the first-arriving bus has an enough capacity

ing state.
to pick up all the passengers waiting for a bus at a bus stop,
thus the operational state of buses is in a state with sufficient
capability. If the first-arriving bus cannot accommodate all the
passengers waiting for a bus at a bus stop, thus a part of the
passengers must wait for the next bus at the bus stop. At this
case, the operational state of buses is in a state with insufficient

capacity.

Figure 2 depicts the typical trajectories of buses under the
homogeneous and bunching states, which are obtained before
and after implementing the bus holding strategy. In this fig-
ure, Tp, ¢, and Ny are set to 2.5 min, 0, and 4 persons/min,

.

1.800

respectively.

1.90

1.8

o

1.8

=]

1.8

=~

Time (10% s)

1.8

V)

1.6
Location (10? cell)

Location (10* cell)

Fig. 2. Typical trajectories of buses: (a) homogeneous state, (b) bunch-
ing state.

Figure 3 illustrates the evolution of the number of passen-
gers waiting for a bus at the selected bus stop corresponding
to the states with insufficient and sufficient capacities, which
are obtained before and after implementing the bus holding
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strategy. Here, Tp, , and Np are set to 1 min, 0, and 6 per-
sons/min, respectively.

40

—— No bus holding
—— Bus holding

301

20

10

Waiting passengers (person)

1.54 1.56 1.58

Time (10% s)

1.50 1.52 1.60

Fig. 3. Evolution of the number of passengers waiting for a bus at bus
stop 25.

4.2. Phase diagrams of bus system

By combining the four operational states of buses de-
scribed in Subsection 4.1, the bus system can be divided into
the following four possible phases:

Region I: Homogeneous & sufficient capability;

Region II: Homogeneous & insufficient capability;

Region III: Bunching & sufficient capability;

Region IV: Bunching & insufficient capability.

Figure 4 shows the phase diagrams with the four phases
described above in the (Tp, Na) space under different prob-
abilities of passenger cars entering the traffic system. Here,
figures 4(a), 4(c), 4(e), and 4(g) represent the phase diagram

without the bus holding strategy, whereas figures 4(b), 4(d),
4(f), and 4(h) represent the phase diagram with the bus holding
strategy. In addition, figures 4(a) and 4(b) consider a special
scenario in which passenger cars do not enter the bus system,
that is, buses run in the dedicated bus lane. Figures 4(c), 4(d),
4(e), 4(f), 4(g), and 4(h) all consider mixed traffic flow con-
sisting of buses and passenger cars.

Based on Fig. 4, it is evident that the area of bus bunching
regions decreases even without implementing the bus holding
strategy as the probability of passenger cars entering the traf-
fic system increases. This phenomenon indicates that when
Tp and N4 remain constant, different probabilities of passen-
ger cars entering the traffic system may result in distinct bus
operating conditions. Comparing the phase diagram obtained
by no bus holding strategy with that obtained by bus hold-
ing strategy under the unchanged probability of passenger cars
entering the traffic system, the noticeable difference occurs.
The overall range of regions I and II obtained by no bus hold-
ing strategy is significantly smaller than that obtained by bus
holding strategy, which implies that the bus holding strategy
can effectively alleviate the bus bunching. Additionally, the
overall range of regions II and IV obtained by no bus holding
strategy is significantly larger than that obtained by bus hold-
ing strategy, which indicates that the bus holding strategy can
effectively improve the bus capability.

16 16

= iih(a)a:o Eﬁ (c) a=0.25 14 (e) @ =0.50 - (g) a=0:75
g Regjor II g : B B
Z 12f ~ 12 Region IT 12 512
2 ) . ~ . ;
@ 2 Region IV P Regiont II"| 5> R I
é 10f - -RegionTV s 10 welon é 10 Region IV & é 101 Region IV FEON
5 8F 3 8 Z 8 8
& 6l 26 2 6 2 6
Sk = A = o 2
2[iRectofl] & ¢ Reigng b . .| ARG, 2[2 SRedof ], , ., ,Regionls ;| ~ 2[%Redofl] , , ., . Regionl ; |
1 2 3 4 5 6 7 8 1 2 3 4 5 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
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~1 — > )
2 1Z (b) a=0 216f(d) a=025 261 (6) a=0l50 01 (h) a=0.75
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< * Reglon I1] 3 aa s s PN
2R L 2 4s RedofIfl * f L L : 4 Sapiada s
2 o o b o paie e s 4 a0 0 apesoore o o o o+ «  oluReglonllIl 5000 o o L Regtorf IIf 0 0 0 ]
i : i - - J{eglqn[ f ° % 99 2 A 4 ° 9 ° 'l{egzmilg S § ° 8 ° 9 2 3 g 2 Vl{?gg()[%l i i 2 ; ADA k- ki i chl(“ﬁl? g il
12 3 4 5 6 7 8 1 2 3 4 5 6 7 8 3 4 5 6 7 8 E 5 5
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b (min) T (min) T (min) T (min)

Fig. 4. Phase diagrams of the bus system: (a), (c), (e), and (g) no bus holding; (b), (d), (f), and (h) bus holding.

To validate the conclusion that different probabilities of
passenger cars entering the traffic system may result in distinct
bus operating conditions when 7p and N remain constant,
the spatiotemporal patterns of buses on lane 2 under different
probabilities of passenger cars entering the traffic system with-
out the bus holding strategy are investigated. Specifically, we
set Tp = 3 min and Ny = 10 persons/min per minute (simpli-
fied as (3,10)). The analysis is conducted for two cases: @ =0

representing that no passenger cars enter the traffic system,

and o = 0.75 representing that 75% passenger cars enter the
traffic system.

Figure 5 illustrates the spatiotemporal diagrams of buses
under the parameter set (3,10), without implementing the bus
holding strategy. Figure 5(a) depicts the scenario under which
no passenger cars enter the traffic system, it can be seen that
noticeable congestion in the bus trajectories is revealed, as
highlighted by the purple elliptical regions. In contrast, fig-

ure 5(b) shows the bus trajectories when passenger cars enter
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the traffic system with a probability of o = 0.75, it can be seen
that, unlike Fig. 5(a), there is no pronounced bus bunching.

1.50 (a)) 7
_1.48),
1]
<
\%1.46
g1.44 ]
= v

1.42¢ il

1.40

0 0.3 0.6 0.9 1.2
Location (10* cell)
1.
50 b

148}
1]
<
81.46
g 1.44
=

1.42¢

1.40 4 . /

0 0.3 0.6 0.9 1.2 1.5

Location (10* cell)
Fig. 5. Spatiotemporal diagrams of buses without implementing the bus
holding strategy: (a) & =0, (b) &t = 0.75.

Figure 6 examines the intensity of buses under different
probabilities of passenger cars entering the traffic system un-
der the cases of (3,1) and (3,10). Here, the number of the bus
holding actions is used to reflect the intensity of buses. As
depicted in Fig. 6, the number of the bus holding actions first

(a) a=0 (c) a=0.25

7
- 1.48 . //
2 146 ; /
g 144 7
E 142 f /) . ////
Y/ | //
14003 0A6I 5o 12 'LS 140 (43 0.6 0.9 12 15
Location (10* cell) Location (10% cell)
Ls0 (b) a=0 (d) «=0.25
50 17 1.50 .
/) / 77 777 7
- 1.48 1 5 148 ///{y///%////ﬁ
E T 8 s
S 1.46 A 2 1.46 7. /) /
3 5 ;y////?&éﬁ/zv
“‘E’ 1.44 2 1u /// //// ////
o142 "/ E 440 /////////;/;////
120 VLSS S 1.40 2 AN /
0 03 06 09 12 15 0 03 06 09 12 1

Location (10* cell) Location (10* cell)

5

rises and then declines as the probability of passenger cars en-
tering the traffic system increases. Further, the comparison of
the bus holding actions reveals that the higher passenger de-
mand is more likely to trigger the bus holding strategy when
the probability of passenger cars entering the traffic system
keeps unchanged.

Z 2000

S

k5

< 1600

o0

8

= 1200

=

3

2 800

-

o

5 400/’7

e)

g . . . .

Z 0 02 04 06 08 1.0
(67

Fig. 6. Number of the bus holding actions in two cases.

Figure 7 illustrates the spatiotemporal diagram of buses
and passenger cars on lane 2 under different probabilities of
passenger cars entering the traffic system. In this figure, the
corresponding parameters are set to (2,6), and the blue and
red dots represent the trajectories of buses and passenger cars,
respectively. Also, figures 7(a), 7(c), 7(e), and 7(g) display
the spatiotemporal diagrams obtained without the bus hold-
ing strategy, whereas figures 7(b), 7(d), 7(f), and 7(h) show
the spatiotemporal diagrams obtained by implementing the bus
holding strategy.

(e) @ =0.50
1.50 7 ,

1.48 >
, =+

1.46 S 1.46
1.44 2
E

. 0.9 A
Location (10* cell)

h) a=0.75
50 ;v,

1.2
Location (10* cell)
(f) a=0.50

710 i,
0.3 0.6 0.9

Time (10% s)

1.5

0.3
Location (104 cell)

0.6 0.9 1.2

Location (10* cell)

Fig. 7. Spatiotemporal diagrams of buses and passenger cars on lane 2: (a), (c), and (e) no bus holding; (b), (d), and (f) bus holding.

From Fig. 7, it can be seen that: (i) when the probabil-
ity of passenger cars entering the traffic system remains un-
changed, the bus holding strategy significantly alleviates the
problem of bus bunching; (ii) when the probability of pas-
senger cars entering the traffic system is relatively low, buses
have an insignificant impact on passenger cars (see Fig. 7(c));

which is because the volume of traffic flow is relatively small,

in this case, passenger cars following buses have sufficient op-
portunities to change lanes; (iii) as the number of passenger
cars entering the traffic system rises, the chances of passen-
ger cars changing lanes become more scarce; (iv) when buses
stop at bus stops to provide service, more and more passenger
cars gather behind them, which will lead to traffic jam; at this

case, traffic jam gradually spreads upstream (see Figs. 7(g) and
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7(h)).

4.3. Traffic flow characteristics and pollutant emissions

Whether implementing the bus holding strategy has ef-
fects on traffic flow characteristics (e.g., flow rate, satisfaction
rate) and traffic emissions (i.e., pollutant emissions from petrol
passenger cars). The parameter values of (Tp, Np) are set to
(5,1), (5,10), (2,1), and (2,10), each set of parameter values
represents different phases of the bus system. Traffic simula-
tion is conducted for these four scenarios, and the correspond-
ing results are obtained.

Figure 8 represents the flow rate of passenger cars in the
traffic system. It can be found that the flow rate of passen-
ger cars in the traffic system is influenced by the bus departure
interval and the number of passengers arriving at a bus stop.
The longer the bus departure interval is, the fewer the number
of passengers arriving at a bus stop is, and the higher the flow
rate of passenger cars in the traffic system is.

0.7 e
(51
0.6 o (5, 10)
- (21
—— (2, 10)

0.5

0.4r

0.3

- (5,1)
(5, 10)
- (2,1)
— (2, 10)
0.5 0.6 0.7 0.8 09 1.0

o
1 1

0.6 0.8 1.0
a

0.2

©
o

cars (veh/s)

Flow rate of passenger cars (veh/s)

Fig. 8. Flow rate of passenger cars in the traffic system.
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Fig. 9. Flow rate of passenger cars on each lane: (a) lane 1 and
(b) lane 2.

Further, figure 9 illustrates the flow rate of passenger cars
on lane 1 and that on lane 2 for the above-mentioned four sce-
narios. It can be found that the bus departure interval and the
number of passengers arriving at a bus stop both affect the flow
rate of passenger cars on lane 1 and that on lane 2, and these
two factors particularly affect the latter; such effects on lane 2
show a similar trend with those on the traffic system, whereas
those on lane 1 demonstrate an opposite trend with those on
the traffic system.

Furthermore, we utilize the satisfaction rate to quantify
whether passenger cars are traveling at the maximum desired
velocity (vmax) or whether they are being impeded by other
vehicles while traveling. The satisfaction rate 7 is calculated
by

to+T'" N

t=ty+1n=1 "max
When 7 equals 1, it signifies ideal traffic flow, where all pas-
senger cars are traveling at the maximum desired velocity. The
smaller the value of 7 is, the lower the traffic volume of pas-
senger cars in the traffic system is. In this case, passenger cars
have to travel at slower velocities. Hence, 11 can be used to
quantify the traffic state.

1.0
e N
—_—— s "B —
2 09F (5 10) §~‘:;\.\\ '\\--\.
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Fig. 10. Satisfaction rate of passenger cars on each lane: (a) lane 1,
(b) lane 2.

As depicted in Fig. 10, both the bus departure interval and
the number of passengers arriving at a bus stop similarly influ-
ence the satisfaction rate of passenger cars on lane 1 and that
on lane 2. When the probability of passenger cars entering the
traffic system is below 0.4, the satisfaction rate of passenger
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cars on lane 1 and that on lane 2 remain nearly constant. How-
ever, if it exceeds 0.4, the satisfaction rate of passenger cars de-
creases as the bus departure interval shortens and the number
of passengers arriving at the bus stop increases. It is notewor-
thy that the satisfaction rate of passenger cars on lane 2 is sig-
nificantly lower than that on lane 1 for certain values of «, Tp
and Np. This discrepancy originates from shorter bus depar-
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Fig. 12. Pollutant emission rates of passenger cars on each lane: (a), (c), (e),
and (g) lane 1; (b), (d), (), and (h) lane 2.

ture intervals and more passengers arriving at a bus stop both
resulting in more frequent service stops, consequently caus-
ing a large number of passenger cars trailing behind a bus to
substantially decelerate. In addition, passenger cars on lane 2
opt to switch lanes to lane 1 in pursuit of better driving condi-
tions, thereby affecting the satisfaction rate of passenger cars

on lane 1.
T =
Tl —a= (5, 1) ///i;}g
6

PM emission rate (1073 g/s) NO, emission rate (10-3 g/s)

0 0.2 0.4 0.6 0.8 1.0

Figure 11 illustrates the CO;, NO,, VOC, and PM emis-
sion rates of passenger cars in the traffic system. It can be
revealed that: (i) the change trends of CO,, NO,, VOC, and
PM emission rates are roughly the same with the change of «;
(i) when the bus departure interval remains constant, as the
number of passengers arriving at a bus stop increases, the pol-
lution emission rates of passenger cars increase; (iii) when the
number of passengers arriving at a bus stop remains constant,
the shorter the bus departure interval is, the higher the pol-
Iution emission rates of passenger cars are. The phenomena
originate from the reduction of the bus departure interval or
the surge of passengers arriving at bus stops, leading to more
buses in the traffic system and the stop time of a bus prolonged
at bus stops. Consequently, the passenger cars trailing behind
the buses must constantly adjust their velocities, ultimately re-
sulting in more pollutant emissions.

Figure 12 depicts the CO,, NO,, VOC, and PM emission
rates of passenger cars on lane 1 and those on lane 2. From
Figs. 12(a), 12(c), 12(e), and 12(g), it is evident that the pol-
lution emission rates of passenger cars on lane 1 in the case of
(5,10) are greater than those in the case of (2,1), which sug-
gests that the number of passengers arriving at a bus stop has
the most significant impacts on the pollution emission rates of
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passenger cars on lane 1. From Figs. 12(b), 12(d), 12(f), and
12(h), the greater the number of buses is, the higher the pollu-
tion emission rates of passenger cars are; which indicates that
the bus departure interval has a more important effect on the
pollution emission rates of passenger cars on lane 2.

To further explore the impacts of the bus holding strategy
on passenger cars, the flow rate, satisfaction rate and pollu-
tion emission rate of passenger cars are shown before and after
the implementation of the bus holding strategy, as depicted in
Figs. 13-15.

When the parameters are set to (2,10), figure 13 depicts
the flow rates of passenger cars with the change of ¢. It can
be seen that the bus holding strategy has no significant impact
on the flow rates of passenger cars either for the traffic system
or for each lane.
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Fig. 13. Impacts of bus holding strategy on the flow rates of passenger cars.

Figure 14 illustrates the impacts of the bus holding strat-
egy on the satisfaction rate of passenger cars on each lane. The
results reveal that compared with no bus holding strategy, the
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bus holding strategy makes the satisfaction rate of passenger
cars on lane 1 and that on lane 2 slightly decrease.

Since the changes of the CO;, NO,, VOC, and PM emis-
sions of passenger cars are similar with the change of «, fig-
ure 15 only depicts the CO, emissions of passenger cars be-
fore and after the implementation of the bus holding strategy
at different phases. It is evident that the bus holding strategy
has rare impact on the CO; emissions of passenger cars either
for the traffic system or for each lane.
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Fig. 14. Impacts of bus holding strategy on the satisfaction rate of pas-
senger cars on each lane: (a) lane 1 and (b) lane 2.
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Fig. 16. CO, emission rate when the new energy passenger cars enter-
ing the traffic system occupy (a) 0.4 and (b) 0.8.

To investigate the impacts of new energy passenger cars
on pollutant emissions, the CO, emissions of passenger cars
have been illustrated in Fig. 16. Since the trends of differ-
ent pollutant emissions are similar, the analysis only focuses
on CO, emissions of passenger cars. The results indicate
that the trend in CO, emissions of passenger cars is close to
that observed in Fig. 11(a). Moreover, a comparison between
Figs. 16(a) and 16(b) reveals that, with constant values of Tp
and Ny, the CO, emissions of passenger cars decrease pro-
gressively as the proportion of new energy passenger cars in-

creases.

5. Conclusions

In this paper, an integrated CA model is applied to a two-
lane mixed traffic system consisting of buses and passenger
cars under open boundary conditions. The phase diagrams of
the bus system before and after implementing the bus holding
strategy are obtained by numerical simulations under differ-
ent probabilities of passenger cars entering the traffic system.
Subsequently, the vehicle trajectories on lane 2, the flow rate,
satisfaction rate and pollutant emission rates of passenger cars
are discussed before and after implementing the bus holding
strategy. The main findings are as follows.

(i) The bus holding strategy in non-dedicated bus lanes
can effectively enhance the operational efficiency of buses.
Furthermore, when the bus departure interval and the average
number of passengers arriving at a bus stop per minute remain
constant, different probabilities of passenger cars entering the
traffic system may result in distinct bus operating conditions.

(i1) The flow rate, satisfaction rate and pollutant emission
rates of passenger cars either for the traffic system or for each

lane are influenced by the bus departure interval and the num-
ber of passengers arriving at bus stops.

(iii) When the number of passengers arriving at the bus
stop is fixed, the bus holding strategy has no significant im-
pacts on either the flow rate of passenger cars or the pollutant
emission rates of passenger cars.

The primary purpose of this work is to validate the effec-
tiveness of the bus holding strategy and to assess the impacts
of buses as moving bottlenecks on passenger cars and pollu-
tant emissions under open boundary conditions. However, the
lane-changing behavior of buses is considered together with
the car-following behaviors of passenger cars and buses. In the
future work, it needs to be further investigated that the impacts
of the lane-changing behavior of buses and the overtaking be-
havior of passenger cars and buses on bus bunching in non-
dedicated bus routes. Additionally, the impacts of uneven bus
stops and traffic lights on bus bunching need to be analyzed.
More advanced techniques will also be applied to explore the
complicated and combined impacts of two or more factors on
bus bunching.
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