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Tra�c oscillations o�en occur in road tra�c, they make tra�c �ow unstable, unsafe and ine�cient. Emerging connected and 
autonomous vehicle (CAV) technologies are potential solutions to mitigating the tra�c oscillations for the advantages that CAVs 
are controllable and cooperative. In order to study a control strategy and the e�ectiveness of CAVs in mitigating tra�c oscillations 
and improving tra�c �ow and analyse the characteristics of homogeneous tra�c �ow made up of CAVs and heterogeneous tra�c 
�ow made up of CAVs and RVs when tra�c oscillations appear in tra�c �ow. Firstly, the formation and propagation of tra�c 
oscillations in a platoon of RVs are simulated and analysed. en, a car-following control model is built to control the longitudinal 
motion of CAVs, and real-time information of preceding CAV is used in the model and this can make the motion of CAVs more 
cooperative. e model re�ects an idea named “slow-in” and “fast-out,” and this idea is helpful to mitigate tra�c oscillations. en, 
numerical simulations of homogeneous tra�c �ow of a platoon of CAVs and simulations of heterogeneous tra�c �ow containing 
CAVs and RVs are conducted, and di�erent penetration rates (0, 0.2, 0.4, 0.6, 0.8, and 1) of CAVs are considered in the simulations of 
heterogeneous tra�c �ow. e characteristics and evolution of tra�c �ow are analysed and some indexes re�ecting tra�c e�ciency 
and stability are calculated and analysed. Simulation results show that there are smaller velocity �uctuation, less stopping time and 
shorter length of road occupied when vehicle platoon contains CAVs (penetration rates are from 0.2 to 1) compared to the platoon 
containing only RVs (without CAVs). As for the heterogeneous tra�c �ow containing CAVs and RVs, these three indexes decrease 
with the increase of penetration rates (from 0.2 to 1) of CAVs. ese results indicate that CAVs with the car-following control model 
in vehicle platoon are bene�cial for mitigating tra�c oscillations and improving tra�c �ow.

1. Introduction

Tra�c oscillations o�en happen in road tra�c. When vehicles 
are captured by tra�c oscillations, they have to decelerate one 
by one and move slowly or even stop. Tra�c oscillations have 
extremely negative e�ects on tra�c �ow, e.g., high risk of acci-
dents, high fuel consumptions, and emissions and low tra�c 
e�ciency. Previous studies [1] found that a slight �uctuation 
can destroy the initial homogeneous motion and stop-and-go 
waves gradually form. Many studies [2–5] used NGSIM data-
set [6] to explore the characteristics of tra�c oscillations and 
stop-and-go waves. Laval and Leclercq [2] and Laval et al. [3] 

studied the formation and propagation of tra�c oscillations 
and Chen et al. [4, 5] analysed the impacts of driver charac-
teristics on tra�c oscillations. Considering the negative impact 
of oscillations on tra�c �ow, many studies provided jam-ab-
sorption driving strategies to mitigate tra�c oscillations. Nishi 
et al. [7] designed a theoretical framework of driving strategy 
for a single vehicle based on a basic idea called “slow-in’’ and 
‘‘fast-out,’’ that is when a vehicle is approaching tra�c oscilla-
tions it moves slowly then it moves fast a�er getting rid of the 
oscillations. e driving strategy in He et al. [8] has a similar 
idea. Taniguchi et al. [9] proposed a car-following model to 
absorb tra�c oscillations and avoid secondary tra�c jam in 
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vehicle platoon. Caruntu et al. [10] designed vehicle control-
lers for mitigating traffic oscillations based on ensuring the 
string stability of vehicle platoon.

Nowadays, connected vehicle (CV) technologies are 
thought as an effective approach to ensure safer and more 
efficient traffic. CV technologies make it possible for vehicles 
to exchange real-time information mutually. Many researches 
found that connected vehicles (CVs) have positive impacts on  
traffic flow [11–13]. In CV environment, in-vehicle devices 
can receive some messages about surrounding traffic from 
surrounding vehicles or road infrastructures, these messages 
can assist drivers to drive safely and efficiently compared with 
conventional traffic. Some field experiments [14, 15] indicated 
that drivers have shorter reaction time in CV environment. 
CV technologies can provide drivers much information about 
surrounding traffic, which have positive impact on car-follow-
ing behaviour. Many researchers attempt to model car-follow-
ing behaviour in CV environment and compare the differences 
between behaviours in CV environment and conventional 
traffic. Based on the traditional car-following models, several 
extended car following models for CV environment were pro-
posed to analyse the impacts of vehicle-to-vehicle communi-
cation [16, 17], connected cruise control strategy [18], speed 
guidance at signal intersection [19] and communication delay 
[20] on traffic flow. At the same time, based on the analysis of 
traffic oscillations, CV technologies and car-following behav-
iour, more and more studies were conducted to suppress oscil-
lations and smooth traffic flow considering CV technologies. 
To alleviate impact of traffic oscillations in the vehicle platoon, 
Kamal et al. [21] designed a predictive control strategy for a 
vehicle in a platoon of vehicles using the real-time information 
of preceding vehicles. Some variable speed limits strategies in 
CV environment are designed to eliminate stop-and-go waves 
[12] and improve traffic flow [22].

On the other hand, with the development of autonomous 
vehicle (AV) technologies, AVs run on real roads and partic-
ipate in conventional traffic is no longer a utopia. In fact, AV 
is just a robot controlled by computer programming, it means 
that AV is controllable and has few uncertainties relative to 
human drivers. �e good characteristics of AVs will make the 
traffic management and organization transform from infra-
structure-based methods to vehicle-based methods. Instead 
of using variable speed limits strategies, many studies focused 
on controlling the motion of one or several AVs to mitigate 
traffic waves and smooth traffic flow. Field experiments con-
ducted by Stern et al. [23] indicated that a simple control strat-
egy for only one AV could dampen traffic waves in a circular 
track. However, on-board sensors of AV may have blind area 
of perception and this disadvantage prevents AV from moving 
safely and efficiently. Adding CV technologies into AV can 
make AV has over-the-horizon perceptions, shares real-time 
information with other AVs and overcomes the disadvantage, 
and this is the concept of CAVs. �e combination of CV tech-
nologies and AV technologies will make the vehicle-based 
traffic control methods more cooperative and effective. Some 
control strategies [24, 25] use several CAVs or one CAV and 
several CVs to mitigate traffic oscillations in traffic flow. Ge et 
al. [25] designed a longitudinal controller for a CAV, it can 
receive real-time motion information from one or more 

preceding CVs driven by human, and field experiments were 
conducted and the results shown that the control strategy of 
CAV was helpful to mitigate traffic waves and improve safety 
and energy efficiency.

In order to use CAVs to mitigate traffic oscillations, the 
key point is how to control the longitudinal motion of CAVs 
when oscillations appear and propagate in vehicle platoon. 
Considering the effectiveness of the idea of “slow-in” and “fast-
out” [7] in mitigating traffic oscillations and considering the 
technologies that CAVs can share real-time state information 
with each other, we propose a car-following control model for 
CAVs to make CAVs move cooperatively and to mitigate traffic 
oscillations based on this idea as well as this technologies in 
this paper. In order to study the ability of mitigating traffic 
oscillations of the proposed car-following control model of 
CAVs, the proposed model will be verified in heterogeneous 
traffic flow made up of CAVs and regular vehicles (RVs), and 
the CAVs and RVs distribute randomly in vehicle platoon. At 
the same time, considering the limitation of using field tests 
to study the effectiveness of CAVs in mitigating traffic oscil-
lations in large-scale traffic flow, this study will use simulation 
methods to overcome this limitation. In addition, considering 
that the motion characteristic of CAV should have some sim-
ilarity with RV, we want to select an existing car-following 
model and build our car-following control model for CAV 
based on the existing model. In classical traffic flow theory, 
the car-following behaviour is modelled using the 
response-stimulus mechanism which can be described as 
driver has a response (velocity or acceleration changing) to 
stimulus (velocity difference or space headway) from preced-
ing vehicle [26–28]. Bando et al. [29] developed a car-follow-
ing model named optimal velocity (OV) model, this model 
uses the difference between the actual velocity and driver 
expected velocity which is decided by the space headway to 
adjust vehicle’s acceleration. OV model is a mature and wide-
used model in simulating car-following behaviour. Many dif-
ferent car-following models [30–36] extended from OV 
model were developed to better describe car-following behav-
iour with higher precision or to make model applicable to 
various situation. So, in this paper, we develop the car-follow-
ing control strategy for CAV based on OV model.

�e remainder of this paper is organized as follows: Section 
2 describes the OV model and analyses the formation and 
propagation of traffic oscillations in a vehicle platoon. A car-fol-
lowing control model based on OV model is proposed for the 
longitudinal motion of CAV in Section 3, and the model uses 
some information of the preceding vehicle and reflects the idea 
of “slow-in” and “fast-out.” In Section 4, numerical simulations 
with homogeneous traffic flow containing only CAVs and with 
heterogeneous traffic flow containing CAVs and RVs are con-
ducted, and the effectiveness that CAVs mitigate traffic oscil-
lations are analysed. Finally, a conclusion is made.

2. Formation and Propagation of Traffic 
Oscillations on a Single Lane

Car-following behaviour is a general phenomenon in traffic 
flow, which has great negative effects on mobility and safety. 
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When some consecutive vehicles form a platoon and travel at 
an equal velocity and constant space headway, tra�c e�ciency 
is high. On the contrary, once a vehicle’s velocity has a sudden 
drop due to a perturbation, tra�c �ow will be made unstable 
and tra�c oscillations will appear in platoon. As a result, there 
is a lower road capacity and a higher crash risk. OV model 
performs well in simulating tra�c oscillations and congestion. 
Consequently OV model is applied to simulate the formation 
and propagation of tra�c oscillations on a single lane. In OV 
model, driver uses the di�erence between vehicle’s actual 
velocity and his expected velocity to adjust vehicle’s accelera-
tion. OV model [29] can be formulated as following:

where � is the index number of vehicle, (�v�+1/��)(�), 
�[Δ��+1(�)] and v�+1(�) are acceleration, optimal velocity 
(de�ned by Equation (2)) and velocity of vehicle (� + 1) at time 
�, respectively. � is driver’s sensitivity parameter which is the 
reciprocal of the delay time that is required to reach the opti-
mal velocity. Optimal velocity function developed by Helbing 
and Tilch [30] is adopted in this paper and it can be formulated 
as below

where Δ��+1(�) and ��+1 are the space headway at time t and 
minimum safe headway between vehicle � + 1 and its’ preced-
ing vehicle �. e constants are calibrated [30] as � = 0.85 s−1 , 
�1 = 6.75m/�, �2 = 7.91m/�, �1 = 0.13m−1, and �2 = 1.57.

As Equations (1) and (2) mentioned above, the optimal 
velocity is a function of space headway. When the actual veloc-
ity is equal to optimal velocity, acceleration is 0 and space 
headway and velocity will be constants.

To illustrate tra�c oscillations in a platoon using OV model, 
a scenario is presumed that a vehicle platoon consisting of 100 
vehicles is traveling on a straight lane and the leading vehicle of 
the platoon decelerates suddenly and then accelerates. In our sce-
nario, initial space headway between every two consecutive vehi-
cles is Δ��+1 = 26.75m, initial velocity of all vehicles in platoon 
is �(26.75) = 13.47m/�, and the vehicle length is ��+1 = 5. e 
maximum velocity of vehicle is 13.47 m/s, the maximum decel-
eration is comfortable deceleration which is −3 m/s2 and the max-
imum acceleration is comfortable acceleration which is 3 m/s2.

e total simulation time is 300 s and time step of simu-
lation is 0.1 s. Simulation starts from � = 0 s and vehicle platoon 
moves stably at the initial velocity for 50 s. e leading vehicle 
decelerates from � = 51 s to � = 53 s with an deceleration of 
−3 m/s2 and drives at a uniform velocity from � = 54 s to 
� = 55 s and accelerates from � = 56 s to � = 58 s with an accel-
eration of 3 m/s2 and drives at maximum velocity from � = 59 s
to � = 300 s. Tra�c oscillations occur in the platoon because 
of the velocity �uctuation of the leading vehicle, and the anal-
ysis about the tra�c oscillations is conducted as following.

All 100 vehicles are sequentially numbered with 1, 2 ... and 
100 respectively as their ID and trajectories are marked with 
a “v” and the ID number for corresponding vehicle in �gures. 
Figure 1 shows time-space trajectories of 11 samples of vehi-
cles. Within the �rst 50 s, every two consecutive vehicles have 

(1)
�v�+1
�� (�) = �{�[Δ��+1(�)] − v�+1(�)},

(2)�[Δ��+1(�)] = �1 + �2 tanh{�1[Δ��+1(�) − ��+1] + �2},

equal and constant space headway and the vehicle platoon 
moves ahead stably. Tra�c oscillations form at � = 51 s and 
propagate upstream gradually and make the platoon unstable 
locally. As the oscillations propagate, upstream vehicles are 
captured for longer time and move at low velocity or even stop. 
A�er being captured by the tra�c oscillations for a period of 
time, vehicles will get rid of the oscillations and accelerate 
gradually and move at maximum velocity �nally. e last vehi-
cle (100th vehicle) begins to move at � = 293 s a�er stopping 
for 63 s and it accelerates quickly to maximum velocity and a 
stable vehicle platoon �nally forms again. It can also be noticed 
from Figure 1 that the space headway between vehicles in the 
�nal stable platoon is longer than that of original stable pla-
toon, so the platoon occupies longer road and this phenome-
non can also be re�ected in Figure 2.

Figure 2 shows that in the �rst 50 s, the spaces between 1st 
vehicle and 99 following vehicles are constant. Length of road 
occupied by the vehicles platoon is 2.65 km and it can be cal-
culated by space between 1st vehicle and 100th vehicle. Within 
� = 51 − 53 s, 1st vehicle decelerates and spaces between 1st 
vehicle and 99 following vehicles reduce and the minimum 
length of road occupied is 2.60 km. A�er � = 54 s, 1st vehicle 
begins to accelerate and reach the maximum velocity at 
� = 59 s. However, a�er being captured by tra�c oscillations 
sequentially, following vehicles have to decelerate more and 
more intensively and even stop for a period of time, and every 
vehicle has a larger space headway between itself and 1st 
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Figure 1: Time-space trajectories of 11 samples of vehicles.
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appear in tra�c �ow, we can design motion strategy for CAVs 
to make CAVs move cooperatively, to alleviate the drop of 
velocity and to mitigate tra�c oscillation. ere is an e�ective 
idea named “slow-in” and “fast-out” [7], the meaning of this 
idea is that when vehicle is approaching tra�c oscillations 
it moves slowly, and a�er getting rid of the oscillations, it 
moves fast. e oscillations can be mitigated if vehicles move 

vehicle a�er its’ decelerating and even stopping. Finally, total 
length of road occupied is 3.57 km, 0.92 km longer than the 
�rst 50 s.

Figure 3 illustrates �uctuation of vehicles’ velocity. A�er 
decelerating for a short time, 1st vehicle returns to its initial 
velocity, however, the tra�c oscillations are caused and prop-
agate upstream. With the increase of vehicle ID, vehicle’s veloc-
ity �uctuation will be larger. As tra�c oscillations propagate 
upstream, approximate 8th vehicle has to stop for a short time 
and all the upstream vehicles behind 8th vehicle have to stop 
for longer and longer time. is trend is easily re�ected in 
Figure 4, and we can see the stopping time of vehicle behind 
8th vehicle increases gradually with the increase of ID number 
of vehicles.

e tra�c oscillations phenomenon and analysis above 
motivate us to use emerging CAV technologies to improve 
tra�c �ow. We will explore how CAVs in homogeneous tra�c 
�ow and CAVs in mixed tra�c �ow (containing both CAVs 
and RVs) can mitigate tra�c oscillations. In order to verify 
our idea, a car-following control model for CAV is necessary 
to be developed at next section.

3. A Car-Following Control Model for CAV

3.1. �e Idea of “Slow-In” and “Fast-Out”. Considering the 
advantage that CAVs is controllable, when tra�c oscillations 
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As for space headway at di�erent time, ℎ2 < ℎ4
< ℎ1 < ℎ5 < ℎ3 and it can be explained as below:

(i) ℎ2 < ℎ4: CAV decelerates earlier than RV.
(ii) ℎ4 < ℎ1: CAV decelerates later than leading vehicle.
(iii)  ℎ1 < ℎ5: CAV travels longer time at lower velocity 

compared with leading vehicle.
(iv) ℎ5 < ℎ3: CAV accelerates earlier than RV.

A�er a same tra�c oscillation, �nal space headway between 
following CAV and leading vehicle is less than that between 
following RV and leading vehicle, and this is bene�t for saving 
road space. In addition, following CAV has longer space head-
way with leading vehicle than following RV in the circumstance 
of leading vehicle decelerating suddenly, which is a bene�t for 
collision avoidance. Based on the above analysis, a car-follow-
ing control model for CAV will be developed in next part.

3.2. Car-Following Control Model for CAV. In this part, a 
car-following control model for CAV is built based on the 
idea of “slow-in” and “fast-out.” We introduce the real-time 
information of preceding vehicle into OV model to re�ect 
this idea. e car-following control model for CAV can be 
formulated as follows:

where � refers to preceding vehicle’s real-time information, 
�(�) denotes how the information � a�ects (�v�+1/��)(�).

As a signi�cant parameter re�ecting vehicle’s real-time 
motion state, acceleration of preceding vehicle is introduced 
into Equation (3) for the car-following control model for CAV:

where ��(�) is preceding vehicle’s deceleration, �� represents 
other information.

In general, the smaller space between two vehicles means 
more sensitive re�ection of following vehicle to preceding 
vehicle. erefore, vehicles’ space headway should be con-
tained in model and Equation (4) can be converted as 
followings:

As we can see from the Equation (5), when the preceding 
vehicle decelerates, the following CAV will move slower than 
the following RV. While, when the preceding vehicle acceler-
ates, the following CAV will move quicker than the following 
RV. In addition, this car-following control model is developed 
by introducing the preceding vehicle’s Acceleration into OV 
model, which is named as AOV model. It should be noted that 
inter-vehicle communication delay is not  considered in AOV 

(3)
�v�+1
�� (�) = �{�[Δ��+1(�)] − v�+1(�)} + �(�),

(4)
�v�+1
�� (�) = �{�[Δ��+1(�)] − v�+1(�)} + �[��(�), 

�],

(5)
�v�+1
�� (�) = �{�[Δ��+1(�)] − v�+1(�)} +

��(�)
Δ��+1
.

according to this idea when oscillations occur in tra�c �ow. 
In addition, when a CAV follows another CAV, the following 
one can receive real-time information of the leading one. If the 
velocity of the leading CAV has a drop, the following CAV can 
realize very quickly with less reaction time (this reaction time 
is negligible) than human drivers. When the following CAV 
realizes the velocity drop of leading CAV, it moves according 
to the idea of “slow-in” and “fast-out,” the tra�c oscillation 
can be mitigated.

Figure 5 visualizes the idea of “slow-in” and \“fast-out” by 
the time-space trajectories of a CAV and a RV in same car- 
following scenario. In Figure 5, blue line represents leading 
vehicle' time-space trajectories, red line and green one present 
trajectories of a vehicle which is a RV and a vehicle which is a 
CAV, respectively. Black line is the same trajectories of CAV 
and RV at initial period. Blue line AB shows that the leading 
vehicle runs at a smaller velocity a�er it decelerates at point 
A. Two lines at both ends of line AB represent that vehicle runs 
at maximum velocity, and red line CD and green line EF have 
similar meanings with blue line AB. Every grey vertical dashed 
line marked with an “ℎ” and a number represents space head-
way between the two vehicles at di�erent time.

In traditional tra�c, the following RV begins to decelerate 
at point C a�er driver’s several seconds of reaction time during 
which vehicle is running in original maximum velocity. While 
a following CAV can decelerate earlier at point E a�er it 
receives the leading vehicle's real-time messages of velocity 
drop at point A. RV and CAV begin to accelerate and run at 
maximum velocity at points D and F, respectively.

e four lines are gathered at the bottom right corner of 
the �gure to compare the slopes of time-space trajectories lines 
as well as velocities, the bigger the slope means the greater the 
velocity. e black line without any mark represents vehicle’s 
maximum velocity, which corresponds to the lines at both 
ends of lines AB, CD, and EF. Every line among three marked 
with two letters corresponds and parallels with line segment 
of trajectories marked with same two letters.
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Figure 5: Illustration of the idea of “slow-in” and “fast-out.”
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�uctuation, the velocity of CAV is larger than that of the 2nd

RV. e minimum velocity of the 2nd CAV is 3.1 m/s while that 
of the 2nd RV is 2.8 m/s in the simulation. e velocity of the 
2nd CAV and 2nd RV in two simulations gradually reach the 
maximum velocity (13.47 m/s) at � = 60.7 s and 60.8 s, respec-
tively. is phenomenon can be explained as following.

According to formula (5), the AOV model complies with 
a principle of ‘‘slow-in’’ and ‘‘fast-out’’ and it means that when 
the preceding vehicle decelerates, deceleration of the following 
vehicle with AOV model is bigger than the deceleration of the 
following vehicle with OV model, so the following vehicle with 
AOV model move forward slower than the following vehicle 
with OV model (this is what the “slow-in”means). On the con-
trary, when the preceding vehicle accelerates, the following 
vehicle with AOV model move forward quicker than the fol-
lowing vehicle with OV model (this is what the “fast-out” 
means). Because of the di�erence between AOV model and 
OV model, di�erence occurs in velocity trajectories of the 2nd 
vehicle in two simulations.

Velocity trajectories of 11 vehicles (1st, 10th, 20th... 100th

vehicles) in two simulations are shown in Figure 7. It can be 

model for the reason that there is negligible delay in advanced 
inter-vehicle communication technologies.

4. Case Study

In this section, we will verify whether the proposed car-fol-
lowing control model for CAV can mitigate tra�c oscillations 
in homogeneous tra�c �ow containing only CAVs and in 
heterogeneous tra�c �ow containing CAVs and RVs.

4.1. Numerical Simulation of Homogeneous Tra�c Flow 
Containing Only CAVs. In this part, simulation is conducted 
to simulate the homogeneous tra�c �ow containing only 
CAVs when tra�c oscillations appear in the tra�c �ow. 
All the 100 vehicles in simulation are CAVs and the leading 
vehicle of the platoon moves according to speci�ed velocity 
and acceleration and remaining 99 CAVs move according 
to AOV model. e simulation scenario in this section is 
same as the simulation scenario in Section 2, that means the 
original velocity, space headway between vehicles, maximum 
acceleration/deceleration and perturbation caused by the 
leading vehicle of the platoon are same with simulation in 
Section 2. e analyses of simulation results are as following.

Velocity trajectories of the 2nd vehicle and the 1st vehicle 
in 45–70 s in two simulations are presented in Figure 6. Velocity 
trajectories of the 1st vehicle in two simulations are same. At 
� = 51 s, the 1st vehicle brakes suddenly and decelerates to 
velocity of 4.47 m/s a�er 3 s and then it keeps this velocity for 
2 s and it accelerates and reaches velocity of 13.47 m/s at 
� = 59 s �nally. When the 1st vehicle decelerates, the 2nd vehicle 
also decelerates to avoid collisions. e velocity �uctuation 
process of the 2nd vehicle lasts about 11 s in two simulations, 
at the �rst 5 s of �uctuation, velocity of the 2nd CAV that moves 
according to AOV model is smaller than that of the 2nd RV 
that moves according to OV model, while at the last 6 s of 
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Figure 7:  Velocity trajectories of 11 samples of vehicles in two 
simulations (blue lines and red lines represent simulation with only 
CAVs and simulation with only RVs, respectively).
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addition, the 12th vehicle is the �rst stopping vehicle in simu-
lation with only CAVs, while the 8th is the �rst stopping vehicle 
in simulation with only RVs. It is shown that the tra�c oscil-
lations have a larger e�ect on platoon in simulation with only 
RVs, and CAVs are bene�t for the tra�c oscillations mitigation 
in vehicle platoon. e total stopping time (227.0 s) of all vehi-
cles in simulation with only CAVs signi�cantly smaller than 
that (298.2 s) in simulation with only CAVs, and there is a 
23.9% reduction of total stopping time of all vehicles.

Figure 10 shows the variance of velocity of vehicles in two 
simulations. Figure 10(a) shows the time-varying variance of 
velocity of all vehicles in two simulations, and it can be seen 
from Figure 10(a) that in the � = 0 − 50 s, variance of velocity 
of all vehicles is 0 in all the time in two simulations. A�er a 
perturbation occurs at � = 51 s, variance of velocity of all vehi-
cles increases for a period and then decreases to 0 gradually 
in two simulations. But time-varying variance of velocity of 
all vehicles of simulation with only CAVs is smaller than that 
of simulation with only RVs in � = 51 s to � = 298 s. It means 
the tra�c �ow in simulation with only CAVs has a smaller 
�uctuation than simulation with only RVs. As for simulation 
with only RVs, variance of velocity of all vehicles reaches the 
maximum 36.2 at � = 227.9 s. While for simulation with only 
CAVs, the maximum of variance of velocity of all vehicles is 
33.1 (at � = 224.2 s).

Figure 10(b) shows the variance of velocity of every vehicle 
in two simulations. It can be seen that the variance of velocity 
of every vehicle increases with the increase of vehicle ID, it 
means that �uctuation of vehicles with bigger ID is bigger. e 
variance of velocity of every vehicle in simulation with only 
CAVs is smaller than the vehicles with same ID in simulation 
with only RVs. It means that tra�c �ow in simulation with 
only CAVs has a smaller �uctuation than simulation with only 
RVs.

4.2. Numerical Simulations of Heterogeneous Tra�c Flow 
Containing CAVs and RVs. In Section 2 and Section 4 part 
1, simulations containing only RVs (penetration rate of 
CAV is 0) and only CAVs (penetration rate of CAV is 1) 

seen obviously, velocity of vehicles has smaller �uctuation 
amplitude in simulation with only CAVs than that with same 
ID in simulation with only RVs when the tra�c oscillations 
are over. Vehicles in simulation with only CAVs decelerate or 
stop earlier as well as reach the maximum velocity earlier than 
vehicles with same ID in simulation with only RVs. A simple 
conclusion can be obtained obviously that the CAV moving 
according to AOV model is helpful for mitigating tra�c oscil-
lations, and reducing velocity �uctuation of vehicle.

Figure 8 shows the platoon length between the 1st vehicle 
and the 99 following vehicles. e platoon length between last 
vehicle (100th vehicle) and �rst vehicle (1st vehicle) at � = 300 s
in the platoon is 3.40 km in simulation with only CAVs, while 
it is 3.57 km in simulation with only RVs, which means the 
length of road occupied in simulation with only CAVs is 
shorter than that in simulation with only RVs by 0.17 km.

Figure 9 shows the stopping time of every vehicle and total 
stopping time of all vehicles in two simulations. It can be obvi-
ously seen that vehicles in simulation with only CAVs has a 
shorter stopping time than the vehicle with same ID in simu-
lation with only RVs. Taking 100th vehicle as an example, the 
stopping time of 100th vehicle is 63.0 s in simulation with only 
RVs. While it is 49.6 s in simulation with only CAVs. In 
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CAV move according to OV model. In general, the bigger the 
penetration rate of CAV is, the more CAV pairs or consecutive 
CAVs the platoon contains, and the more vehicles move 
according to AOV model.

In this part, the simulations are conducted with the situa-
tions that  penetration rates of CAV are 0.2, 0.4, 0.6, and 0.8, 
and �ve simulations are conducted for every penetration rate, 
and CAVs distribute randomly in every simulation. Finally, 
three indexes are calculated and analysed with the average value 
of every �ve simulations of same scenario with di�erent pen-
etration rates, the three indexes are total stopping time of all 
vehicles, road length occupied by vehicles (the space between 
�st vehicle and the last vehicle in the platoon) and variance of 
velocity of all vehicles and they are shown in Figures 12(a)–
12(c), respectively.

A trend can be easily seen from Figure 12(a) that the total 
stopping time of all vehicles decreases with the increase of 
penetration rate of CAV. e total stopping time is 2982 s, 
2951.4 s, 2867.6 s, 2716 s, 2487.2 s, and 2270 s in the simula-
tions with penetration rates are 0, 0.2, 0.4, 0.6, 0.8, and 1 

are conducted, respectively, and these scenario are shown 
in Figures 11(a) and 11(b), respectively. In this part, we will 
study the heterogeneous tra�c �ow containing CAVs and 
RVs and discuss some situations that the penetration rate 
of CAV is bigger than 0 and smaller than 1. Figure 11(c) 
displays the scenario that CAVs and RVs randomly distribute 
and the penetration rate of CAV is 0.6 (we display only 10 
vehicles in this illustrative �gure, real simulations contain 
100 vehicles).

When all vehicles are RVs (Figure 11(a)), all RVs move 
according to OV model except the leading vehicle of the 
platoon, the leading vehicle move according to speci�ed veloc-
ity and acceleration. While, when all vehicles are CAVs 
(Figure 11(b)), all CAVs move according to AOV model except 
the leading vehicle of the platoon. However, when a vehicle 
platoon contains RVs and CAVs, how many vehicles move 
according to AOV model depends on the penetration rate of 
CAV and the distribution of CAVs. If the preceding vehicle is 
a CAV, the following CAV move according to AOV model. On 
the contrary, if the preceding vehicle is a RV, the following 
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index of road length occupied by vehicles, it is 18.1, 17.9, 
17.6, 17.0, 16.0, and 15.1 in the simulations with penetration 
rate are 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively. As for the 
index of variance of velocity of all vehicles, it can re�ect the 
degree of velocity �uctuation, and the small velocity 

respectively. It can be seen from the Figures 12(b) and 12(c), 
other two indexes, road length occupied by vehicles and var-
iance of velocity of all vehicles have the same trends with the 
index of total stopping time, and these two indexes decrease 
with the increase of penetration rate of CAV too. As for the 
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5. Conclusions

�is paper aim at designing control strategy for CAVs to mit-
igate traffic oscillations and improve traffic efficiency and 
studying the effectiveness of the control strategy and analysing 
the characteristics of traffic flow made up of only CAVs or 
made up of CAVs and RVs when traffic oscillations appear in 
traffic flow. Considering that the CAVs can share real-time 
state information with each other and the idea of “slow-in” 
and “fast-out” is benefit for mitigating traffic oscillations, 
acceleration of preceding CAV is introduced into OV model 
to control the longitudinal motion of CAV. Numerical simu-
lations were conducted to simulate the dynamic of traffic flow 
when traffic oscillations propagate in vehicle platoon. �e 
simulations consider the situations of homogeneous traffic 
flow containing only CAVs and heterogeneous traffic flow 
containing CAVs and RVs, and different penetration rates of 
CAV are considered in the simulations of homogeneous traffic 
flow. Simulation results are analysed from the aspects of vehi-
cles’ velocity fluctuations, stopping time, and length of road 
occupied. Compared with the situation that the vehicle  platoon 
containing only RVs, vehicles have smaller velocity fluctua-
tions less stopping time and length of road occupied is shorter 
when the vehicle platoon contains CAVs. With the increase of 
penetration rates of CAV, the improvement of the traffic flow 
is more obvious. An obvious conclusion is that CAVs in a 
vehicle platoon is helpful to mitigate traffic oscillations and 
improving traffic flow, and the control strategy of CAV in this 
paper is effective.

Due to the difficulty of testing the performance of CAV 
technologies in field under our current situation, this study is 
conducted from the level of simulation. In the future, we could 
use multiple driving simulators to study the effectiveness of 
control strategy for CAVs and analyse traffic oscillations in 
heterogeneous traffic flow containing CAVs and RVs.

Data Availability 

If anyone needs the data in this paper, you can contact E-mail 
17114223@bjtu.edu.cn.

Conflicts of Interest

�e authors declare that there is no conflicts of interest regard-
ing the publication of this paper.

Acknowledgments

�is work was supported by the fundamental research funds 
for the Central Universities [grant number 2019JBM041] 
and the National Key R&D Program of China [grant number 
2018YFB1600703].

fluctuation is better for the stability of traffic flow as well as 
throughput. �e index of variance of velocity of all vehicles 
is 18.1,17.9,17.6,17.0,16.0, and 15.1 in the simulations with 
penetration rates are 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively. 
A previous conclusion can be obtained that these three 
indexes improve with the increase of penetration rate of CAV, 
and this means more CAVs are better for reducing the fluc-
tuation of velocity and mitigating traffic oscillations.

Figures 13(a)–13(c) show how much improvement of each 
index under each penetration rate of CAV relative to its’ pre-
vious penetration rate.

From Figure 13(a), we can see that the improvements of 
the index of total stopping time of all vehicles have big differ-
ences under each penetration rate relative to its’ previous pen-
etration rate. It can be seen that there is an obvious trend that 
the improvements of the index increase with the increase of 
penetration rate, although the improvement under penetration 
rate of 0.8 relative to its’ previous penetration rate of 0.6 is little 
bigger than the improvement under penetration rate of 1 rel-
ative to its’ previous penetration rate of 0.8. When the pene-
tration rate of CAV increases from 0 to 0.2, the improvement 
of total stopping time of all vehicles is 30.6 s, and this improve-
ment is smallest. While, when the penetration rate of CAV 
increases from 0.6 to 0.8, the improvement of total stopping 
time of all vehicles is 228.8 s, and this improvement is largest. 
When the penetration rate of CAV increases from 0.2 to 0.4, 
0.4 to 0.6, and 0.8 to 1, the improvement of total stopping time 
of all vehicles is 83.8 s, 151.6 s, and 217.2 s, respectively. �e 
main reason is that with the increase of penetration rate of 
CAV, there are more CAVs as well as CAV pairs or consecutive 
CAVs in the vehicle platoon. For every CAV pairs, the follow-
ing CAV behind its’ preceding CAV moves forward according 
to AOV model, and the AOV model reflects the principle of 
‘‘slow-in’’ and ‘‘fast-out,’’ and this principle is good for mitigat-
ing traffic oscillations. So the bigger the penetration rate is, 
the more the CAV pairs or consecutive CAVs will be, the 
smaller the traffic oscillations will be and the more the 
improvement of the total stopping time of all vehicles will be.

It can be seen from the Figures 13(b) and 13(c), other two 
indexes, road length occupied by vehicles and variance of 
velocity of all vehicles have the same trends with the index of 
total stopping time under each penetration rate of CAV rela-
tive to its’ previous penetration rate, and these two indexes 
increase with the increase of penetration rate of CAV too. It 
should be noted that the improvement of road length occupied 
by vehicles under penetration rate of 0.8 relative to its’ previous 
penetration rate 0.6 is little smaller than the improvement of 
road length occupied by vehicles under penetration rate of 1 
relative to its’ previous penetration rate 0.8. When the pene-
tration rate of CAV increases from 0 to 0.2, 0.2 to 0.4, 0.4 to 
0.6, 0.6 to 0.8, and 0.8 to 1, the improvement of road length 
occupied by vehicles is 5.4 m, 22.6 m, 34.4 m, 51.4 m, and 
55.2 m, respectively, and the improvement of variance of veloc-
ity of all vehicles is 0.1, 0.3, 0.6, 1.0, and 0.9, respectively.
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