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A real-time adaptive signal control method for multi-intersections 
in mixed connected vehicle environments
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Abstract: With the advancement of connected vehicle (CV) technology, an increasing number of CVs will appear on urban 
roads. Data collected by CVs can be used to optimize signal parameters at intersections, thus improving traffic efficiency. In this 
study, we design a real-time adaptive signal control method for an arterial road with multiple intersections with low penetration 
rates. By utilizing vehicle arrival information collected by CVs, our method rapidly determines optimal signal phasing and 
timing (SPaT). The proposed adaptive signal control method was tested with the Simulation of Urban Mobility (SUMO) 
software, and was found to reduce total travel delay in the network better than a fixed coordination control method. The 
performance of the proposed method in reducing travel delay is expected to improve as CV detection range increases.
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1 Introduction 

Signal lights effectively distribute the right-of-way 
of traffic flow in different directions, thereby reducing 
traffic conflicts and enhancing safety (Lo, 2006). Con‐
trol strategies for traffic signals can be divided into 
three main categories: fixed-time control, actuated con‐
trol, and adaptive control.

The fixed-time signal control method is suitable 
for intersections with relatively stable traffic flows, 
and its operation is heavily reliant on historical traffic 
volume data (Little et al., 1981). Fixed-time signal 
control programs are made based on historical traffic 
data at different times of day, such as the morning or 
evening rush hours. Thus, they are applied at the same 
corresponding periods of different days. When there 
is a significant change in traffic volume, the effective‐
ness of the fixed-time signal control method can dete‐
riorate. This is often the case in the real world, where 
traffic volume may fluctuate irregularly with time. 
The actuated signal control method and the adaptive 

signal control method can overcome this issue. Actu‐
ated signal control dynamically adjusts the signal timing 
by monitoring traffic flow in real time, using roadside 
infrastructure-based sensors such as loop detectors, 
video cameras, infrared sensors, or acoustic sensors. 
By using the collected traffic volume data, the green 
light durations, phase splits, etc., can be adjusted. The 
adaptive signal control method also uses real-time 
traffic information to adjust the signal control parame‐
ters. As such, it strives to find a solution that minimizes 
a certain objective and optimizes traffic flow. Classical 
adaptive control methods, such as Sydney coordinated 
adaptive traffic system (SCATS) (Sims and Dobinson, 
1980) and split-cycle-offset optimization technique 
(SCOOT) (Bing and Carter, 1995), have long been 
used in real traffic management.

Traditional adaptive signal control depends on 
real-time traffic data collected by infrastructure-based 
sensors; however, the traffic data is reliant on the 
accuracy of the sensors. When detectors are broken, 
adaptive signal control becomes ineffective, for exam‐
ple, if a group of detectors fails to collect traffic flow 
information in a certain direction. Moreover, detectors 
are very expensive to maintain, which is a common 
shortcoming of traditional adaptive signal control. 
As computer, sensor, and communication technology 
have progressed, intelligent transportation systems 
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have developed remarkably in recent years (Wu and 
Waterson, 2022). Additionally, more connected vehicles 
(CVs) are present today, providing more real-time traf‐
fic information such as vehicle speed and location.

The primary purpose of managing road traffic is 
to enhance the efficiency of vehicle operation and 
improve the safety of traffic flow. On this foundation, 
the goal is to reduce vehicle energy consumption and 
improve driver comfort. With the development of 
intelligent transportation systems, we are being offered 
increasingly precise and timely traffic information that 
was previously inaccessible. Compared with traffic 
information collected from infrastructure-based sensors, 
the information collected by CVs can be more accu‐
rate and timely. This is because sensors onboard CVs 
can detect a wider range of vehicles and gather more 
types of data (Wang JD et al., 2021). Furthermore, the 
wireless communication equipment on CVs can send 
data to control centers in real time; infrastructure-based 
sensors require a detection cycle to output results, such 
as average speed or vehicle counts, which can result 
in traffic information that is slightly out of date. In 
other words, traditional traffic management methods 
may have limitations in handling the new characteris‐
tics of traffic flow. Thus, it is important to make full use 
of the real-time information collected by CVs or road 
side units (RSU) to effectively manage traffic flow.

Current adaptive signal control methods focus 
on optimizing the signal parameters of single intersec‐
tions (Guo et al., 2019). Little research has extended 
adaptive signal control methods to multi-intersections. 
In this study, we design a real-time adaptive signal 
control method for multi-intersections in a mixed traf‐
fic flow environment, which can operate for various 
CV penetration rates. The proposed method will uti‐
lize the real-time traffic information collected by CVs 
(vehicle speed, location, acceleration, etc.) for all input 
traffic flow at the intersection. Then, the method will 
update the signal control parameters with the goal of 
minimizing the total travel delay of all vehicles. Finally, 
we use simulation of urban mobility (SUMO) soft‐
ware to test our signal control method and analyze its 
performance. The main contributions of this paper can 
be summarized as follows:

(1) We designed a real-time adaptive signal con‐
trol method that dynamically optimizes the signal 
parameters of intersections, potentially reducing travel 
delays on both major and minor roads.

(2) The proposed signal control method only uses 
data collected by CVs. It does not need other roadside 
sensors to detect the speed and location of human-
driven vehicles.

(3) The proposed signal control method can reduce 
travel delay even at a lower penetration rate. More‐
over, should the detection range of CVs increase in 
the future, the performance of the proposed method in 
terms of reducing delays will improve.

2 Literature review 

Several studies have focused on optimizing signal 
control parameters at intersections to improve the effi‐
ciency of traffic flow. This includes traditional signal 
control approaches using infrastructure-based sensors 
(Zheng et al., 2010; Zheng and Recker, 2013; Yang 
et al., 2015) and more advanced techniques such as 
optimization methods (Das et al., 2023) and reinforce‐
ment learning methods (Wan and Hwang, 2018; Mo 
et al., 2022; Huang and Qu, 2023; Fu et al., 2024; Li 
YS et al., 2024; Yang and Fan, 2024). Although rein‐
forcement learning methods are increasingly being used 
for optimizing traffic signal control schemes and have 
demonstrated superiority in optimizing regional signal 
control plans, there are some drawbacks to these 
methods, such as inadequate generalization and reli‐
ability of the models. These methods also require a 
large amount of training data, and their applicability 
may be poor when traffic rules or road conditions differ 
(Zhang et al., 2024).

Some research has emphasized optimizing signal 
parameters, such as the signal phasing and timing 
(SPaT) data message for single intersections in a CV 
environment. For example, Feng et al. (2015) proposed 
an algorithm that optimized the phase sequence and 
duration of a single intersection in a CV environment, 
solving a two-level optimization problem minimizing 
the total vehicle delay and queue length. Different 
studies have focused on different optimization targets, 
such as maximizing the vehicle throughput at the 
intersection (Mohammadi et al., 2021) and minimizing 
the queue length (Li and Peng, 2024). Alternatively, Xu 
et al. (2019) utilized certain traffic-state information 
(elapsed time, vehicle stops, or queue length) for each 
traffic phase to reveal current traffic conditions. Accord‐
ingly, they developed a rule-based adaptive signal 
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control method that outperformed an optimal fixed con‐
trol scheme. Instead of optimizing vehicle trajectories 
(Li JQ et al., 2024), Yang and Fan (2024) designed a 
transit signal priority control strategy utilizing CV data 
that performed better than conventional methods. Opti‐
mizing phase sequences and green light durations using 
CV data has been found to improve operational effi‐
ciency of single intersections and reduce vehicle travel 
delay (Kodi et al., 2024). However, only optimizing the 
SPaT of single intersections could not improve the oper‐
ational efficiency of multi-intersection arterial roads.

A few studies have focused on optimizing the 
signal control schedules of arterial roads in a CV envi‐
ronment. For instance, Wang QZ et al. (2021) proposed 
an adaptive multi-path progression signal control 
method for multi-intersections in a CV environment. 
Their method reduced the travel delay at intersections 
and improved the green bandwidth of all critical paths 
along the arterial roads. This approach involved two 
optimization objectives: one minimizing the total delay 
at the intersection, and the other maximizing the green 
bandwidth of all critical paths along the arterial roads. 
Ma et al. (2024) proposed an arterial road signal timing 
method that used a probe vehicle with a low penetra‐
tion rate, allowing adjustments of the offset and green 
splits at intersections to reduce vehicle travel delays. 
Similarly, Zhao et al. (2024) used partial CV data to 
prevent overflow. Liang et al. (2023) optimized the 
signal parameters of intersections on arterial roads, con‐
sidering pedestrian delays in addition to vehicle delays. 
With this background literature in mind, our proposed 
adaptive signal control method aims to determine the 
SPaT of arterial intersections in a timelier manner; in 
this way, the SPaT will be set at a pre-time horizon to 
effectively reserve the green phase and green time 
duration for approaching vehicles.

3 Problem statement 

Fig. 1 illustrates the adaptive signal control sce‐
nario along an arterial with three signalized intersec‐
tions in a mixed CV and human-driven vehicle (HDV) 
traffic environment. The arterial runs in the east-west 
direction, with lanes from the right to the left of the 
edge being straight-right, straight, and left, respectively. 
The major road consists of three lanes in the East-West 
direction, while the minor road contains two lanes in 
the south-north direction.

There are two types of vehicles in this system, 
HDVs and CVs, as shown in Fig. 1. In the proposed 
adaptive signal control strategy, the goal is to mini‐
mize the total travel delay of vehicles going through 
the intersections. Instead of vehicle speed (Ji et al., 
2023), in this study, we focus on optimizing the SPaT 
according to real-time vehicle data to reduce travel 
delay. The framework of the proposed adaptive signal 
control strategy is shown in Fig. 2.

It is essential to note that our work focuses on 
optimizing the SPaT of intersections. To quantify the 
potential benefits while modeling the system, the fol‐
lowing assumptions are made:

(1) All CVs in this system are equipped with 
on-board sensors, which can record the speeds, posi‐
tions, accelerations, etc. of themselves. These sensors 
can also detect the speeds and positions of HDVs within 
a certain distance.

(2) All CVs are V2X enabled (V2V denotes vehi‐
cle to vehicle communication, and V2I denotes vehi‐
cles to infrastructure communication), allowing com‐
munication with the other CVs and the roadside units. 
The roadside units can share the signal phase and tim‐
ing information. Moreover, CVs can share their in‐
formation, such as speed, position, and acceleration. 

Fig. 1  Illustration of adaptive signal control for an arterial with three signalized intersections. References to color refer 
to the online version of this figure
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Additionally, there are assumed to be no packet losses 
or delays during information transmission.

4 Methodology 

The framework of the proposed adaptive signal 
control strategy is shown in Fig. 2. In this section, for‐
mulas and models are given to illustrate how the con‐
trol strategy works in detail. Initially, according to 
vehicles’ arrival information, the adaptive signal con‐
trol model outputs Signal Phase and Timing (SPaT) to 
minimize the total travel delay of all vehicles travel‐
ling through the intersection.

The proposed cooperative control strategy in‐
cludes an adaptive signal control model which can 
determine the SPaT based on vehicle demands to fully 
utilize green time and minimize delays. This section 
introduces the design of an adaptive signal control 
method that decides whether the existence of a certain 
phase is necessary, or whether the green time should 
be extended based on vehicle data.

In the adaptive signal control (Fig. 2), T k
i  denotes 

the kth cycle length of intersection i, and t denotes the 
time elapsed since the signal light started running. An 
initial SPaT is set to control the vehicles driving toward 
the intersection i. Then the CVs and road side devices, 

such as detectors, will collect the arriving vehicles’ 
speeds and locations. The adaptive signal control 
module will reserve the SPaT of the (k+1)th cycle at 
tpre, while tpre is defined as a pre-time horizon before 
the (k+1)th cycle begins. After deciding the SPaT of the 
(k+1)th cycle at the pre-time horizon tpre, the trajectory 
control module plans the trajectories of CVs that will 
enter the intersection i in the (k+1)th cycle. Algorithm S1 
(in the electronic supplementary materials) is the core 
of the adaptive signal control method, as it determines 
the SPaT of the intersection i in the (k+1)th cycle. 
After vehicles travel through the intersection i, they 
will drive to the next intersection i+1. When the real 
time t exceeds the cycle time T k+1

i , or equivalently when 
the kth cycle is set for vehicles traveling across inter‐
section i, the adaptive signal control method will handle 
vehicles arriving in the upcoming cycle.

The adaptive signal control model is formulated 
to minimize the total travel delay of vehicles that will 
travel through the intersection i, and is summarized as 
follows:

min d k
i  (1)

d k
i =∑

j = 1

M ∑
n = 1

N

( )t n
ij - t nopt

ij  (2)

ϕk
ij =

ì
í
î

1 if numk
ij ¹ 0

0 otherwise
(3)

Fig. 2  Framework of the proposed adaptive signal control method
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∑
j = 1

M

( )ϕk
ijGj = T k

i  (4)

Gjmin ≤ G′j +DGj ≤ Gjmax. (5)

The optimization objective is given in Eq. (1), 
where d k

i  denotes the total travel delay of intersection 
i in the kth cycle. The travel delay of a single vehicle 
could be defined as the difference between t n

ij and t nopt
ij , 

where t n
ij is the travel time of the nth vehicle away 

from it to be detected passing the stop line in the lane 
using phase j of intersection i, while t nopt

ij  is the ideal 
corresponding travel time. In Eq. (3), ϕk

ij is the jth phase 
of intersection i in the kth cycle (ϕk

ij = 1 indicates that 
the jth phase will be implemented, while ϕk

ij = 0 will 
be ignored). In Eq. (4), Gj represents the implemented 
green time of the jth phase. In Eq. (5), G′j is the preset 
green time of the jth phase; DGj denotes the extended 
green time of the jth phase; Gjmin and Gjmax are the 
minimum and maximum green times, respectively.

5 Simulation and analysis 

To evaluate the effectiveness of the proposed adap‐
tive signal control method, we conducted simulation ex‐
periments using SUMO (Simulation of Urban Mobility) 
and Python. SUMO is a microscopic continuous traffic 

simulation software, and the control algorithm is written 
in Python using the Traffic Control Interface (Traci) 
to control the objects in SUMO, such as signal light 
parameters. In this section, we test the proposed con‐
trol method for different traffic volumes, and verify 
its advantages compared to solely signal control or 
trajectory control.

5.1 Simulation parameter settings

The simulation scenario is an arterial containing 
three intersections, with the parameters of the links, 
initial signal phasing, and timing of the intersection 
shown in Fig. 3. The length of every minor road 
linked with the intersection is 400 m, and 600 m for 
the major road. As mentioned in Section 2, the major 
road contains three lanes, and the minor road contains 
two lanes. There are four signal phases for each inter‐
section, and the preset green time of every phase is 30 s 
for the E-W direction, 6 s for the El-Wl direction, 15 s 
for the N-S direction, and 6 s for the Nl-Sl direction. 
In this study, adaptive signal control is implemented for 
all traffic flow that is involved in these four phases of 
the intersections, including the vehicles traveling on 
the minor road.

Table 1 presents the parameter settings for the 
simulations. We set the simulation period as 4200 s to 
assess the effectiveness of the cooperative control 

Fig. 3  Arterial scenario and signal settings in the simulation. References to color refer to the online version of this figure
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strategy in servicing certain traffic volumes for approx‐
imately one hour. Time headway denotes the time 
interval between following vehicles, and different time 
headways are set for CVs and HDVs to differentiate 
them while driving. Human-driven vehicles enter the 
network in compliance with a Poisson distribution, 
while CVs occur in the mixed traffic flow randomly. 
We do not designate the order in which CVs appear in 
the traffic flow, to be more realistic. The maximum 
acceleration and maximum deceleration in the simula‐
tions are 0.8 and 4.5 m/s2, respectively.

5.2 Analysis of results

In this section, we present simulation results 
of mixed traffic flow at a macroscopic scale. We 
test our proposed adaptive signal control method at a 
500 pcu/(h·lane) level for different penetration rates. 
The unit “pcu/(h·lane)” represents the traffic flow 
level per lane per hour. The performance of the pro‐
posed method is compared with fixed-time signal con‐
trol and fixed coordination control methods, as shown 
in Tables 2–4. The fixed-time signal control method 
without setting the offset of adjoined intersections 
served as the baseline. The fixed coordination con‐
trol method was selected to compare with the pro‐
posed adaptive signal control method.

The performance in reducing average travel delay 
on the major road is shown in Table 2, with the results 
indicating that both the fixed coordination control 
method and the proposed adaptive signal control method 
reduce the travel delay of vehicles on the major road. 
The fixed coordination control method acts upon vehi‐
cles traveling on the major road by setting a fixed 
offset that creates a green wave; in these simulation 
experiments, the green wave bandwidth is 16 s. With 
our proposed adaptive signal control method, the per‐
formance in reducing travel delay on major roads will 

Table 3  Reduction of average travel delay on minor roads for different methods

Method

FT (baseline)

FCC

ASC (60 m)

ASC (70 m)

ASC (80 m)

Average travel delay (s)

PR=10%

35.06

33.48 (−4.51%)

27.21 (−22.39%)

25.63 (−26.90%)

25.72 (−26.64%)

PR=20%

39.26

48.59 (+23.76%)

29.34 (−25.27%)

28.95 (−26.26%)

30.35 (−22.69%)

PR=30%

34.15

35.29 (+3.34%)

26.93 (−21.14%)

27.58 (−19.24%)

27.16 (−20.47%)

PR=40%

36.71

39.06 (+6.40%)

29.71 (−19.07%)

26.78 (−27.05%)

27.53 (−25.01%)

PR=50%

38.39

40.36 (+5.13%)

27.95 (−27.19%)

27.67 (−27.92%)

28.02 (−27.01%)

The average delay is measured in seconds; FT denotes the fixed time signal control method that does not set the offset; FCC is the fixed 
coordination control method; ASC denotes the proposed adaptive signal control method; (60 m), (70 m), and (80 m) denote CV detection 
ranges of 60, 70, and 80 m, respectively; PR is the penetration rate

Table 2  Reduction of average travel delay on the major road for different methods

Method

FT (baseline)

FCC

ASC (60 m)

ASC (70 m)

ASC (80 m)

Average travel delay (s)

PR=10%

36.25

32.23 (−11.09%)

34.45 (−4.97%)

32.70 (−9.79%)

32.70 (−9.79%)

PR=20%

36.88

30.43 (−17.49%)

35.68 (−3.25%)

34.48 (−6.51%)

33.46 (−9.27%)

PR=30%

36.49

33.71 (−7.62%)

34.10 (−6.55%)

33.75 (−7.51%)

32.71 (−10.36%)

PR=40%

36.26

29.46 (−18.75%)

33.64 (−7.23%)

32.84 (−9.43%)

30.55 (−15.75%)

PR=50%

36.97

33.67 (−8.93%)

35.92 (−2.84%)

33.15 (−10.33%)

32.67 (−11.63%)

The average delay is measured in seconds; FT is the fixed time signal control method that does not set the offset; FCC denotes the fixed 
coordination control method; ASC denotes the proposed adaptive signal control method; (60 m), (70 m), and (80 m) denote CV detection 
ranges of 60, 70, and 80 m, respectively; PR is the penetration rate

Table 1  Parameter settings for the simulations

Item
Simulation period (s)
Simulation step (s)
Minimum time headway of CV (s)
Minimum time headway of HDV (s)
Minimum gap of CV (m)
Minimum gap of HDV (m)
Maximum allowed speed (m/s)
CFM of HDV
CFM of CV
Arrival of vehicle
Maximum acceleration (m/s2)
Maximum deceleration (m/s2)

Description
4200.0

1.0
1.0
1.1
1.0
2.0
15.0

Krauss
IDM

Poisson distribution
0.8
4.5

CFM: car-following model; IDM: intelligent driver model
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improve as CV detection range increases. For instance, 
at a 20% penetration rate, when the CVs’ detection 
range was 60 m, the average travel delay was reduced 
by 3.25%. Moreover, when the CVs’ detection range 
rises to 70 m, the reduction ratio of average travel 
delay improves to 6.51%. Finally, for an 80 m detection 
range, the reduction ratio of average travel delay was 
9.27%. From Table 2, we can see that the performance 
of the fixed coordination control method in reducing 
average travel delay on major roads is better than that 
of the proposed adaptive signal control method. This is 
because the fixed coordination control focuses on de‐
signing a green wave for vehicles traveling on major 
roads, without considering the operational efficiency 
of vehicles traveling on minor roads. Nevertheless, 
attention should be paid to the operational efficiency 
of the entire traffic system when managing traffic.

Our proposed adaptive signal control method thus 
reduced vehicles’ travel delays on both major and 
minor roads, as observed in Tables 3 and 4. Compared 
with the baseline, the fixed coordination control method 
tended to increase the vehicles’ travel delay on minor 
roads; for example, at a 20% penetration rate level, 
the fixed coordination control method increased the 
vehicles’ travel delay by 23.76%. In contrast, our pro‐
posed adaptive signal control method reduced the travel 
delay on the minor road by 22.69%. Moreover, our 
method could reduce the travel delay on the minor road 
at various penetration rates under 50%.

From Table 4, we can see that the fixed coordina‐
tion control method may result in greater average travel 
delay for the network, as observed in the performance 
of the fixed coordination control method at a 20% 
penetration rate. This suggests that the fixed coordina‐
tion control method may undermine traffic efficiency 
on the minor road in order to improve traffic efficiency 
on the major road. In contrast, the proposed adaptive 
signal control method could significantly reduce the 
total travel delay for the network, for both the major 

and minor roads at various penetration rates. For in‐
stance, the total average travel delay of the entire net‐
work was reduced by 20.81% when the penetration 
rate was 10%.

We also present spatiotemporal traffic speeds for 
different CV penetration rates in Fig. 4. These results 
illustrate the speed and position of the mixed traffic 
flow during the simulation period. Different colors 
represent different speed values: when the speed is 
near zero, the color is more red, and when the speed 
is higher, the color is more green. In Figs. 4a and 4b, 
where the spatiotemporal trajectories are shown for a 
10% penetration rate, the speeds of the traffic flow 
through the intersection using our proposed adaptive 
signal control method were generally higher compared 
to the fixed coordination control method. The results 
in Figs. 4c–4f had similar trends, indicating that our 
method enables mixed traffic flow to travel through 
intersections at higher speeds.

6 Conclusions 

We designed a real-time adaptive signal control 
method that uses data collected by CVs to dynamically 
optimize the SPaT at intersections along an arterial 
road. The proposed method only uses the data collected 
by CVs; it does not require road-side units to record 
the speeds and locations of human-driven vehicles. 
Additionally, the proposed method considers the traf‐
fic efficiency of both major and minor roads. Through 
testing of the proposed adaptive signal control method 
in SUMO, we demonstrated that our approach outper‐
forms a fixed coordination control method in reducing 
the total travel delay of the arterial network. This novel 
strategy may provide insights into formulating signal 
control plans that enhance traffic efficiency. Future 
work might include designing adaptive signal control 
methods for regional traffic networks using CV data.

Table 4  Reduction of total average travel delay on the network (including major and minor roads)

Method

FT (baseline)

FCC

ASC (80 m)

Average travel delay (s)

PR=10%

35.47

33.23 (−6.32%)

28.09 (−20.81%)

PR=20%

38.45

42.41 (+10.30%)

31.41 (−18.31%)

PR=30%

34.95

34.75 (−0.57%)

29.05 (−16.88%)

PR=40%

35.88

35.79 (−0.25%)

28.56 (−20.40%)

PR=50%

37.91

38.08 (+0.45%)

29.60 (−21.92%)

The average delay is measured in seconds; FT denotes the fixed time signal control method that does not set the offset; FCC is the fixed 
coordination control method; ASC denotes the proposed adaptive signal control method; (80 m) means the CVs’ detection range is 80 m; PR is 
the penetration rate

807



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(8):801-810

Acknowledgments
This work is supported by the Program of Humanities 

and Social Science of the Ministry of Education of China 
(No. 24YJA630013), the Natural Science Foundation of Ningbo 
of China (No. 2024J125), and the “Innovation Yongjiang 2035” 
Key R&D Programme (No. 2024H032), China.

Author contributions
Jianqi LI processed the corresponding data, wrote the 

first draft of the manuscript, and revised and edited the final 

version. Rongjun CHENG designed the research and helped 
to organize the manuscript.

Conflict of interest
Jianqi LI and Rongjun CHENG declare that they have 

no conflict of interest.

References
Bing B, Carter A, 1995. Scoot: the World’s Foremost Adap‐

tive Traffic Control System. UK and International Press, 

Fig. 4  Spatiotemporal trajectories of the mixed traffic flow at various penetration rates: (a) PR of 10% with the fixed 
time control method; (b) PR of 10% with the proposed adaptive signal control method; (c) PR of 30% with the fixed time 
control method; (d) PR of 30% with the proposed adaptive signal control method; (e) PR of 50% with the fixed time control 
method; (f) PR of 50% with the proposed adaptive signal control method

808



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(8):801-810    |

Dorking, UK, p.176-180.
Das D, Altekar NV, Head KL, 2023. Priority-based traffic signal 

coordination system with multi-modal priority and vehicle 
actuation in a connected vehicle environment. Transpor‐
tation Research Record: Journal of the Transportation 
Research Board, 2677(5):666-681. 
https://doi.org/10.1177/03611981221134627

Feng YH, Head KL, Khoshmagham S, et al., 2015. A real-time 
adaptive signal control in a connected vehicle environ‐
ment. Transportation Research Part C: Emerging Technol‐
ogies, 55:460-473. 
https://doi.org/10.1016/j.trc.2015.01.007

Fu TT, Wang LY, Garg S, et al., 2024. Adaptive signal light 
timing for regional traffic optimization based on graph 
convolutional network empowered traffic forecasting. 
Information Fusion, 103:102072. 
https://doi.org/10.1016/j.inffus.2023.102072

Guo QQ, Li L, Ban XG, 2019. Urban traffic signal control with 
connected and automated vehicles: a survey. Transporta‐
tion Research Part C: Emerging Technologies, 101:313-334. 
https://doi.org/10.1016/j.trc.2019.01.026

Huang LB, Qu XH, 2023. Improving traffic signal control 
operations using proximal policy optimization. IET Intel‐
ligent Transport Systems, 17:592-605. 
https://doi.org/10.1049/itr2.12286

Ji Q, Lyu H, Yang H, et al., 2023. Bifurcation control of solid 
angle car-following model through a time-delay feedback 
method. Journal of Zhejiang University-SCIENCE A (Ap‐
plied Physics and Engineering), 24(9):828-840. 
https://doi.org/10.1631/jzus.A2300026

Kodi JH, Ali MS, Kitali AE, et al., 2024. Influence of adap‐
tive signal control technology (ASCT) on severity of 
intersection-related crashes. Journal of Transportation 
Safety & Security, 16(4):375-389. 
https://doi.org/10.1080/19439962.2023.2215962

Li JQ, Yang H, Cheng RJ, et al., 2024. A dynamic temporal 
and spatial speed control strategy for partially connected 
automated vehicles at a signalized arterial. Physica A: 
Statistical Mechanics and Its Applications, 653:130099. 
https://doi.org/10.1016/j.physa.2024.130099

Li YR, Peng LQ, 2024. Elevating adaptive traffic signal control 
in semi-autonomous traffic dynamics by using connected 
and automated vehicles as probes. IET Intelligent Trans‐
port Systems, 18(6):1016-1030. 
https://doi.org/10.1049/itr2.12483

Li YS, Zhang Y, Li XD, et al., 2024. Regional multi-agent coop‐
erative reinforcement learning for city-level traffic grid 
signal control. IEEE/CAA Journal of Automatica Sinica, 
11(9):1987-1998. 
https://doi.org/10.1109/JAS.2024.124365

Liang X, Guler SI, Gayah VV, 2023. Decentralized arterial 
traffic signal optimization with connected vehicle informa‐
tion. Journal of Intelligent Transportation Systems, 27(2):
145-160. 
https://doi.org/10.1080/15472450.2021.1990762

Little JDC, Kelson MD, Gartner NH, 1981. Maxband: a program 
for setting signals on arteries and triangular networks. 
Transportation Research Record, 795:40-46.

Lo HK, 2006. A reliability framework for traffic signal control. 
IEEE Transactions on Intelligent Transportation Systems, 
7(2):250-260. 
https://doi.org/10.1109/TITS.2006.874680

Ma WJ, Li XP, Yu CH, et al., 2024. Arterial signal timing 
based on probe vehicle trajectories under cyclic stochastic 
demand. IEEE Transactions on Intelligent Transportation 
Systems, 25(10):13375-13392. 
https://doi.org/10.1109/TITS.2024.3408803

Mo ZB, Li WZ, Fu YJ, et al., 2022. CVLight: decentralized 
learning for adaptive traffic signal control with connected 
vehicles. Transportation Research Part C: Emerging Tech‐
nologies, 141:103728. 
https://doi.org/10.1016/j.trc.2022.103728

Mohammadi R, Roncoli C, Mladenović MN, 2021. Signalised 
intersection control in a connected vehicle environment: 
user throughput maximisation strategy. IET Intelligent 
Transport Systems, 15(3):463-482. 
https://doi.org/10.1049/itr2.12038

Sims AG, Dobinson KW, 1980. The Sydney coordinated adap‐
tive traffic (SCAT) system philosophy and benefits. IEEE 
Transactions on Vehicular Technology, 29(2):130-137. 
https://doi.org/10.1109/T-VT.1980.23833

Wan CH, Hwang MC, 2018. Value-based deep reinforcement 
learning for adaptive isolated intersection signal control. 
IET Intelligent Transport Systems, 12(9):1005-1010. 
https://doi.org/10.1049/iet-its.2018.5170

Wang JD, Jiang SC, Qiu Y, et al., 2021. Traffic signal optimi‐
zation under connected-vehicle environment: an overview. 
Journal of Advanced Transportation, 2021(1):3584569. 
https://doi.org/10.1155/2021/3584569

Wang QZ, Yuan Y, Yang XF, et al., 2021. Adaptive and multi-
path progression signal control under connected vehicle 
environment. Transportation Research Part C: Emerging 
Technologies, 124:102965. 
https://doi.org/10.1016/j.trc.2021.102965

Wu ZY, Waterson B, 2022. Urban intersection management 
strategies for autonomous/connected/conventional vehicle 
fleet mixtures. IEEE Transactions on Intelligent Transpor‐
tation Systems, 23(8):12084-12093. 
https://doi.org/10.1109/TITS.2021.3109783

Xu LH, Lu J, Zhan FP, et al., 2019. An adaptive signal control 
using connected-vehicle data. Proceedings of the Institu‐
tion of Civil Engineers-Transport, 172(2):102-110. 
https://doi.org/10.1680/jtran.17.00058

Yang TJ, Fan W, 2024. Transit signal priority under connected 
vehicle environment: deep reinforcement learning approach. 
Journal of Intelligent Transportation Systems, in press. 
https://doi.org/10.1080/15472450.2024.2324385

Yang XF, Cheng Y, Chang GL, 2015. A multi-path progres‐
sion model for synchronization of arterial traffic signals. 
Transportation Research Part C: Emerging Technologies, 
53:93-111. 
https://doi.org/10.1016/j.trc.2015.02.010

Zhang KW, Cui ZY, Ma WJ, 2024. A survey on reinforcement 
learning-based control for signalized intersections with 
connected automated vehicles. Transport Reviews, 44(6):
1187-1208. 

809



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(8):801-810

https://doi.org/10.1080/01441647.2024.2377637
Zhao J, Yao TY, Zhang C, et al., 2024. Signal control for over‐

flow prevention at intersections using partial connected ve‐
hicle data. Transportmetrica A: Transport Science, in press. 
https://doi.org/10.1080/23249935.2024.2361648

Zheng X, Recker W, 2013. An adaptive control algorithm for 
traffic-actuated signals. Transportation Research Part C: 
Emerging Technologies, 30:93-115. 

https://doi.org/10.1016/j.trc.2013.02.007
Zheng X, Recker W, Chu LY, 2010. Optimization of control 

parameters for adaptive traffic-actuated signal control. Jour‐
nal of Intelligent Transportation Systems, 14(2):95-108. 
https://doi.org/10.1080/15472451003719756

Electronic supplementary materials
Algorithm S1

810


