
 
 

Delft University of Technology

A platoon formation algorithm for intersections with blue phase control in mixed traffic

Hao, Ruochen; Gao, Sa; Wang, Xinwei; Ma, Wanjing; van Arem, Bart; Wang, Meng

DOI
10.1080/15472450.2024.2352390
Publication date
2024
Document Version
Final published version
Published in
Journal of Intelligent Transportation Systems: technology, planning, and operations

Citation (APA)
Hao, R., Gao, S., Wang, X., Ma, W., van Arem, B., & Wang, M. (2024). A platoon formation algorithm for
intersections with blue phase control in mixed traffic. Journal of Intelligent Transportation Systems:
technology, planning, and operations, 29(6), 593-611. https://doi.org/10.1080/15472450.2024.2352390

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1080/15472450.2024.2352390
https://doi.org/10.1080/15472450.2024.2352390


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gits20

Journal of Intelligent Transportation Systems
Technology, Planning, and Operations

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/gits20

A platoon formation algorithm for intersections
with blue phase control in mixed traffic

Ruochen Hao, Sa Gao, Xinwei Wang, Wanjing Ma, Bart van Arem & Meng
Wang

To cite this article: Ruochen Hao, Sa Gao, Xinwei Wang, Wanjing Ma, Bart van Arem
& Meng Wang (09 Jun 2024): A platoon formation algorithm for intersections with
blue phase control in mixed traffic, Journal of Intelligent Transportation Systems, DOI:
10.1080/15472450.2024.2352390

To link to this article:  https://doi.org/10.1080/15472450.2024.2352390

© 2024 The Author(s). Published with
license by Taylor & Francis Group, LLC

Published online: 09 Jun 2024.

Submit your article to this journal 

Article views: 93

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=gits20
https://www.tandfonline.com/journals/gits20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15472450.2024.2352390
https://doi.org/10.1080/15472450.2024.2352390
https://www.tandfonline.com/action/authorSubmission?journalCode=gits20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=gits20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15472450.2024.2352390?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15472450.2024.2352390?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15472450.2024.2352390&domain=pdf&date_stamp=09 Jun 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/15472450.2024.2352390&domain=pdf&date_stamp=09 Jun 2024


A platoon formation algorithm for intersections with blue phase control 
in mixed traffic

Ruochen Haoa, Sa Gaoa, Xinwei Wangb , Wanjing Maa , Bart van Aremc, and Meng Wangd 

aKey Laboratory of Road and Traffic Engineering of the Ministry of Education, Tongji University, Shanghai, P.R. China; bSchool of 
Engineering and Materials Science, Queen Mary University of London, London, UK; cDepartment of Transport and Planning, Delft 
University of Technology, Delft, The Netherlands; dChair of Traffic Process Automation, Technische Universitat Dresden, Dresden, 
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ABSTRACT 
Increasing attention is being paid to intersection signal control with cooperative platoons. 
Assuming platoons being formed, such platoons cannot only improve the intersection cap
acity but also minimize the number of control units, especially when dedicated connected 
and automated vehicle (CAV) lanes are considered. However, the platoon formation process 
is often neglected, especially for lane-changing and overtaking maneuvers in mixed traffic. 
This may jeopardize the potential of signal control with platoons. This article proposes a pla
toon formation algorithm that computes the optimal lane, platoon sequence, and speed 
profiles of CAVs under the requirement of the central traffic controller. The algorithm is 
designed for mixed traffic conditions and hence the performance of human-driven vehicles 
is also considered. A mixed integer linear program model is formulated to minimize the 
deviation from the desired platoon configuration and the disturbance to overall traffic under 
any arbitrary initial condition. Numerical experiments are designed to test the effectiveness 
and the computational performance of the proposed algorithm. Results show that CAVs 
with signal control can form platoons with rational motion. Besides, the platoon penetration 
significantly affects platooning feasibility, while the platoon length does not. This suggests 
that CAVs can form long platoons at intersections to improve traffic throughput.
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1. Introduction 

Intersections are main bottlenecks in urban road networks. 
The competition of rights of way from different movement 
directions deems signal control at intersections necessary 
since signal control can ensure multi-modal safety and 
improve efficiency at high traffic demands. Traffic signal 
control at intersections has been widely studied. Since 
Webster (1958) proposed the stage-based control 
approach, a number of methods have been proposed, 
including fixed-time control (Little et al., 1981), vehicle- 
actuated control (G. Zhang & Wang, 2010), and adaptive 
control (Memoli et al., 2017; Mohajerpoor et al., 2019).

The advancement of connected and automated 
vehicle (CAV) systems can induce drastic changes in the 
architecture of traffic control systems. For instance, 
Varaiya (1993) developed a control system with different 
layers, i.e., physical, regulation, planning or coordination, 

link, and network layers from the bottom. Baskar et al. 
(2011) extended this architecture by adding a subnet
work layer between the network and link layers. The 
physical, regulation, and coordination layers are located 
at the vehicle system, while the link and network layers 
are located at roadside or traffic control centers.

Considerable attention has been devoted to platoon 
regulation layer and physical layer with CAVs on 
highways due to the benefits of increased roadway 
capacity and traffic flow stability (Schakel et al., 2010). 
In urban network, flow stability is less relevant and 
the interaction between traffic control and CAV pla
toons becomes a necessity for platoon operations. 
Normally such platoons are assumed to be formed 
when entering the studied network/intersection, which 
ignores the essential process of platoon reformation. 
However, this becomes nontrivial when dedicated 
CAV lanes and dedicated signal phase (blue phase) 
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are considered and designed; the platoon formation 
can lead to mandatory lane changes and platoon 
reconfiguration in mixed traffic flow, where the 
behaviors of conventional vehicles have to be consid
ered. The focus on this research is therefore on the 
platoon configuration problem at signalized intersec
tions, which determines the platoon size (i.e., the pla
toon length) and order of platoon members in mixed 
traffic to match the targets set by the traffic control 
layer while reducing disturbance to conventional 
vehicles. It essentially deals with the problem at the 
platoon coordination/management layer and we use 
the terms platoon coordination and platoon manage
ment interchangeably in the article.

To justify the contribution of our article, we first 
review the studies at the platoon regulation layer and 
then move to the platoon management layer.

1.1. Platoon regulation at signalized intersections

CAVs can provide more timely and accurate informa
tion to traffic signal control systems and better actu
ation of the control signals. There are in general five 
categories in this field. Studies in the first category use 
trajectory information from CAVs to acquire a better 
estimate of current traffic state and to schedule opti
mal signal timing plans (Guler et al., 2014; Rakha 
et al., 2011). The second category optimizes the trajec
tories of CAVs according to the known signal phase 
and timing (SPaT) information, leading to environ
ment-friendly and efficient operation of CAVs (Huang 
& Peng, 2017; Jiang et al., 2006; Rakha et al., 2012). 
The third category combines the first and the second 
categories and optimizes the signal timing and trajec
tories of CAVs at the same time (Guo et al., 2019; 
Jiang et al., 2006; Z. Li et al., 2014; Yu et al., 2018). 
This category utilizes both the situation awareness 
and the cooperative maneuvering potential of CAVs, 
resulting in further improvements in traffic control 
performance. In the case of a fully CAV environment, 
the fourth category, named signal-free control, directly 
controls CAV trajectories without the need of differ
ent signal phases. The difference between the third 
category and the fourth category is the presence/ 
absence of control signal (Dresner & Stone, 2004; Lee 
& Park, 2012; L. Li & Wang, 2006; Z. Li et al., 2014; 
Yu et al., 2019). Although signal-free control is a dras
tic change in traffic control and may lead to high effi
ciency, it seriously limits its application in practice 
since it excludes vulnerable road users and cannot 
function in mixed traffic. Recently, a fifth category 
method that combines the signal-free control and 

signal control by setting a CAV-only signal phase, i.e., 
the blue phase, was proposed (Rey & Levin, 2019). The 
idea is that CAVs can pass the intersection with con
flicting movements similar to a signal-free manner in 
the blue phase, while in other phases they follow the 
traditional signal control design. However, in existing 
blue phase control studies, vehicle arrivals are consid
ered as exogenous input and are not optimized. 
Platoons are assumed formed under the initial condi
tion and the platoon management is therefore ignored.

1.2. Platoon management layer

The platoon management layer can coordinate CAV 
maneuvers to actively form/merge/split platoons to 
increase efficiency at intersections (P. Wang et al., 
2020). Moreover, with the control unit changing from 
individual vehicles to platoons, the complexity of traf
fic control algorithms can be reduced. Moreover, with 
the control unit changing from individual vehicles to 
platoons, the complexity of traffic control algorithms 
can be reduced. When vehicles travel in platoons, they 
can closely follow and respond to the actions of the 
lead vehicle in a coordinated manner. This platooning 
behavior can be achieved through communication and 
coordination among vehicles, eliminating the need for 
individual control of each vehicle. Therefore, once a 
platoon is formed, the entire platoon can be consid
ered as a single control unit, reducing the number of 
control units from the number of vehicles to the 
number of platoons.

Considerable efforts have been devoted to platoon 
coordination on highway networks, controlling or 
scheduling CAVs in a decentralized or centralized 
manner to actively form platoons. Decentralized pla
toon management is mainly based on rules for leader 
selection and member affiliation (Cooper et al., 2016), 
where member affiliation refers to the rule of whether 
and how the member joins a platoon. Most of the 
decentralized rules are passive clustering in an ad hoc 
way within a communication range. On the contrary, 
centralized platoon management is usually related to 
an optimization problem, where the optimization 
objectives normally have multiple terms. These objec
tives include maximizing platoon size or forming 
platoons in suitable sizes (Hall & Chin, 2005), maxi
mizing the lifetime (Hall & Chin, 2005), minimizing 
platoon formation time (Y. Zhang & Cao, 2011), and 
minimizing fuel consumption (Luo et al., 2018).

Compared with platoon management at highway, 
studies of platoon management at signalized intersec
tion are still scarce (Bashiri & Fleming, 2017; 
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He et al., 2012; Jiang et al., 2006; Liu et al., 2019). 
Many studies take formed platoons as granted in the 
initial conditions (Du et al., 2016) while few studies 
consider the platoon formation process at intersec
tions. Similarly to highways, in Qiu et al. (2013), an 
ad hoc way of platoon formation based on communi
cation range is reported. In a signal timing-based 
approach (Faraj et al., 2017), vehicles merge to the 
front platoon if they can pass the intersection during 
the green phase. Tallapragada and Cort�es (2019) and 
Z. Wang et al. (2018) proposed clustering-based pla
toon formation methods with a pre-defined platoon 
length. Tallapragada and Cort�es (2019) used the 
K-means cluster algorithm to adjust the platoon size 
according to the requirement of the traffic control 
center. Z. Wang et al. (2018) proposed a cluster-wise 
cooperative management method, where the lane 
choice and vehicle sequencing are optimized to maxi
mize the traffic throughput.

1.3. Research needs and contribution

Based on the literature review, the research gaps are 
identified as three aspects.

1. Studies on platoon regulation layer mainly 
focused on trajectory optimizations for traffic effi
ciency improvement, ignoring platoon formation 
processes. While a few studies were reported in 
the platoon management layer to optimize pla
toon configuration (Tallapragada & Cort�es, 2019; 
Z. Wang et al., 2018), they did not consider 
whether the vehicles are running straight or turn
ing-left/right, which is critical for signalized inter
section control.

2. Current studies do not consider the platoon 
formation process at intersections. A platoon 
management method for lane-allocation-free 
intersections under the CAV environment with 
traffic control instructions is still lacking. 
Forming platoons according to the instructions of 
the traffic control center can not only improve 
the intersection throughput but also prolong the 
lifetime of platoons (Puthusseri, 2023).

3. As a consequence, the requirement of the traffic 
control center for highly efficient blue phase and 
dedicated CAV lanes intersection operations can
not be satisfied (Yu et al., 2019). Under this situ
ation, CAVs use blue/social phase and dedicated 
CAV/normal lanes to pass the intersection. The 
arrangement of CAVs can influence the intersec
tion control efficiency significantly. The existing 

active platoon management methods such as 
forming platoons according to signal timing and 
clustering methods are thus not suitable for this 
situation. Traditional platoon management meth
ods are primarily suitable for situations with 
clearly defined lane functions. For example, pla
toons can be organized based on signal timing or 
by merging vehicles with the same turning direc
tion. However, at intersections where both shared 
and dedicated autonomous driving phases exist, 
the dedicated autonomous driving lanes do not 
have clearly defined lane functions, and both left- 
turn and through vehicles can use them. Under 
such conditions, different platoon configurations 
can impact the traffic flow at the intersection. For 
instance, in the phase sequence of shared through 
phase, shared left-turn phase, and dedicated 
phase, the first platoon on the dedicated lane 
needs to be a straight platoon with a length 
matching the duration of the through phase. If 
the platoon is too short, the green light utilization 
will be suboptimal, while if it is too long, subse
quent left-turn vehicles will not be able to utilize 
the shared left-turn phase.

This article proposes a platoon management algo
rithm at a signalized intersection with dedicated CAV 
lanes. The initial state of CAVs and the target platoon 
configuration given by the traffic control layer are 
inputs to the platoon management layer. The initial 
state includes the initial lateral position, the longitu
dinal position, and the speed, while the target platoon 
configuration includes the number of platoons, the 
size of each platoon, the lanes of each platoon, and 
the intersection passing time of each platoon. Then 
the platoon management layer algorithm will select 
CAVs that use dedicated CAV lanes and optimize the 
actual platoon configuration. The new optimized pla
toon management layer has the least deviations from 
the target configuration and causes the least disturb
ance to the overall traffic. Moreover, the proposed 
algorithm also computes the acceleration profile and 
lane changes to reach the stop line. Once detected in 
the perception zone, the vehicles initiate the optimiza
tion process when entering the adjustment zone. It 
considers explicitly the adjustment of the sequence of 
CAVs in platoons, where the overtaking and lane- 
changing behaviors are permitted.

Based on relevant studies, while a few studies were 
reported in the platoon management layer to optimize 
platoon configuration (Tallapragada & Cort�es, 2019; 
Wang et al., 2018), they did not consider whether the 
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vehicles are running straight or turning-left/right, 
which is critical for signalized intersection control. 
Besides, the requirement of the traffic control center 
for highly efficient blue phase and dedicated CAV 
lane intersection operations cannot be satisfied (Yu 
et al., 2019). Compared to the previous platoon man
agement models, our proposed model provides expli
cit output platoon configuration with specific 
acceleration and speed profiles, and can deal with dif
ferent turning with a more efficient platoon formation 
process, as demonstrated in the simulations. The algo
rithm is naturally applicable in platoon-based adaptive 
signal control algorithms with blue phase and signal- 
free intersections. With the development of CAV 
and safety considerations, the dedicated lanes and 
dedicated phase are very likely to be a common inter
section form. As a result, the blue phase and the pro
posed model are very important for the near future 
traffic.

Compared to the previous platoon management 
models, our proposed model complies with the 
requirement from the control center and can deal 
with different turning movements. The algorithm is 
naturally applicable in platoon-based adaptive signal 
control algorithms with blue phase and signal-free 
intersections. With the development of CAV and 
safety consideration, the dedicated lanes and dedicated 
phase are very likely to be a common intersection 
form. As a result, blue phase and the proposed model 
are very important for the near future traffic.

The remainder of this article is organized as fol
lows. Section 2 describes the problem and presents 
the notations. Section 3 formulates the mixed integer 
linear program (MILP) model to optimize the group 
and orders of all CAVs. Section 4 presents several 

numerical cases to verify the feasibility of the pro
posed model. Finally, conclusions and recommenda
tions are provided in Section 5.

2. Problem description and notations

2.1. Problem description

Before detailed descriptions of the control architec
ture, the layout of an intersection is first introduced. 
The space of an intersection and its link can be div
ided into three parts: perception zone, adjust zone, 
and central control zone, as illustrated in Figure 1. 
The control system architecture operates as follows. 
The controllers of an intersection are composed of a 
central controller and a number of on-board control
lers. The central controller has two control layers: an 
intersection optimization control layer and a platoon 
management layer. The purpose of this study is to 
provide an optimized practicable platoon configur
ation according to the requirement of the intersection 
optimization control layer. The intersection optimiza
tion control layer mainly focuses on the central con
trol zone. It optimizes the signal timing, CAVs 
trajectories in the central control zone, and the 
expectation platoon configuration, including the num
ber of platoons, size of each platoon, and turn of each 
platoon.

To clearly state the platoon management problem, 
the following simplifications and assumptions are 
made:

� The central controller can accurately receive the 
latest state of all CAVs without delays.

Figure 1. Intersection zone division illustration.
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� Every manually driven vehicle immediately leaves 
dedicated CAV lanes once it enters the adjust 
zone.

� Vehicles can only move forward.
� The destination link of a vehicle does not change 

after the vehicle enters the perception zone.
� Each CAV can accurately execute the instructions 

provided by its on-board controller.
� Since dedicated CAV lanes are on the left side of 

each link, only left-turn CAVs and straight-going 
CAVs use the dedicated CAV lanes.

As shown in Figure 1, there are seven CAVs in the 
perception zone. The intersection optimization control 
layer is expected to improve the traffic performance 
by forming the seven CAVs in a straight platoon and 
a left-turn platoon. However, the expectation platoon 
configuration only with a final state is not sufficient, 
as there are different orders to form the final config
uration. Note different orders have different impacts 
on the traffic flow. Under extreme cases, this platoon 
configuration could even be hardly realized given the 
influence of manually driven vehicles and the length 
of the adjust zone. As a result, the expectation platoon 
configuration needs to be delivered to the platoon 
management layer at first instead of directly sent to 
decentralized controllers on CAVs, i.e., on-board con
trollers. In doing so, the platoon management layer 
transfers the expectation platoon configuration given 
by the intersection optimization control layer to a prac
ticable platoon configuration while considering the ini
tial states of CAVs. This practicable platoon 
configuration should be feasible for CAVs, and also as 
similar as possible to the expectation platoon configur
ation. The expectation platoon configuration considers 
the number of platoons, size of each platoon, and turn 
of each platoon. In the practicable platoon configur
ation, not only the number of platoons, size of each pla
toon, and turn of each platoon are considered, the 
order and lane number of each CAV are also deter
mined. Then the practicable platoon configuration is 
sent to on-board controllers of CAVs. The on-board 
controllers of CAVs would adjust driving strategies to 
meet the practicable platoon configuration.

As described above, the inputs of the platoon man
agement layer are the expectation platoon configur
ation and initial states of CAVs, and the output is a 
practicable platoon configuration. Therefore, the pla
toon management layer aims to realize two objectives. 
First, the layer should provide a practical platoon con
figuration as output. For instance, the overtaking and 
number of lane change should be optimized, which 

leads to less traffic perturbations. Second, the differ
ence between the expected and practical configura
tions is to be minimized.

2.2. Notations

The main notations applied hereafter are summarized 
in Table 1, which will be explained in detail in the 
formulations section.

3. Formulations

This section presents the developed MILP formula
tion. The objective function is initially constructed, 
followed by detailed descriptions of various con
straints and a summary of the formulation.

Table 1. Notations.
General notations
M: A sufficiently large number
I: Set of all CAVs
N: Number of all CAVs
NCOL : Number of CAVs using dedicated CAV lanes to pass the  

intersection
T: Control time horizon
NP : Number of platoons given by central controller
Jc : Set of all dedicated CAV lanes
Jiturn : Set of lanes which lanes allocation is same with the turn  

of vehicle i

Parameters
k 1: Weight of difference of platoon size
k2: Weight of number of lane change
k3: Weight of distance to the end of adjust zone at time T
Dt: Unit time
tk: Planned arrival time of the first CAV in platoon k by the  

central controller
cturn

i : 0, if vehicle i go straight; 1, if vehicle i turn left
cturn

o : 0, if the first platoon goes straight; 1, if the first platoon turn left
Lk: Number of vehicles in platoon k given by central controller
xend: The position of the end of the adjust zone
vmin: The minimum speed of vehicles, m/s
vmax: The maximum speed of vehicles, m/s
amin: The minimum acceleration of vehicles, m=s2

amax: The maximum acceleration of vehicles, m=s2

Decision variables
ri: Output order of CAV i, integer between 0 and NCOL

xiðtÞ: Longitudinal position of vehicle i at time t
f

j
iðtÞ: 1, if vehicle i is in lanes j at time t; 0, otherwise

Auxiliary variables
DLj : Difference of length of planned platoon j with asked  

platoon length
OiðtÞ : 1, if vehicle i changing lanes at time t; 0, otherwise
el

i : 1, if vehicle i is the last vehicle of a platoon; 0, otherwise
ef

i : 1, if vehicle i is the first vehicle of a platoon; 0, otherwise
Ei: Index of the platoon which vehicle i belongs to
hii0 : 0, if ri larger than ri0 ; 1, otherwise
gii0 ðtÞ: 0, if vehicle i is behind vehicle i

0

at time t; 1, otherwise

nE
ij: 0, if Ei larger than j; 1, otherwise

hturn
ii0 : 1, if both vehicle i and vehicle i

0

are going straight; 0, otherwise
La

ii0
: 0, if the output length of platoon that vehicle i belongs to is  

shorter than expected length; 1, otherwise
viðtÞ: the speed of vehicle i at time t
qii0 ðtÞ: correlation or interaction between the vehicle i and vehicle i

0

aiðtÞ: the acceleration of vehicle i at time t
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3.1. Objective function

The objective function is composed of three items: 
minimizing the difference between the output practic
able platoon configuration and the input expectation 
one, minimizing the influence of platoon formation, 
and minimizing the travel time of vehicles in the 
adjust zone.

In the first item, the difference between the output 
practicable platoon configuration and the input 
expectation platoon configuration given by the inter
section control algorithm is defined as the sum of the 
absolute value of the difference of platoon size. The 
platoon length difference of platoon k is indicated by 
DLk as shown in Eq. (1).

In the second item, lane changes are considered to 
represent the influence of platoon formation, since 
they change vehicles’ orders. Thus, the number of 
lane change is used to evaluate the influence of pla
toon formation. The number of lane change of all 
CAVs in the control time horizon is indicated by 
PN−1

i¼0
PT−1

t¼0 OiðtÞ as shown in Eq. (1).
In the third item, minimizing the travel time of 

vehicles in the adjust zone is transferred to minimize 
the gap between the final longitudinal position and 
the stop line. It is indicated by xend − xiðTÞ as shown 
in Eq. (1).

Therefore, the objective function of the proposed 
MILP model is constructed as

mink1
XNP

j¼0
DLk þ k2

XN

i¼0

XT

t¼0
OiðtÞ

þ k3
XN

i¼0
xend − xiðTÞð Þ (1) 

3.2. Constraints

This section introduces six constraint groups: vehicle 
motion constraints, vehicle order constraints, platoon 
splitting constraints, platoon number constraints, pla
toon rationality constraints, and objective auxiliary 
variable constraints.

3.2.1. Vehicle motion constraints
Vehicle motion constraints are composed of longitu
dinal motion constraints, lateral motion constraints, 
and safety constraints.

1. Longitudinal motion constraints. The longitudinal 
motion speed and acceleration should be limited 
to a reasonable range as Eq. (2) to Eq. (5):

viðtÞ ¼
xiðtÞ − xiðt − 1Þ

Dt
, 8i 2 I, t 2 1, T½ � (2) 

aiðtÞ ¼
viðtÞ − viðt − 1Þ

Dt
, 8i 2 I, t 2 1, T½ � (3) 

vmax � viðtÞ � vmin, 8i 2 I, t 2 1, T½ � (4) 

amax � aiðtÞ � amin, 8i 2 I, t 2 1, T½ � (5) 

2. Lateral motion constraints. First, there is at most 
one lane change maneuver per time step, and 
vehicles can only change lanes one time per time 
step. Second, each vehicle has to occupy one and 
only one lane per time step. Third, CAVs have to 
move to the assigned lanes at the final state, as 
shown in Figure 2. These three lateral motion 
constraints are formulated as Eq. (6) to Eq. (8), 
respectively.

f
j
iðtÞ � f

j
iðt − 1Þ þ f

j−1
i ðt − 1Þ þ f

jþ1
i ðt − 1Þ,8i

2 I, t 2 1, T½ �, j 2 L
(6) 

X

j2J
f

j
iðtÞ ¼ 1, 8i 2 I, t 2 0, T½ � (7) 

X

j2Jc[Jiturn

f
j
iðT − 1Þ ¼ 1, 8i 2 I, t 2 0, T½ � (8) 

3. Safety constraints. Eqs. (9) and (10) are estab
lished to ensure that the longitudinal distance 
between any two vehicles in the same lanes is 
larger than a safety gap. The safety gap is set to 

Figure 2. Illustration of available lanes for a CAV going 
straight.
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keep safety, and its value is flexibly designed. It 
should not be too large, and it also needs to avoid 
the situation where a following vehicle jumps to 
the front of its leading vehicle per time step.

xi0 ðtÞ − ð3 − gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞÞM þ Lcarþ

Dtmin
vmax

2
,

vi0 ðtÞ − viðtÞ þ ðamax − aminÞDt
2

� �

� xiðtÞ,8i, i0 2 I, t 2 0, T½ �, j 2 L (9) 

xi0 ðtÞ þ ð2þ gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞÞM � xiðtÞ þ Lcarþ

Dtmin
vmax

2
,

viðtÞ − vi0 ðtÞ þ ðamax − aminÞDt
2

� �

,   

8i, i0 2 I, t 2 0, T½ �, j 2 L (10) 

where gj
ii0 ðtÞ shows the longitudinal position relation

ship and Lcar shows the vehicle length. If vehicle i is 
in front of vehicle i0 in the same lane, gj

ii0 ðtÞ ¼ 1: The 
expression min ½vmax

2 , viðtÞ−vi0 ðtÞþamax−amin
2 � means taking 

the smaller of two terms, where vmax represents the 
maximum speed of the vehicle, viðtÞ represents 
the speed of the vehicle i at time t, vi0 ðtÞ represents 
the speed of the vehicle i’ at time t, amax=amin repre
sents the maximum/minimum acceleration of the 
vehicle, and Dt is the unit time. The second term of 
the expression is the average speed of the front car 
braking sharply and the rear car accelerating uni
formly at the maximum acceleration. In both cases, it 
is necessary to maintain a safe headway, which can 
avoid collisions or dangerous situations between 
vehicles.

Since the longitudinal position should be as large 
as possible (in order to minimize the gap between the 
final longitudinal position and the stop line) according 
to the objective function, vehicles prefer to select 
small space headway. As a result, Eqs. (9) and (10)
can be linearized as Eq. (11) to Eq. (14).

xi0 ðtÞ − ð3 − gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞ þ qii0ðtÞÞ

M þ Dt
vmax

2
� xiðtÞ,   

8i, i0 2 I, t 2 0, T½ �, j 2 L (11) 

xi0 ðtÞ þ ð2þ gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞ þ qii0ðtÞÞ

M � xiðtÞ þ Dt
vmax

2
,   

8i, i0 2 I, t 2 0, T½ �, j 2 L (12) 

xi0 ðtÞ − ð4 − gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞ − qii0ðtÞÞM þ Lcarþ

Dt
viðtÞ − vi0 ðtÞ þ ðamax − aminÞDt

2   
� xiðtÞ, 8i, i0 2 I, t 2 0, T½ �, j 2 L (13) 

xi0 ðtÞ þ ð3þ gii0 ðtÞ − f
j
i0 ðtÞ − f

j
iðtÞ − qii0ðtÞÞM � xiðtÞ þ Lcarþ

Dt
viðtÞ − vi0 ðtÞ þ ðamax − aminÞDt

2
,8i, i0 2 I, t 2 0, T½ �, j 2 L

(14) 

where qii0ðtÞ is also an auxiliary variable for lineariza
tion, used to replace the original nonlinear constraint 
conditions and convert them into linear form. It 
ensures the space headway between two vehicles larger 
than vmax

2 and viðtÞ−vi0 ðtÞþðamax−aminÞDt
2 : vmax=2 represents 

half of the vehicle’s maximum velocity. When consid
ered as uniformly decelerated linear motion, it is 
regarded as the average velocity during the deceler
ation process. To some extent, it represents the dis
placement during deceleration. This provides an 
ample buffer zone for vehicle travel, ensuring adapt
ability to various traffic conditions and speed changes, 
thereby preventing collisions or hazardous situations 
between vehicles.

3.2.2. Vehicle order constraints
Vehicle order is the order of a CAV in all CAVs. A 
CAV can use either dedicated CAV lanes or normal 
lanes to pass the intersection. If a CAV uses a dedi
cated CAV lane, it needs to join a platoon, and then 
the vehicle order makes sense. For CAVs not using 
dedicated CAV lanes, the vehicle order is useless, and 
it will be set to a meaningless value. This includes: 
reasonable order range constraints, unique order con
straints, order–position relationship constraints, and 
non-dedicated CAV lane group order constraints. The 
first three groups of constraints are set for CAVs 
using dedicated CAV lanes to pass the intersection. 
The last group of constraints is set for CAVs not 
using dedicated CAV lanes to pass the intersection.

1. Reasonable order range constraints. For CAVs 
using dedicated CAV lanes to pass the intersec
tion, their order should be in the range [0, NCOL), 
where NCOL is the number of CAVs using dedi
cated CAV lanes to pass the intersection. NCOL is 
indicated by 

PN−1
i¼0

P
jc2Jc

f
jc
i ðTÞ, as shown in Eq. 

(15).
XN−1

i¼0

X

jc2Jc

f
jc
i ðTÞ − 1þ 1 −

X

jc2Jc

f
jc
i ðTÞ

� �
M � ri � 0, 8i 2 I

(15) 

2. Unique order constraints. For CAVs using dedi
cated CAV lanes to pass the intersection, each of 
them should have a unique order, which means 
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their order is not equal to orders of other CAVs, 
as shown in Eqs. (16) and (17).

ri − ri0 > − 2 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ þ hii0

� �

M, 8i, i0 2 I, i 6¼ i0

(16) 

ri0 − ri > − 3 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ − hii0

� �
,

8i, i0 2 I, i 6¼ i0

(17) 

3. Order–position relationship constraints. The 
orders of CAVs are also related to longitudinal 
positions at the end of control time horizon. For 
instance, there are two CAVs, CAV i and CAV i0, 
in Figure 3. Since xi0 ðTÞ > xiðTÞ, CAV i0 is in 
front of CAV i at the end of time horizon. CAV 
i0 should have small order and leave the intersec
tion earlier. It is guaranteed by Eqs. (18) and 
(19).

ri − ri0 < 3 − gii0 ðTÞ − f
jc
i ðTÞ − f

jc
i0 ðTÞ, 8i, i0 2 I, i 6¼ i0

(18) 

ri0 − ri > −ð2þ gii0 ðTÞ − f
jc
i ðTÞ − f

jc
i0 ðTÞÞM,

8i, i0 2 I, i 6¼ i0

(19) 

4. Non-dedicated CAV lane group order constraints. 
For CAVs not using dedicated CAV lanes to pass 
the intersection, the order is meaningless. Their 
order is set as 2N, where N is the number of all 
CAVs. It is realized by Eq. (20). 2N is lager than 
NNOL.

2N � ri � 1 −
X

jc2Jc

f
jc
i ðTÞ

� �
2N, 8i 2 I (20) 

3.2.3. Platoon splitting constraints
Platoon splitting is to split all CAVs using dedicated 
CAV lanes to pass the intersections in platoons. 
Platoon splitting can be realized by recognize critical 
CAVs. Critical CAVs include the first CAV and the 
last CAV in a platoon. As a result, there are three 
groups of constraints: last vehicle recognizing con
straints, first vehicle recognizing constraints, and non- 
dedicated CAV lane group constraints.

1. Last vehicle recognizing constraints. el
i is used to 

indicate whether vehicle i is the last vehicle of its 
platoon. Since the turns of each two adjacent pla
toons are different, the last vehicle can be judged by 
turns. There are four kinds of relationships between 
the turns of a vehicle and its following vehicle, as 
shown in Figure 4. For situation (a), the turns of a 
vehicle and its following vehicle are different. Thus, 
this vehicle is the last CAV of its platoon. It is guar
anteed by Eq. (21). In this study, vehicle turning is 
a binary variable. The turning of a vehicle is set as 
0 if the vehicle goes straight, and its turning is set 
as 1 if it turns left. So cturn

i þ cturn
i0 ¼ 1 means the 

front vehicle is the last vehicle of its platoon.

el
i0 � 1−
�

2 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ þ ri − ri0 − 1

þ 2hii0 ðN þ 1Þ þ cturn
i

þ cturn
i0 − 1þ 2hturn

ii0

�

M, 8i 2 I, i0 2 I, i 6¼ i0

(21) 

For situation (b), there are no vehicles after the 
current vehicle, and it is also the last vehicle of its 
platoon, which is guaranteed by Eq. (22). The 
right part of Eq. (22) equals 1 only when ri ¼PN−1

i¼0
P

jc2Jc
f

jc
i ðTÞ and 

P
jc2Jc

f
jc
i ðTÞ ¼ 1, which 

means the vehicle i is the last CAV in all CAVs 
using dedicated CAV lanes to pass the intersec
tion. Otherwise, this constraint is released.

el
i0 � 1þ

 

ri −
XN−1

i¼0

X

jc2Jc

f
jc
i ðTÞÞ

−ð1 −
X

jc2Jc

f
jc
i ðTÞ

!

M, 8i 2 I

(22) 

For situations (c) and (d), the current vehicle and 
its following vehicle both turn left or go straight. 
Thus, the current vehicle is not the last CAV of 

Figure 3. Illustration of relationship between orders and final 
longitudinal position of CAVs.

8 R. HAO ET AL.



its platoon, which is guaranteed by Eqs. (23) and 
(24).

el
i0 � 2 −

X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ þ ri − ri0 − 1

þ 2hii0 ðN þ 1Þ þ cturn
i þ cturn

i0 ,
8i 2 I, i0 2 I, i 6¼ i0

(23) 

el
i0 � 2 −

X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ

þ ri − ri0 − 1þ 2hii0 ðN þ 1Þ2 − cturn
i − cturn

i0 ,
8i 2 I, i0 2 I, i 6¼ i0

(24) 

In the core constraint of situation (a), Eq. (22), 
an auxiliary variable hturn

ii0 is used to make sure 
that the turning judging term cturn

i þ cturn
i0 − 1þ

2hturn
ii0 is not smaller than 0. hturn

ii0 is limited as 1 if 
both vehicle i and vehicle i0 go straight, i.e., 
cturn

i ¼ cturn
i0 ¼ 0: Otherwise, hturn

ii0 is limited as 0. 
This is guaranteed by Eqs. (25) and (26).

cturn
i þ cturn

i0 < 1þ ð1 − hturn
ii0 ÞM, 8i 2 I, i0 2 I, i 6¼ i0

(25) 

cturn
i þ cturn

i0 þ hturn
ii0 � 1, 8i 2 I, i0 2 I, i 6¼ i0 (26) 

2. First vehicle recognizing constraints. ef
i is used to 

indicate whether vehicle i is the first vehicle of its 
platoon. Since the last vehicle of each platoon has 
been recognized, the first vehicle can be recog
nized according to the last vehicle. There are 
three kinds of relationships between a vehicle and 
its front vehicle, as shown in Figure 5. For situ
ation (a), there is no front vehicle. The current 
vehicle is the first vehicle of its platoon, and it is 
guaranteed by Eq. (27). The right term of Eq. 
(27) equals 1 only if ri ¼ 0, which means the 
vehicle is the first CAV of all CAVs using dedi
cated CAV lanes to pass the intersection. 
Otherwise, this constraint is released.

e
f
i � 1 − ri, 8i 2 I (27) 

For situation (b), the front vehicle is the last 
vehicle of its platoon, so the current vehicle is the 
first vehicle of its platoon, which is guaranteed by 
Eq. (28).

e
f
i � 1 −

�

3 − el
i0 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ

þri − ri0 − 1þ 2hii0 ðN þ 1Þ
�

, 8i 2 I, i0 2 I, i 6¼ i0

(28) 

For situation (c), the front vehicle is not the last 
vehicle of its platoon, so the current vehicle is not 
the first vehicle of its platoon, which is guaran
teed by Eq. (29).

e
f
i �

�

2 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ þ el

i0

þri − ri0 − 1þ 2hii0 ðN þ 1Þ
�

, 8i 2 I, i0 2 I, i 6¼ i0

(29) 

3. Non-dedicated CAV lane group constraints. For 
CAVs not using dedicated CAV lanes to pass the 
intersection, they are neither the last CAV in their 
platoon nor the first CAV in their platoon. Thus, 
el

i and ef
i are set as 0, which is guaranteed by Eqs. 

(30) and (31):

e
f
i �

X

jc2Jc

f
jc
i ðTÞ,8i 2 I (30) 

el
i �

X

jc2Jc

f
jc
i ðTÞ,8i 2 I (31) 

3.2.4. Platoon number constraints
Vehicles forming platoons should have a reasonable 
platoon number. The platoon number of the first CAV 
is employed as a constraint at first. The platoon number 

Figure 4. Illustration of relationships between the turn of a 
vehicle and its following vehicle.

Figure 5. Illustration of relationships between a vehicle and its 
front vehicle.
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of the following CAVs is restricted to the platoon split
ting result. As a result, there are three groups of con
straints: the first vehicle platoon number constraints, 
following vehicles platoon number constraints, and 
non-dedicated CAV lane group constraints.

1. The first vehicle platoon number constraints. For 
the first CAV in all CAVs using dedicated CAV 
lanes to pass the intersection, its platoon is also 
the first platoon. So the platoon number of the 
first vehicle is set as 0 in Eq. (32):

riM � Ei � −riM, 8i 2 I (32) 

2. Following vehicles platoon number constraints. 
Platoon splitting is based on critical vehicles, and 
the last vehicles have been recognized. So the pla
toon number of each vehicle can be set according 
to the front vehicle. As shown in Figure 6, vehicle 
2 is not the last vehicle of its platoon, so vehicle 3 
and vehicle 2 belong to the same platoon and 
they should have the same platoon number. Since 
el

2 ¼ 0, E3 can be set as E2 þ el
2: As for vehicle 3, 

which is the last vehicle of its platoon, vehicle 4 is 
in the next platoon of vehicle 3, so its platoon 
number should equal E3 þ 1: Since el

3 ¼ 1, E4 can 
also be expressed as E3 þ el

3: As a result, no mat
ter under situation (a) or (b), the platoon number 
of the following vehicles can always be expressed 
as the sum of the platoon number and the binary 
variable indicating whether it is the last vehicle of 
the front vehicle by Eqs. (33) and (34).

Ei � el
i0 þ Ei0 þ

�

2 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ

þri − ri0 − 1þ 2hii0 ðN þ 1Þ
�

M, 8i 2 I, i0 2 I, i 6¼ i0

(33) 

Ei � el
i0 þ Ei0 −

�

2 −
X

jc2Jc

f
jc
i ðTÞ −

X

jc2Jc

f
jc
i0 ðTÞ

þri − ri0 − 1þ 2hii0 ðN þ 1Þ
�

M, 8i 2 I, i0 2 I, i 6¼ i0

(34) 

3. Non-dedicated CAV lane group constraints. For 
CAVs not using dedicated CAV lanes to pass the 
intersection, the platoon number is also meaning
less. Similar to the vehicle order constraints, the 
platoon number is also set as a large enough 
number 2NP, where NP is the number of platoons 
given in the input platoon configuration. It is 
realized by Eq. (35).

2NP � Ei � 2NP 1 −
X

jc2Jc

f
jc
i ðTÞ

� �
, 8i 2 I (35) 

3.2.5. Platoon rationality constraints
The purpose of this section is to guarantee the ration
ality of the output platoon configuration. Three 
aspects are considered in this section: the platoon 
number should equal the required number, the turn
ing of each platoon should equal the required turning, 
and the platoons can reach the stop line in time.

1. Platoon number constraints. Since each platoon 
only has one last vehicle, the number of platoons 
equals the number of all last vehicles. And the 
number should equal the required platoon num
ber NP as shown in Eq. (36).

XN−1

i¼0
el

i ¼ NP (36) 

2. Platoon turning constraints. Since the turns of 
each pair of adjacent platoons are different, the 
turn of each platoon can be guaranteed as 
the same as the required turns, only if the turn 
of the first platoon is the same as the required 
turn:

cturn
o þ ri � cturn

i � cturn
o − ri, 8i 2 I (37) 

where cturn
o is the required turn of the first pla

toon. Eq. (37) only works when ri ¼ 0, or this 
constraint is released.

3. Platoon arriving time constraints. For a first vehicle 
i in its platoon, as shown in Figure 7, the final lon
gitudinal position of it is xiðTÞ: The distance to the 
stop line is xend − xiðTÞ, while the time it can util
ize to driving to the stop line is tk − T, where tk is 
the required arriving time of platoon k. Vehicle i 
needs to reach the stop line in time with a legal 
speed. It is guaranteed by Eq. (38).

Figure 6. Illustration of following vehicles platoon number 
situations.
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xend − xiðTÞ � 1 − e
f
i þ Ei − kþ nE

ikNP

� �

M

þ vmaxðtj − TÞ,8i

2 I, j ¼ 0, 1, :::NP − 1 (38) 

where nE
ik is an auxiliary variable to ensure that the 

platoon number judging term Ei − kþ nE
ikNP is not 

smaller than 0. nE
ik ¼ 1 if Ei < k, otherwise nE

ik is 
set as 0. It is guaranteed by Eqs. (39) and (40).

Ei þ nE
ikM � k, 8i 2 I, 8j ¼ 0, :::, NP − 1 (39) 

kþ 1 − nE
ik

� �
M > Ei, 8i 2 I, 8j ¼ 0, :::, NP − 1

(40) 

3.2.6. Objective auxiliary variable constraints
There are two auxiliary variables in the objective func
tion, platoon length gap DLk and number of lane 
change OiðtÞ:

1. Platoon length gap constraints. In the final state, 
vehicle orders in the same platoon are continued. 
The output platoon length can be calculated 
according to vehicle order. For the first platoon, 
since the vehicle order of the first vehicle is 0, the 
length of the first platoon should equal the vehicle 
order of the last vehicle plus one, as shown in 
Eqs. (41) and (42).

DLk � ri þ 1 − Lk − 1 − el
i þ Ei

� �

M,

8i 2 I, i0 2 I, i 6¼ i0
(41) 

DLk � Lk − ri − 1 − 1 − el
i þ Ei

� �

M,

8i 2 I, i0 2 I, i 6¼ i0
(42) 

For other platoons, the platoon length equals the 
vehicle order of its last vehicle minus the vehicle 
order of the last vehicle of the front platoon. For 
instance, in Figure 8, the last vehicle of platoon k is 
vehicle 3, while the last vehicle of platoon kþ 1 is 
vehicle 7. The length of platoon kþ 1 thus equals 
7 − 3 ¼ 4: This process can be expressed in Eqs. 
(43) and (44).

DLk � Lk − ri0 − rið Þ−
2 − el

i − el
i0 þ Ei − kþ 1þ nE

ik−1NP þ Ei0 − k
�

þnE
i0kNP þ La

ii0 ÞM, 8i 2 I, i0 2 I, i 6¼ i0 (43) 

DLk � ri0 − rið Þ − Lk−
2 − el

i − el
i0 þ Ei − kþ 1þ nE

ik−1NP þ Ei0 − k
�

þnE
i0kNP þ 1 − La

ii0 ÞM, 8i 2 I, i0 2 I, i 6¼ i0 (44) 

2. Number of lane change constraints. The number 
of lane changes can be calculated with lane 

occupation f
j
iðtÞ: Each vehicle can only occupy 

one lane at one time. If a vehicle occupies lane j 
at time t and then occupies an adjacent lane of 
lane j at time tþ 1, a lane change is identified at 
time t. The number of lane change constraints is 
then expressed as follows as Eq. (45).

OiðtÞ � f
j
iðtÞ þ f

jþ1
i ðt þ 1Þ þ f

j−1
i ðt þ 1Þ − 1, 8i

2 I, t 2 0, T − 1½ �

(45) 

3.2.7. Optimization model summary
In summary, the decision variables vector of the pro
posed formulation is constructed as

x ¼ ðx1ð1Þ, :::, xnðTÞ, v1ð1Þ, :::, vnðTÞ, a1ð1Þ, :::, anðTÞ,    

o1ð1Þ, :::, onðTÞ, f1
1ð1Þ, :::,    

fJ
nðTÞ, r1, :::, rn, ef

1, :::, ef
n, el

1, :::, el
n, E1, :::, En, h12, :::,    

hnðn−1Þ, hturn
12 , :::, hturn

nðn−1Þ,    

La
12, :::, La

nðn−1Þ, g12ð1Þ, :::, gnðn−1ÞðTÞ, n
E
11, :::, nE

nP,    

DL1, :::, DLPÞ (46) 

The dimension of decision variable is ð4þ JÞnT þ
ð3þ TÞnðn − 1Þ þ ð4þ PÞnþ P, where n is number 
of vehicles, T is control time, J and P are the number 
of lanes and platoons, respectively. Besides, there are 
4nT þ 1 equality constraints and 4nTJ þ nðT − 1ÞJ þ
15nðn − 1Þ þ 12n þ 3np þ nðT − 1Þ þ 1 inequality 
constraints. To establish a standard MILP formulation, 
each equality constraint can be further transferred to 
two inequality constraints. Thus, the model has 
entirely 4nTJ þ nðT − 1ÞJ þ 15nðn − 1Þ þ 12nþ 3npþ
8nT þ nðT − 1Þ þ 3 standard constraints. Given all 

Figure 7. Illustration of platoon arriving.
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constraints and the objective function are linear, the 
proposed model is therefore a MILP formulation.

The dimension of the model is highly related to the 
number of vehicles. For instance, the optimization 
model has 403 decision variables and 1079 constraints 
with T ¼ 10, J ¼ 3, P ¼ 4 and the volume of 200 pcu/ 
h. However, when the volume increases to 1200 pcu/h 
with other parameters unchanged, the model has 5386 
decision variables and 9273 constraints. The computa
tional efficiency is further discussed in Section 4.3.

4. Simulations

In this section, the simulation setup is first intro
duced. As summarized in Table 2, the simulations are 
designed and verified with respect to three aspects: (i) 
The correctness of microscopic vehicle motion driven 
by the proposed model. (ii) The broad adaptability of 
the proposed model through calculating the minimum 
length of adjust zone under different penetration and 
platoon rates. (iii) In order to guide the design of the 
traffic controller, two simulation parameters, i.e., pla
toon strength and platoon rate, are extensively ana
lyzed. In the end, we discuss the computational 
efficiency of the proposed optimization model.

4.1. Simulations setup

The simulated arriving CAVs are generated randomly 
with Poisson distributions, as well as pre-defined left-turn 
ratio, penetration, and platoon rate. The left-turn ratio is 

the ratio of left-turning vehicles to all vehicles. The pene
tration rate refers to the ratio of CAVs to all vehicles, 
and the platoon rate is the ratio of CAVs forming pla
toons to all CAVs. The simulator decides whether a 
newly generated vehicle is a left-turn vehicle, whether a 
vehicle is a CAV, and whether a vehicle uses dedicated 
CAV lanes according to the simulation parameters ran
domly. As for the intersection space design, an intersec
tion is divided into three parts, i.e., perception zone, 
adjust zone, and central control zone. The sum of the 
length of the intersection space is within certain commu
nication range. Since the channelized part of arterial 
intersections in China is 100 m, the length of the simu
lated central control zone belonging to a link is also set 
as 100 m. According to several preliminary tests, the 
required length of the adjust zone never exceeds 100 m. 
Since vehicles in the perception zone need to be opti
mized in adjust zone, the length of the perception zone is 
set same with the length of the adjust zone. The objective 
function defined above consists of three terms: the size 
difference of the formation, the number of lanes, and the 
gap between the longitudinal position and the stop line. 
We adjust the importance of these three terms by intro
ducing weight coefficients, namely, k1, k2, and k3. Given 
that the first term holds the highest significance and the 
third term primarily serves to eliminate exceptional solu
tions, such as vehicle standstill, we have employed the 
parameter settings, and during our simulations to make 
these adjustments. Regarding the lane configuration, both 
CAVs and conventional vehicles have dedicated right of 
way during the left-turn phase in the intersection, and 
there are no conflicts between left-turn and through 
movements. The lane configuration at the intersection is 
therefore realistic. Special CAV signal lights are required 
to indicate when CAV vehicles can proceed, stop, or exe
cute specific maneuvers. Conventional lanes can use 
traditional traffic signal lights to control vehicle move
ment. According to relevant traffic regulations, it can be 
determined that the speed limits for automated driving 
tests in China may vary by region and specific test loca
tions. Generally, in urban roads and residential areas, 

Table 2. Test scenarios.
Purpose Scenario Environment Result

Microscope  
rationality

Vehicles form platoons 10 vehicles from platoons Figure 12

Adaptability  
test

Test minimum adjust zone length under different volume Penetration: 50%, platoon rate: 50%, left-turn ratio: 0.5 Figure 13

Test minimum adjust zone length under different left-turn ratio Volume: 1000 pcu/h, penetration: 50%, platoon rate: 80%
Test minimum adjust zone length under different penetration Volume: 1000 pcu/h, left-turn ratio: 0.5, platoon rate: 50%
Test minimum adjust zone length under different platoon rate Volume: 1000 pcu/h, left-turn ratio: 0.5, penetration: 50%

Control  
parameter  
test

Test number of lane changes under different platoon strength Volume: 1000 pcu/h, left-turn ratio: 0.5 Figure 14

Test number of lane changes under different platoon rate Volume: 1000 pcu/h, left-turn ratio: 0.5

Figure 8. Illustration of platoon length.
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the testing speed is typically restricted to not exceed 30– 
50 km per hour based on Shanghai Municipal 
Management Measures for Intelligent Connected 
Vehicle Road Testing (Trial). The maximum speed con
straint is set to maintain safe and stable vehicle oper
ation in the simulation. Therefore, the maximum speed 
of each zone is set to 10 m/s.

Algorithm 1 Random platoon generation
1: Generate vehicles in perception zone according to 

Poisson distributions.
2: N ( vehicles number
3: while N � 0 do
4:  Generate random number r1, r2, and r3.
5:  if r1 � left turn ratio rl then
6:   turn of the vehicle ( straight
7:  else
8:   turn of the vehicle ( left
9:  end if

10:  if r2 < penetration p then
11:   the vehicle is CAV
12:  else
13:   the vehicle is not CAV
14:  end if
15:  if r3 < platoon rate rp and r2 < penetration p 

then
16:   the vehicle use the dedicated CAV lane
17:  else
18:   the vehicle not use the dedicated CAV lane
19:  end if
20:  N − −
21: end while
22: N ( vehicles number
23: while N � 0 do
24:  if the vehicle use the dedicated CAV lane then
25:   if record turn is null then
26:    record turn ( the turn of the vehicle
27:    platoon size ( 1
28:   else
29:    if the turn of the vehicle ¼ record turn then
30:     platoon size þþ
31:    else
32:     generate a platoon
33:     record turn ( the turn of the vehicle
34:     platoon size ( 1
35:    end if
36:   end if
37:  end if
38:  N − −
39: end while

We first test the rationality and safety of the micro
scopic vehicle motions through visualizing vehicle tra
jectories. As for the second adaptability test, the 
vehicle platoon generation is shown in Algorithm 1. 
At first, vehicles are generated with Poisson distribu
tions as well as simulated parameters. The simulator 
randomly determines whether the vehicle is a CAV 
and whether to use a CAV lane based on the simula
tion parameters. The trajectories of vehicles using the 
CAV lane are controlled by the model proposed in 
this article, while the other vehicles are assumed to 
pass through the intersection using the conventional 
lane with the correct lane function according to the 
existing rules of the intersection in China. If the gen
erated CAV is assigned to use the dedicated CAV 
lane, it joins an existing platoon or starts a new pla
toon. Note all platoon configurations are provided as 
input from the traffic controller.

The length of both adjust zone and centralized con
trol zone can not be dynamically changed considering 
the driving experience of drivers of regular vehicles on 
the road, while the length of the adjust zone should be 
limited in real applications. As a result, the minimum 
adjust zone is selected to test the adaptability. Since the 
adaptability test aims to find a similar minimum adjust 
zone length under different parameter settings, a spe
cific test process is designed as shown in Figure 9. The 
length of the adjust zone is initialed as an certain value, 
e.g., 70 m. If the model is solved to be optimality and 
the sum of platoon size gap 

PNP
j¼0 DLk is 0, the test pro

cess gradually reduces the adjust zone length and rerun 
the model, until the the sum of platoon size gap is larger 
than 0. Otherwise, a longer adjust zone is tested until 
PNP

j¼0 DLk ¼ 0: The minimum adjust zone length is 
therefore can be obtained.

For the control parameter test, the vehicles are also 
generated according to Poisson distributions and pre- 
defined simulation parameters. Unlike the adaptability 
test, the expectation platoon configuration sent by the 
traffic controller is determined by two additional param
eters, i.e., platoon strength and platoon rate. The platoon 
strength is defined as the ratio of average platoon length 
to the maximum platoon length, as illustrated in 
Figure 10. Similarly, the platoon ratio is the ratio of 
CAVs which use dedicated CAV lanes to pass an inter
section, as shown in Figure 11. Consequently, the num
ber of CAVs that need to form platoons is controlled by 
the platoon rate and CAVs number, and the average pla
toon length is determined by the number of CAVs those 
need to form platoons and the platoon strength. Finally, 

JOURNAL OF INTELLIGENT TRANSPORTATION SYSTEMS 13



the control parameter test is repetitively simulated over 
different platoon strength and platoon rate settings.

4.2. Simulation results

This section reports the simulation results with respect 
to three purposes. Note that the optimization model 
has been solved to be optimality over all scenarios.

At first, the simulations for the rationality of 
microscopic vehicle motions with ten vehicles are 

conducted. Six out of ten vehicles are generated as 
CAVs and use dedicated CAV lanes to pass the inter
section. The trajectories are illustrated in Figure 12, 
where each line represents a vehicle trajectory. The x- 
axis is the simulation time, while the y-axis is divided 
into three zones, which indicates different lanes. In 
each divided zone, the y-axis stands for longitudinal 
positions. The cross and circle are used to remark the 
lane changes: cross means the vehicle leaves the lane, 
while circle indicates the vehicle enters the lane. The 

Figure 9. Adaptability test process.

Figure 10. Illustration of the platoon strength.
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Figure 11. Illustration of the platoon rate.

Figure 12. Illustration of simulated vehicle trajectories. Cross and circle mark the start and the end of lane changes, respectively. 
Solid lines represent trajectories of vehicles using dedicated CAV lanes and different color means different numbers of lane 
changes.
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solid lines represent trajectories of vehicles which are 
selected to use the dedicated CAV lane, while dash 
lines for other vehicles. The color of lines represents 
the number of lane changes: the green line means that 
the vehicle does not change its lane, while blue and 
black mean that the vehicle has one and two lane 
changes, respectively. As shown in Figure 12, two dif
ferent adjust zone lengths are utilized for simulations. 
The adjust zone length indeed influences the number 
of lane changes, i.e., how the vehicles configure the 
platoon; when the adjust zone length is 100 m, only 
three vehicles need to change lanes, while with a 50 m 
adjust zone, five vehicles need to change lanes for 
seven times. It is also observed that vehicles form pla
toons and complete lane changes before the end of 
the adjust zone. Besides, vehicles complete the 
required platoon configuration without safety con
cerns. The simulated microscopic vehicle motions 
have been verified to be correct and rational.

To demonstrate the broad adaptability of the pro
posed optimization model, we calculate the minimum 
adjust zone length over different parameters, including 
traffic volume, left-turn ratio, penetration, and platoon 
rates. The results are shown as Figure 13. It can be 
found that the average minimum length goes up 
slightly as the volume increases, and a higher volume 
typically leads to a larger minimum length of the 
adjust zone. On the contrary, the minimum adjust 
zone length is not sensitive to the left-turn ratio, 
penetration, and platoon rate. To ensure that the 

arriving vehicles successfully form a platoon configur
ation, the required minimum length of the adjust 
zone is similar. In practice, the length of the adjust 
zone can be adjusted dynamically according to the 
real-time traffic information. In conclusion, given a 
reasonable adjust zone length, the proposed optimiza
tion model can be effectively solved to be optimality 
over different scenarios.

Finally, the impact of the platoon strength and pla
toon rate, which determine the expectation platoon con
figurations, is analyzed. The number of lane changes is 
adopted to evaluate the overall control performance, as 
lane changes can represent the disturbance to traffic 
flow when forming required platoon configurations. As 
shown in Figure 14, the number of lane changes 
remains stable when the platoon rate varies from 30% 
to 70%; then the number of lane changes has an ascend
ing trend with further increasing the platoon rate. On 
the other hand, the number of lane changes to form the 
platoon is not sensitive to the platoon strength. 
Therefore, the traffic controller is recommended to 
adopt a platoon rate lower than 70% when the traffic 
demand is high, as well as a larger platoon strength to 
improve the overall traffic performance, such as a higher 
throughput and lower delay.

4.3. Computational efficiency

The computational efficiency is tested on a laptop 
with Intel i7-8550U CPU and 8G memory. According 

Figure 13. The minimum length of adjust zone under different scenarios.
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to the adaptability test results in Figure 13a, the 
lengths of the perception zone and the adjust zone are 
both set as 90 m. The maximum speed is set as 10 m/ 
s, which is the same as the above tests. As a result, 
the minimum time to pass the perception zone is 9 s. 
The proposed optimization model is implemented in 
Python, and solved by Gurobi (Gurobi Optimization 
& Inc, 2019). Note that the model has been solved to 
be optimality in all scenarios.

We first test the computational efficiency with dif
ferent volumes. For each volume, the simulations are 
conducted for 100 times. The average calculation time 
is shown in Figure 15. It can be found that the model 
can be run less than 9 s when the volume is lower 
than 800 pcu/(h � lane). It is argued that 800 pcu/(h �

lane) already corresponds to a large traffic demand 
since the traffic volume of peak hour is identified as 
less than 700 pcu/(h � lane) (Singh & Saraswat, 2019).

In addition, we test the influence of penetration 
rate with a fixed volume as 800 pcu/(h � lane), and 
The simulations are repeated for 100 times under 
each penetration rate. As shown in Figure 16, the cal
culation time clearly increases with the penetration 
rate, while the calculation time never exceeds 9 s. 
Given that the minimum time to pass the intersection 
is 9 s, the optimization model thus can be iteratively 
run in real-time in practice.

5. Conclusion

This article has presented a platoon management algo
rithm at isolated intersections with dedicated CAV 
lanes or lane-allocation-free intersections under the 
mixed traffic environment. The intersection control 
structure is hierarchical where a central traffic control
ler is placed on top of the vehicle on-board vehicle 
controllers. We assume a central controller is in place 
to optimize signal timing and provide expectation pla
toon configurations. Then the proposed platoon man
agement algorithm transfers the expectation platoon 
configurations to practicable platoon configurations, 
which will be executed by on-board controllers.

The objectives of the platoon formation model are 
minimizing the gap between the expectation platoon 
configuration and output practicable platoon configur
ation, minimizing influence to traffic flow, which is 
evaluated by the number of lane changes, and mini
mizing the travel time in the adjust zone. The pro
posed model is a MILP model and can run in real 
time.

A group of test scenarios are designed to test the 
rationality and adaptability of the proposed model. 
The micro-motion generated by the proposed model 
is proved to be rational. The model can adapt to dif
ferent volumes, left-turn ratios, penetrations, and 

Figure 14. Simulation results of the control parameter test.

Figure 15. Calculation efficiency with different volumes.

Figure 16. Calculation efficiency with different penetrations.
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platoon rates. The model also explored the reasonable 
range of control parameters. The results show that the 
platoon rate needs to be lower than 70% when the 
volume is high in order to guarantee the platooning 
feasibility and reduce influence on other vehicles, 
while any platoon strength can be efficiently 
addressed. Thus, larger platoon strength is recom
mended for higher traffic throughput.

This article explores how to organize CAVs to 
form platoons with the expectation platoon configur
ation under the environment of mixed traffic. Further 
research could focus on a much detailed microscopic 
trajectory design and refine the differences in each 
lane change based on different target vehicles and 
traffic conditions. Additionally, replanning the trajec
tories of CAVs using normal lanes considering the 
interactions with manually driven vehicles is also an 
interesting topic.
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