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ABSTRACT Cooperative transit signal priority (CTSP), which integrates cellular vehicle-to-everything
(C-V2X) technology, can improve the efficiency of connected transit vehicles at signalized intersections.
However, few studies have considered the impact of bus stops on CTSP under adaptive signal control. Near-
side bus stops at an intersection and multiple transit vehicles arriving at the same bus stop affect the bus arrival
prediction. To overcome these shortcomings, we propose a Cooperative Transit signal priority method under
Adaptive signal control considering bus Stops (CTAS). The queue prediction model is built with the real-time
traffic data from the roadside perception system at intersections. The distance prediction model is built with
real-time transit vehicles data, queue length, location of the bus stop, dwell time, and the preceding transit
vehicles at the bus stop. Then the optimal signal timing plan is obtained by minimizing the total person
delay. Finally, the rolling horizon strategy is utilized to continuously adjust the signal timing plan to adapt
to changing traffic conditions. We verify the proposed method using measured data from an intersection in
Changsha. The results indicate that our method achieves the best performance in terms of bus delay and
person delay compared with the existing methods. It is an effective method to improve efficiency for transit
vehicles and passengers.

INDEX TERMS Adaptive signal control, bus stops, C-V2X, cooperative transit signal priority, person delay.

I. INTRODUCTION

Transit signal priority (TSP) is a strategy that can reduce
travel times for transit vehicles at signalized intersections
[1], [2] and relieve traffic congestion [3], [4]. Conven-
tional TSP strategies include green time extension [5], [6],
red time truncation [7], [8], green time insertion [9], and
cycle extension [10]. However, it is challenging to obtain
real-time accurate data on transit vehicles in conventional
methods, because transit vehicles are detected by stationary
sensors(e.g., loop detectors, cameras, or RFID detectors).
Inaccurate data can lead to a waste of extra green time and
cause adverse effects [7], [11].

In recent years, cellular vehicle-to-everything (C-V2X)
technology has benefited signal control systems by providing
real-time accurate vehicle data (position, velocity, head-
ing, occupancy, etc.) via the vehicle-to-infrastructure (V2I)
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communication [12], [13], [14]. Cooperative transit signal
priority (CTSP) [15] and signal preemption [16] are enabled
with this technology. CTSP outperforms conventional TSP in
terms of reducing bus delay and person delay [11], [17], [18].
Furthermore, CTSP can effectively reduce negative impacts
on private vehicles in conflicting directions when providing
priority for transit vehicles [7], [17], [19], [20]. CTSP requires
the status data on both queueing vehicles and approaching
vehicles at intersections. These data are used to optimize the
performance criteria such as transit vehicle delay [17], person
delay [19], [20], [21], or queue length [7]. Therefore, a high
penetration rate of connected vehicles is necessary to obtain
sufficient vehicle status data for these studies. However, the
penetration rate of connected vehicles is still very low at
present and is expected to reach 40%~62% in 2030 [22]. This
makes these methods inapplicable under existing conditions.

CTSP has been achieved in many studies under the con-
dition that only transit vehicles are connected vehicles [11]
due to the low penetration rate of connected vehicles. These
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studies can be classified into two categories: CTSP under
fixed-time signal control and CTSP under adaptive signal
control. The majority of these studies focus on fixed-time
signal control and provide priority for transit vehicles by
adjusting the fixed signal timing [15], [18], [23], [24], [25].
Zeng et al. proposed a localized transit signal priority
(L-TSP) model aiming to respond to priority requests of
transit vehicles without causing major changes to the original
signal timing plan [23], [24]. Hu et al. introduced a green time
reallocation method, which can address multiple conflicting
priority requests at an isolated intersection [18]. Although
these studies can reduce the negative impacts on the other
vehicles during the implementation of CTSP, they can only
adjust the signal timing plan when a transit vehicle arrives.

Adaptive signal control can adjust traffic signal timing plan
according to real-time traffic status, but it is unable to pro-
vide preferential treatment to transit vehicles [26], [27]. The
current CTSP methods under fixed-time signal control are
not suitable for adaptive signal control environment because
the traffic signal timing plan constantly changes according
to the traffic status. Therefore, it is significant to integrate
CTSP and adaptive signal control when only transit vehicles
are connected vehicles. There is a little research about CTSP
under adaptive signal control at present. Lee et al. proposed
a Person-based Adaptive traffic signal control method with
Cooperative Transit signal priority (PACT), which obtains
the real-time information of non-connected vehicles with a
roadside perception system and achieves CTSP by minimiz-
ing the total person delay [27], [28]. However, this method
does not consider bus stops, which are commonly located
near intersections. The effectiveness of TSP relies on accurate
arrival prediction for transit vehicles [5], [17]. The impact
of bus stops should be considered based on the following
reasons. (a)The dwell time of the transit vehicle at the bus
stop is necessary for boarding and deboarding passengers.
(b)When multiple transit vehicles approach the same bus
stop, the subsequent transit vehicle may be blocked by the
preceding ones and unable to enter the bus stop, which will
increase the waiting time of the subsequent transit vehicle.
These challenges lead to inaccurate arrival prediction if the
influence of bus stops is neglected.

We propose a CTSP method named CTAS, which consid-
ers the low penetration of connected vehicles, the widespread
application of adaptive signal control, and the influence of bus
stops. The main contributions of this research are as follows.

(a) A CTSP method that integrates the benefits of CTSP
and adaptive signal control is proposed under an adaptive
signal control environment to enhance travel efficiency for
passengers and transit vehicles.

(b) A queue prediction model and a distance prediction
model are built. The distance between the connected transit
vehicle and stop line is predicted with C-V2X technology
by considering the influence of bus stops, particularly the
impact of multiple connected transit vehicles passing through
the same bus stop. A rolling horizon strategy is used to
continuously adjust the signal timing plan.
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The remainder of this paper is organized as follows.
We describe the methodology of the proposed method in
Section II. In Section III, we present the results of the exper-
iments and performance analysis, and compare our method
with the existing methods. Finally, we summarize the con-
clusions of this study in Section I'V.

Il. METHDOLOGY

A. SYSTEM FRAMEWORK

The framework of CTAS is illustrated in Fig. 1. The frame-
work has two key parts: model prediction and optimization.
The queue length is predicted according to real-time traffic
data and transit vehicle data in the model prediction module.
Then, the distance from the transit vehicle to the stop line
is predicted according to real-time transit vehicle data, the
queue length, location of bus stops, dwell time, and the
preceding transit vehicles at the bus stop. The signal timing
plan is solved by a genetic algorithm (GA) to minimize total
person delay in the optimization module. We make following
assumptions for model simplicity.

(a) Only the transit vehicles are connected vehicles that
can broadcast information including position, speed, heading
angle, number of passengers, and schedule, to the signal con-
trol system via V2I communication. The other vehicles are
non-connected vehicles. The reliable communication range
of V2I is more than 300 meters [28].

(b) The roadside perception system obtains real-time traffic
information, such as traffic volume and the number of queued
vehicles. The detection range of the roadside perception sys-
tem is about 200 meters [29].

(c) The bus stop can only accommodate one bus.

Fig. 2 shows the procedure of our proposed method,
which consists of three components. (a) The input compo-
nent acquires traffic data and transit vehicle data from the
roadside perception system and connected transit vehicles,
respectively. (b) The prediction component predicts the queue
length and the distance between the transit vehicle and the
stop line according to current traffic volume, queue length,
location of transit vehicles, and location of bus stops. (c) The
optimization component optimizes the signal timing plan by
minimizing the total person delay. Table 1 presents the inputs
and outputs of our proposed method.

B. MODEL PREDICTION

1) QUEUE PREDICTION

Queue prediction involves estimating the number of queued
vehicles n;,, and the queue length Q;,,; for movement
m in phase i(i = 1,2,3,4) at time ¢ within the prediction
horizon. The prediction horizon is the sum of durations
of all phases. The duration of each phase includes the
green duration and amber time. The number of queued
vehicles at time ¢ is predicted based on incremental queue
accumulation method [30], which takes into account the
arrival flow rate g;,, vehicle departure flow rate r;p
at time ¢, and the previous number of vehicles n; 1,
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FIGURE 1. The framework of CTAS.

FIGURE 2. The procedure of CTAS.

as shown in (1). The queue length Q;,,; for move-
ment m in phase i is calculated with (2). The arrival
flow rate g; , can be transformed from the traffic volume
detected by the roadside perception system as shown in (3).
The initial number of queued vehicles n; ¢ is the average
number of queued vehicles in all lanes when optimization is
triggered. The number of queued vehicles for each lane can
be detected by the roadside perception system. The initial
traffic volume V; ,, 0 can also be collected by cameras. The
saturation flow rate s; , can found in reference [31]. The
predicted number of queued vehicles n; ,,; and the queue
length Q; . at time ¢, can be inferred with the previous
number of queued vehicles at time #-/, initial traffic volume
Vi.m,0, and saturation flow rate s; .

qi,m — Tim,t
Riom,t = Mimi—1 + = ——— Al ey
L,m
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Queue prediction
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Distance prediction

Previous transit vehicles

TABLE 1. Parameters of inputs and outputs.

Type Symbol Definition Source
x-coordinate and y-coordinate of
Xim,j»Yim, the j-th transit vehicle for
movement m in phase i
0 Heading angle of the j-th transit
tm.j vehicle for movement m in phase i
. Speed of the j-th transit vehicle for
L. movement m in phase i
t Occupancy of the j-th transit V2l
Pim.j vehicle for movement m in phase i
Departure interval of the j-th
Inputs Ti{m, j transit vehicle for movement m in
phase i
Deviation to schedule of the j-th
Th. ] transit vehicle for movement m in
phase i
Traffic volume for movement m in
Vimo ghase' i d}lring the current Roadside
etection period .
. perception
Real-time average queued system
Nimo vehicles in all lanes of movement
m in phase i
Outputs 8i Green duration of phase i
Qi,m,t = ni,m,ths 2)
V.
Gim = —0 3)
by

where At is time interval, the default is 1 second,

hs is average space headway of queued vehicles,

l; m 1s the number of lanes for movement m in phase i,

Vim0 is the initial traffic volume for movement m in
phase i,

t, is the sampling interval for traffic volume detection,

qi.m 1s the arrival flow rate for movement m in phase i.

Vehicle departure flow rate r;,,; can be calculated with
(4). It is related to phase status, the initial number of queued
vehicles n; , o, arrival flow rate g; ,,,, and saturation flow rate
si.m when optimization is triggered. r; ,, ; has three cases:

(a) ri,m,r = 0, when the phase status at time ¢ is not green.

(b) ri,m.: = gi,m, when the phase status at time ¢ is green
and the queue has dissipated.
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(¢) rim;r = Si.m,» when the phase status at time ¢ is green
and the queue has not dissipated.

0, t<tlort>k
Fimy = § 9i.m> (t ) Siim = qiymt + Nim,oand t St'R
Sim;s (l )Slm<CI1ml+Ntm0andt<t
“
i—1
7 =" (g + 3 — mr) + max(0, f; — i) &)
k=1
i
F=>" (e +y—mm) (6)
k=1
Ni,m,O = ni,m,Oli,m @)

where tiG is the start time of effective green time in phase
IR tl.R is the end time of effective green time in phase i, s;
is saturation flow rate of movement m in phase i, N; ;0 is
the total initial number of queued vehicles in all lanes of
movement m in phase i, g is the green duration of phase k, yx
is the amber time of phase k, y, indicates whether phase & is
green when the optimization starts, t is the elapsed green
time of phase k when the optimization starts, #; is the lost
time when a phase starts, n; 0 is initial number of queued
vehicles for movement m in phase i. y; = 1, if the phase k is
green when the optimization starts, otherwise, yx = 0. 7% is
valid only if the phase k is green when the optimization starts,
otherwise, 7, = 0.

2) DISTANCE PREDICTION

We predict the distance between the transit vehicle and the
stop line. This distance is used to calculate bus delay. The
initial distance d; mj,0 is determined in RSU by the position
of the j-th transit vehicle and stop line, as shown in (8). This
distance is used to predict the distance between the j-h transit
vehicle to the stop line within the prediction horizon.

2 2
dimjo = \/(xi,m,j - xfm) + (yi,m,j - Yf»,m) ®)

where x! and y are the x and y coordinate of the cen-
ter pomt of the stop line corresponding to movement m in
phase i, respectively. There are two scenarios when predicting
distance between the transit vehicle and the stop line.
Scenario 1: There are no other transit vehicles between
the j-th transit vehicle and the bus stop. Therefore, the j-th
transit vehicle is not affected by the preceding transit vehicles
when entering the bus stop. Fig. 3 shows the situation of the
transit vehicle not encountering a queue, encountering the
queue after leaving the bus stop, encountering the queue at
the bus stop, and encountering the queue before arriving at
the bus stop, respectively. Fig. 3(b) illustrates that the transit
vehicle stays at the bus stop from time tf, mj 10 time tldm 7
and then encounters the queue at time #,. Fig. 3(c) shows
the transit vehicle has to stay at the bus stop even it has
finished passenger service at time tl.‘fm’ J because the queue
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FIGURE 3. Queue length and distance between transit vehicle to stop line
over time for scenario 1. (a) no queues encountered. (b) encountering
the queue after leaving bus stop, (c) encountering the queue at bus stop,
(d) encountering the queue before arriving bus stop.

extends beyond the bus stop. Fig. 3(d) presents that the transit
vehicle encounters the queue at time #,, and subsequently
arrives at the bus stop at time t; -y until the queue dissipates.
The predicted distance d; ., at time ¢ can be calculated
with (9)—(13), as shown at the bottom of the next page. With
C-V2X technology, we can obtain the location of the bus
stop and calculate the real-time distance between the transit
vehicle and the bus stop. As shown in (11) and (12), the dwell
time of the transit vehicle at the bus stop is considered, which
enhances the accuracy of the distance prediction for the j-th
transit vehicle.

Scenario 2: There are other transit vehicles between the
Jj-th transit vehicle and the bus stop. Therefore, the j-#h transit
vehicle is prevented from entering the bus stop by preceding
transit vehicles. Fig. 4 shows the situation of the transit vehi-
cle not encountering a queue, encountering the queue after
leaving the bus stop, encountering the queue at the bus stop,
and encountering the queue before arriving at the bus stop,
respectively. The predicted distance d; . j,, at time ¢ can be
calculated with (9), (12), and (13). With C-V2X technology,
the real-time data of the j-th transit vehicle and its preceding
transit vehicles can be obtained. The distance prediction for
Jj-th transit vehicle can be more accurate by considering the
influence of preceding transit vehicles at the bus stop.

where

Vi,m,j 18 the default speed of the transit vehicle,
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The j-th transit vheicle trajectory

Distance The j-1-th transit vheicle trajectory
Queue length
di,m,,j,ll
Dwell time
s
i
Time
0 —>
s e d
tr’.m.i ti,m.i-l ti,m,/'
[ —
Distance 4 (@)
d; i
im0 Dwell time
s
iy |-SND—
i,m,tq :
Time
00— v
Lonj Bt Loy 10
L e |
Distance (b)
o
Dwell time
Qi d,,
Time
0 s re >
Lo L1 U0 Ty
[ S —
Distance (¢)
;jo
OQimu Dwell time
d;,
Lm Time
0 e 7
1q ti‘m./ t;.,...i-z ti,m,i
(d)

FIGURE 4. Queue length and distance between transit vehicle to stop line
over time for scenario 2. (a) no queues encountered. (b) encountering
the queue after leaving bus stop, (c) encountering the queue at bus stop,
(d) encountering the queue before arriving bus stop.

At is time interval, the default is 1 second,

d;,, denotes the distance between the bus stop and stop line
for movement m in phase i,

Qi.m,1—1 denotes the queue length at time t — 1,

hy is the average space headway,

tl-f mj denotes the time when transit vehicle arrives the bus
stop,

o
boarding service,

T; is the lost time of transit vehicle entering and exiting the
bus stop,

qp is the passenger arrival rate at the bus stop,

T is the average time required for a passenger to board a
bus,

tf mj—1 denotes the time when the j-1-¢h transit vehicle exits
the bus stop,

rim, 1s vehicle departure flow rate for movement m in
phase i at time ¢,

T;{ mj is departure interval of the j-th transit vehicle for
movement m in phase i,

Tl{)m, j is the deviation to schedule of the j-th transit vehicle
for movement m in phase i.

. ; and tid’m’ ; are calculated only when the bus stop is
located between transit vehicle and stop line. T is assumed
to be a constant. Therefore, the dwell time of a transit vehicle
is directly proportional to the number of passengers boarding

the bus.

denotes the time when transit vehicle completes the

C. OPTIMIZATION

The optimization aims to minimize the total person delay
at the intersection during the prediction horizon. The total
person delay is the sum of the passenger delay for private
vehicles and the weighted passenger delay for transit vehi-
cles. Based on the predicted queue length and the predicted
distance between the transit vehicles and stop line, we can
determine whether the transit vehicles and private vehicles
are delayed. The objective function H is designed to obtain

)
max(dimj,i—1 = VimjAL, d; ),
N
max(di,m,j,l—l - ri,m,thsAt, di,m)’
S
di,m,j,t = di,m’

diymj.i—1 = VimjAL,
di,m,j,t—l - ri,m,thsAtv

0, dimjo<d;

o s
t,mordl,m,];T > di,m

)
dimjt—1 > di , and dimj1—1 > Qim,r—1
)
dimji—1 > d;,and dimji—1 < Qimi—1
S d
121, and t <t ©)]

d

t =1, and dipji—1 > Qim,i1—1
d

= ti,m,j and di,m,j,t—l =< Qi,m,t—l

Gmj=111t  dimji—1 > Qimji—1 and dimji—1 > d;, and dimj—1 — vimjAt < d;, (10)
|t dimji—1 < Qimju—1 and dimji—1 > d;, and dipji—1 — rimihsAt < d;
K 1 D s
d _Ntimj T T+ Ty +Ti DTss dimjo =d;,,
= (11)
Y 0 dimjo<d’
’ i,m.j,0 i,m
max(t;,, i 18 i)+ 1+ qp(T,  + Th VT, dimjo > d}
d _ i,m,j> “i,m,j—1 l qp i,m,j i,m,j/tse i,m,j,0 = &;
limj = P (12)
o 0, di,m,j,O < di,m
0, di,m,j—l,O < dis,mordi,m,j—l,t > dis’m
e _ d K d
Limj—1 = limjo1> [ Zligjandt <t | (13)
d ‘
t, t> 1,y and dimj-1,-1 = d;,
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the green duration g; for each phase.

min H = D), + D;

min max
g =8 =g

st. § g €N* (14)
8i ¥ Sim >= qz‘,mf,-G + Nim,0

where D), is the total private vehicle passenger delay, D; is the
total weighted transit passenger delay, s; ,, is the saturation
flow rate for movement m in phase i, g; ,, is the arrival flow
rate for movement m in phase i, N; ,,, o is the initial number of
queued vehicles in all lanes of movement m for phase i, g; is
the green duration of phase i, tiG is the start time of effective
green time for phase i, g"" and g7"** are the lower limit and
upper limit of green duration of phase i, respectively. We con-
sider the following constraints: (a) The green duration for all
phases must be a positive integer and should be within the
lower and upper bounds. (b)Sufficient green time is allocated
for each phase to prevent vehicles from queuing again. The
delay for private vehicles depends on the predicted number of
queued vehicles during the prediction horizon. The passenger
delay for private vehicle D, is calculated as follows.

T I M
Dy =>">">" pplimnim (15)

t=1 i=1 m=1

I
T=2 (gi+yi—vu) (16)
i=1
where p,, is the average private vehicle occupancy, /; ,, is
the number of lanes for movement m in phase i, M; is the
number of movements in phase i, I is the number of phases,
T is the sum of the durations of all phases. The delay for
transit vehicles depends on the predicted queue length and
the distance between the transit vehicle and the stop line [23].
The weighted transit passenger delay D, for transit vehicles
is calculated with (17), (18), and (19).

T I M Jim
_ ot T
D=3 >3 > (wimiphmidlns) (7
=1 i=1 m=1 j=1
T 0, dimjr> Qims or dimjs <0
di,m,j’t = (18)
L, dimj: < Qims
TP
. i,m,j D
min | Wpin + > Wmax |» Ti,m,j >0
W,"m,j = Ta
D
Wmin, Ti,m,j <0
(19)
where

Wi m,j s the weight,
P} ,,.; is the occupancy of the j-h transit vehicle for move-

ment m in phase i,

dl.Tj . indicates whether the j-#4 transit vehicle for move-

ment m in phase i is delayed or not at time ¢,
TiDm j is the deviation to schedule of the j-th transit vehicle
for movement m in phase i,
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T, is the acceptable deviation,

Ji.m 18 the number of transit vehicles for phase i,

Wmin and wy,, are the lower and upper bounds of weight,
respectively.

The genetic algorithm (GA), which is a global search
method, is used to obtain the optimal signal timing plan [33].
The parameters of GA are shown in Table 2.

TABLE 2. Parameters of GA.

Parameters Value
Population size 50
Max generations 500
Fitness function I/H
Select function Roulette wheel selection
Crossover probability 0.8
Mutation probability 0.2

D. ROLLING HORIZON STRATEGY

The rolling horizon strategy is used to continuously adjust the
signal timing plan according to changing traffic conditions.
Fig. 5 illustrates two ways to initiate the optimization process.
tx—1 and #; represent the start time of the last optimization
procedure and current optimization procedure, respectively.
In Fig. 5(a), no transit vehicles are detected during the default
rolling window T,. The next optimization procedure will
start at the amber time after the rolling window. Fig. 5(b)
illustrates that a transit vehicle is detected at time f;. The next
optimization procedure is triggered immediately. The green
duration of four phases is calculated in each optimization
procedure.

current cycle next cycle

P1 P2 P3 P4 P1 P2 P3 P4
Ao o o o
%] T, 4l T I
(@)
P1 P2 P3 P4 P1 P2 P3 P4
t f‘ o, o o, o,
L 4 .|

FIGURE 5. Two ways to trigger an optimization procedure. (a) No transit
vehicles are detected, (b) A transit vehicle is detected.

Ill. EXPERIMENTS AND EVALUATION

A. EXPERIMENT

The proposed method is verified using measured data from
the Fenglin-pingchuan intersection in Changsha, China,
as shown in Fig. 6(a). Actual traffic data are obtained from the
roadside perception system. The roadside perception system
consists of four cameras, a roadside unit (RSU), and an
edge computing unit (ECU), as shown in Fig. 6. Cameras
are installed on the different roadside traffic crossbars to
detect the vehicles driving on the road. The RSU can com-
municate with the connected transit vehicles through V2I
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TABLE 3. Comparison between CTAS, L-TSP, PACT, and CTA when one bus arrives.

L-TSP PACT CTA CTAS CTAS vs.L-TSP CTAS vs.PACT CTAS vs.CTA
Bus delay(s) 75.23 65.83 67.23 42.23 -43.86% -35.85% -37.18%
Private vehicle delay(s) 37.19 36.08 35.90 36.12 -2.89% 0.11% 0.60%
Person delay (s) 41.28 37.80 37.71 36.48 -11.63% -3.48% -3.25%
TABLE 4. Comparison between CTAS, L-TSP, PACT, and CTA when two buses arrive.
L-TSP PACT CTA CTAS CTAS vs.L-TSP CTAS vs.PACT CTAS vs.CTA
Bus delay(s) 79.90 69.80 64.40 48.90 -38.80% -29.94% -24.07%
Private vehicle delay(s) 4191 33.08 32.77 33.63 -19.77% 1.66% 2.61%
Person delay (s) 45.85 36.60 35.90 35.10 -23.44% -4.10% -2.22%

FIGURE 6. Experimental scenario. (a) Fenglin-pingchuan intersection,
(b) Road network model, (c) Camera and RSU, (d) Pole box, (e) ECU.

communication. A road network model, which is the same
with the Fenglin-pingchuan intersection, is constructed in a
microscopic traffic simulation software.

We studied the influence of bus stops by placed a bus stop
within 200 meters upstream of the intersection on the west
approach. Different bus lines are designed to evaluate the
influence of multiple buses approaching the same bus stop.
The departure interval of each bus line is determined based on
actual transit data obtained by RSU via V2I communication.
The traffic volume for each movement is measured during
different periods from the test site.

The cycle of the background signal timing plan is 110 sec-
onds. The occupancy of each private vehicle and bus is set
as 1 passenger and 30 passengers, respectively. The average
time for a passenger to board a bus is 2 seconds. The lost time
of a bus entering and exiting the bus stop is 8 seconds. The
total traffic volume is set as 4109 pcu/h and the V/C ratio
is 0.8.

66814

Three different methods are used to compare with our
proposed method.

1) L-TSP [24]. It is a cooperative transit signal priority
method under fixed-time signal control. This method
considers the influence of bus stops in the process
of transit arrival prediction. It achieves transit signal
priority by minimizing the sum of bus delay and signal
timing deviation.

2) PACT [28]. It is a cooperative transit signal priority
method under adaptive signal control. This method
optimizes signal timing plan to minimize the total per-
son delay. However, this method does not consider the
influence of bus stops.

3) CTA. Similar to CTAS, CTA also optimizes the signal
timing plan to minimize the total person delay. How-
ever, it does not consider the influence of bus stops
compared with CTAS.

B. EVALUATION

The bus delay, private vehicle delay, and person delay are
used to evaluate these methods. We evaluated the influence
of the different numbers of transit vehicles approaching the
same bus stop from the west approach, including scenarios
of one bus, two buses, and three buses. Table 3, Table 4,
and Table 5 present the evaluation results of these scenarios.
As shown in the tables, CTAS achieves the best performance
in terms of bus delay and person delay. L-TSP achieves the
worst performance. L-TSP only adjusts the signal timing
plan upon bus arrival, while the other methods continuously
adjust the signal timing plan according to traffic conditions.
In the scenario of one bus, CTAS can reduce bus delay
by 43.9%/35.9%/37.2% compared with L-TSP/PACT/CTA.
It also can reduce the person delay by 11.6%/3.5%/3.3% com-
pared with L-TSP/PACT/CTA. Compared with CTA, CTAS
considers the impact of the dwell time at the bus stop during
bus arrival prediction. Therefore, it can allocate sufficient
green time to allow the bus to pass through the intersection.
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TABLE 5. Comparison between CTAS, L-TSP, PACT, and CTA when three buses arrive.

L-TSP PACT CTA CTAS CTAS vs.L-TSP CTAS vs.PACT CTAS vs.CTA
Bus delay(s) 87.76 61.76 54.76 47.76 -45.58% -22.67% -12.78%
Private vehicle delay(s) 41.06 33.31 33.09 33.40 -18.66% 0.26% 0.94%
Person delay (s) 47.55 37.16 36.04 35.39 -25.58% -4.77% -1.82%
CTA, which integrates CTSP and adaptive signal control, TABLE 6. Traffic parameters.
achieves better performance than PACT in terms of bus delay,
private vehicle delay, and person delay in the scenarios of two Period Volume (pewh)  V/C ratio Cycle (s)
buses and three buses. It means CAT can more effectively
combine the advantages of CTSP and adaptive signal control 19:00~20:00 3410 0.65 70
than PACT. In the scenarios of two buses and three buses, 9:00~10:00 3867 0.75 95
CTAS shows better performance than CTA in terms of bus 18:00~19:00 4359 0.85 140
delay and person delay. Because CTAS considers the impact 8:00~9:00 4611 0.9 170

of the dwell time of the transit vehicles at the bus stop and
multiple transit vehicles approaching the same bus stop. The
private vehicle delay of CTAS is slightly larger than that
of CTA. It indicates that CTAS reduces delays for transit
vehicles without causing many negative impacts on private
vehicles.

C. SENSITIVITY ANALYSIS ON CONGESTION LEVELS

Sensitivity analysis is conducted to compare the performance
of CTAS, L-TSP, and PACT under different traffic flow con-
ditions. Four sets of traffic flow are set to indicate different
traffic congestion levels in a day. The cycle time is calculated
using the Webster method. The detailed traffic parameters are
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shown in Table 6. The scenario of two buses is chosen to
evaluate the performance of our method.

The comparative results are shown in Fig. 7 and Table 7.
Under different traffic flow conditions, CTAS can signif-
icantly improve the traffic efficiency of the intersection
compared with L-TSP and PACT. Compared with L-TSP,
CATS reduces bus delay by 31.54%-59.36%, reduces private
vehicle delay by 16.35%-20.02%, and reduces person delay
by 20.63%-23.07%. Compared with PACT, CATS reduces
bus delay by 27.50%-44.20% and reduces person delay by
4.54%-9.69%.
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TABLE 7. Comparative results under different V/C ratio.

Methods V/C ratio
0.65 0.75 0.85 0.9
L-TSP 53.90 75.40 81.90 99.40
PACT 50.90 68.90 57.90 72.40
Bus delay(s) CTAS 36.90 41.40 41.90 40.40
CTAS vs.L-TSP -31.54% -45.09% -48.84% -59.36%
CTAS vs.PACT -27.50% -39.91% -27.63% -44.20%
L-TSP 31.05 32.16 52.79 54.74
PACT 24.35 26.80 47.31 45.39
Private vehicle delay(s) CTAS 24.84 26.73 44.16 45.42
CTAS vs.L-TSP -20.02% -16.89% -16.35% -17.02%
CTAS vs.PACT 1.99% -0.28% -6.67% 0.08%
L-TSP 33.76 36.78 55.39 58.76
PACT 27.50 31.33 48.26 47.73
Person delay (s) CTAS 26.25 28.29 43.96 45.27
CTAS vs.L-TSP -22.24% -23.07% -20.63% -22.95%
CTAS vs.PACT -4.54% -9.69% -8.91% -5.15%

IV. CONCLUSION

In this research, we proposed a method that combines the
advantages of CTSP and adaptive signal control. Real-time
traffic data and transit vehicles data are acquired with the
roadside perception system and V2I communication, respec-
tively. Then, we built a queue prediction model and a distance
prediction model to compute the delay of vehicles and pas-
sengers. We considered the impact of the bus stop to obtain a
more accurate bus arrival prediction. The genetic algorithm
is used to obtain the signal timing plan to minimize the
total person delay. Furthermore, we employed the rolling
horizon strategy to continuously adjust the signal timing plan
according to changing traffic conditions. The performance
of the proposed method is demonstrated using the measured
data from the Fenglin-pingchuan intersection. CTAS achieves
the best performance in terms of bus delay and person delay
under different scenarios, including scenarios of one bus,
two buses, and three buses. The results demonstrate that our
method outperforms L-TSP and PACT under different traf-
fic congestion levels. Compared with L-TSP/PACT, CATS
achieves 31.54%-59.36%/27.50%-44.20% reduction in bus
delay and 20.63%-23.07%/4.54%-9.69% reduction in person
delay.

Our research could be extended in the following aspects.
(a) We only integrate adaptive timing control and CTSP at
an isolated intersection. It is important to combine adaptive
signal control and TSP in a traffic corridor in the future.
(b) We assume that the transit vehicle will drive at a fixed
speed in the distance prediction process. However, it is diffi-
cult to maintain a constant speed while driving on the actual
road. The impact of different speeds on distance prediction
for transit vehicles will be explored in future research. (c) The
detection range of the roadside perception system is limited,
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estimating queue length when queue is beyond the range of
detection will be studied.
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