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Connected and automated vehicle (CAV) technologies have great potential to improve road safety. However, an emerging
type of mixed traffic flow with human-driven vehicles (HDVs) and CAVs has also arisen in recent years. To improve the
overall safety of this mixed traffic flow, a novel car-following model is proposed to control the driving behaviors of the above
two types of vehicles in a platoon from the perspective of a mechanical system, mass-spring-damper (MSD) system.
Furthermore, a quantitative index is proposed by incorporating the psychological field theory into the MSD model. 'e
errors of spacing and speed in the car-following processes can be expressed as the accumulation of the virtual total energy,
and the magnitude of the energy is used to reflect the danger level of vehicles in the mixed platoon. At the same time, the
optimization model of minimum total energy is solved under the constraints of vehicle dynamics and the mechanical
characteristics of the MSD system, and the optimal solutions are used as the parameters of the MSD car-following model.
Finally, a mixed platoon composed of 3 CAVs and 2 HDVs without performing lane changing is tested using the driver-in-
the-loop test platform. 'e test results show that, in the mixed platoon, CAVs can optimally adjust the intervehicle spacing
by making full use of the braking distance, which also provides sufficient reaction time for the driver of HDV to avoid rear-
end collisions. Furthermore, in the early stage of the emergency braking, the spacing error is the dominant factor influencing
the car-following behaviors, but in the later stage of emergency braking, the speed error becomes the decisive factor of the
car-following behaviors. 'ese results indicate that the proposed car-following model and quantitative index are of great
significance for improving the overall safety of the mixed traffic flow with CAVs and HDVs.

1. Introduction

Due to the slow expansion of the road network, traffic os-
cillations, and traffic accidents occur frequently in road
traffic. 'e emerging connected and automated vehicle
technologies, however, offer great potential for enhancing
traffic operations and improving the roadway capacity under
existing road infrastructure, which helps make traffic flow
more stable, more efficient, and safer. 'is is because CAVs
are able to share driving information with others in real time,
which makes the motion of CAVs more cooperative [1].
Vehicle platooning is a typical application that stands out in
the domain. 'us, it has obtained extensive research

interests and a great variety of research is indicating that
platooning of CAVs can tremendously improve traffic safety
[2–5] and energy efficiency [6]. It is worth noting that most
research is focusing on the pure platoon of CAVs, but CAVs
and HDVs will coexist in the near future [7–10]. 'erefore,
the most likely formation of vehicular platoons will be a
mixture of CAVs and HDVs. 'is complex traffic envi-
ronment will bring huge challenges to traffic flow modeling,
control, and management when considering the stochastic
driving characteristics of humans and the uncertainty of the
interaction between CAVs and HDVs. 'us, how to make
these two types of vehicles operate coordinately is the key to
enhance traffic safety.
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Modeling the mixed traffic flow is a feasible way to solve
this problem. Many scholars have carried out in-depth re-
search on the car-following models of vehicular platoons,
which are mainly divided into the following categories:
stimulus-response models [11], safety distance models [12],
psycho-physical models [13], artificial intelligence model
[14], optimal velocity model [15], intelligent driver model
[16], and cellular automata model [17]. 'e advantages of
these car-following models have been widely recognized in
the field of transportation. More recently, some researchers
have proposed car-following models combined with two
different models to capture the driving behaviors of CAVs
and HDVs, respectively. For example, Gong et al. [8] pro-
posed a cooperative control method for mixed platoons to
ensure the stability and safety of the platoons. In addition,
the CAVs and HDVs adopted the MPC model and Newell
model, respectively. 'e results indicate that this novel
platoon control method can dampen traffic oscillation
propagation and stabilize the traffic flow more efficiently for
the entire mixed platoon. Zhu et al. [9] proposed a novel car-
following model with adjustable sensitivity and smoothing
factor for mixed traffic flow. 'e car-following model of
HDVs selected optimal velocity model (OVM), while the
car-following model of CAVs reduced its sensitivity factor
on the basis of OVM.'e numerical simulation results show
that the proposed model is able to stabilize the mixed traffic
flow and suppress the traffic jam. Zhao et al. [18] proposed a
cooperative eco-driving model for mixed platoons, where
HDVs were modeled by the OVM and CAVs are controlled
by the MPC model. 'is model achieves better performance
for the overall traffic. In these above-mentioned research
studies, HDVs and CAVs used different car-following
models under the mixed traffic environment, and they have
achieved good results in improving mixed traffic efficiency
and safety to a certain extent. However, the stochastic vehicle
performance and driving behavior of CAVs and HDVs are
not considered and employing two models will make the
control system more complicated. Furthermore, it is un-
coordinated for an integrated platoon system to use two
different models to capture the motion of vehicles in the
mixed platoon.

Furthermore, considering the similarity between the
acceleration or deceleration behavior in traffic flow and the
scaling properties of spring [19], some scholars modeled the
traffic flow from the perspective of a mechanical system—the
mass-spring (MS) system. For instance, Wang et al. [20]
established a car-following model by regarding both the
stopping (deceleration) process and the starting (accelera-
tion) process as spring systems. Compared with traditional
stimulus-response car-following models, the proposed
model can better explain traffic flow phenomena and drivers’
behavior. In the actual car-following process, the relative
spacing and speed of two adjacent vehicles are two im-
portant indices. 'erefore, some scholars applied the MSD
theory to describe the interaction between vehicles in a
platoon [21–23], and the MSD model was capable of en-
hancing traffic safety and increasing roadway capacity.
However, all the proposedMSDmodels were only applicable

to the platoons that are entirely made up of HDVs or CAVs.
Because the MSD system has natural stability characteristics
and is widely used to represent interactions with uncertain
environments [24], we propose a novel car-following model
for the mixed platoon under the same simplified framework
based on the virtual MSD theory, which has a great ad-
vantage over the traditional platoon model in both the
stability analysis and the stable operation. Unlike the pre-
vious models, both HDVs and CAVs share the identical
framework in the proposed model and it takes both the
spacing errors and speed errors into account, which can
more accurately describe the car-following behaviors of
CAVs and HDVs.

Another problem of traffic flow is how to quantify the
level of risk in car-following processes, which has a sig-
nificant impact on driving behaviors. K. Vogel [25] com-
pared with two safety indices “time headway (TH)” and
“time to collision (TTC)” in different traffic situations.
However, when the speed of the following vehicle is near or
equal to that of the preceding vehicle, TTC changes sharply;
when the speed of the preceding vehicle changes relatively
large, TH will underestimate the danger of the car-following
process. In other words, it is insufficient for TTC and TH to
quantify the risk level of car-following. Lu et al. [26] pro-
posed safety margin (SM) as a suitable quantitative index of
risk perception based on the risk homeostasis theory.
Compared with TTC and TH, SM more suitably quantifies
the level of risk in car-following processes. Inspired by it, in
this manuscript, combining with the psychological field
theory, we utilize the magnitude of virtual total energy as a
quantitative index of danger in the car-following processes
based on the MSD car-following model.

'e remainder of this paper is organized as follows:
Section 2 presents the modeling, car-following rules, and
spacing policy of a mixed vehicular platoon. Section 3
presents a novel car-following model of mixed platoons from
the perspective of a mechanical system, and the string stability
of the mixed platoon is analyzed based on the MSDmodel. In
Section 4, the virtual total energy is proposed as a quantitative
index based on the psychological field theory andMSDmodel
to reflect the danger level of vehicles in the car-following
processes. 'e optimization model of minimum total energy
is solved under the constraints of vehicle dynamics and the
mechanical characteristics of MSD system in Section 5. In
Section 6, a mixed platoon is tested in the driver-in-the-loop
test platform to verify the validity of the proposed MSD car-
following model. Finally, conclusions are made.

2. Control of Vehicular Platoon

2.1. Modeling of Mixed Platoon. As shown in Figure 1, a
mixed platoon consisting of n cars travels on the highway in
a single lane, where the ith vehicle is a HDV. In this platoon,
xi is the position of the ith vehicle and vi is the speed of the i

th

vehicle. 'erefore, for the ith vehicle, the spacing errors can
be defined as

δi � xi−1 − xi − L − ds, (1)
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where L denotes the length of the vehicle and ds represents
the desired distance between the ith and i− 1th vehicles.

'e kinematic differential equation of the intervehicle
spacing error is

_δi � _xi−1 − _xi − _ds � vi−1 − vi − _ds. (2)

'e control target of the platoon model is that the
intervehicle spacing errors and the relative speed of any
adjacent vehicles tend to be zero.

2.2. Car-Following Rules. String stability should be guaran-
teed when vehicles travel in a fleet. Because the spacing error
is not expected to be zero when the preceding vehicle ac-
celerates or decelerates, it is necessary to describe how the
spacing error is propagated along the platoon when using the
same spacing policy. 'e stable driving of a platoon needs to
ensure that the spacing error does not amplify along the
platoon [27]. 'erefore, the desired characteristic of the
transmission attenuation of spacing errors can be described as

δi

����
����∞≤ δi−1

����
����∞. (3)

Let G(S) be the transfer function related to the spacing
errors of consecutive vehicles in a fleet, we obtain

Gi(s) �
δi(s)

δi−1(s)
. (4)

When

‖G(s)‖∞ ≤ 1, (5)

we obtain

δi

����
����2≤ δi−1

����
����2. (6)

Equation (6) ensures that the energy of the output error
is less than that of the input error. However, it is difficult for
this condition to fully meet the desired characteristics of the
transmission attenuation of spacing errors.

'e∞-norm of G(S) and the 1-norm of g(t) can make
the output value of the system correlate with the input value
of the system:

‖g‖1 � sup
x∈L∞

δi

����
����∞

δi−1
����

����∞
. (7)

To satisfy equation (3), the formula below needs to be
satisfied.

‖g‖1 ≤ 1. (8)

According to the theory of linear systems, we obtain

|G(0)|≤ ‖G(jω)‖∞ ≤ ‖g‖1. (9)

When g(t)> 0, we get

|G(0)| � 
∞

0
g(t)dt




≤ 
∞

0
g(t)dt � ‖g‖1. (10)

'erefore, equation (8) that satisfies the desired char-
acteristics of the transmission attenuation of spacing errors
can be replaced by the following two conditions:

‖G(s)‖∞ ≤ 1,

g(t)> 0, ∀t≥ 0,
 (11)

where G(S) is the transfer function of the spacing error of
consecutive vehicles in the fleet and g(t) is the impulse
response function.

2.3. Spacing Policy. 'e spacing policy for longitudinal
control of vehicular platoons is mainly divided into two
types: constant spacing [28] and variable spacing [29]. When
adopting the constant spacing, the distance between two
adjacent vehicles in the platoon does not change with driving
conditions, which can tremendously increase the traffic
density. However, adopting this spacing policy requires
more complicated communication methods, and in the case
of external interference or large communication delay, this
spacing policy will seriously affect the stability and safety of
the platoon. 'erefore, in order to ensure the string stability
of the mixed platoon, we adopt the constant time-headway
(CTH) policy.

For the CTH policy, the desired spacing between two
consecutive vehicles varies linearly with speed:

...... Leaderi – 1ii + 1

vi+1

xi+1

vi–1

xi–1

vi

xi

ds

CAV

HDV

L

Δxi

Figure 1: Model of a mixed platoon.
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ds � h _xi + s0, (12)

where h is the time headway and s0 represents the minimum
safety spacing.

It can be seen from formula (12) that when the speed of
the host vehicle increases, the corresponding distance be-
tween the adjacent vehicles also increases. When the pre-
ceding vehicle brakes urgently, it can provide sufficient
braking distance for the following vehicle to avoid collision.

'erefore, the spacing error can be expressed as

δi � xi−1 − xi − L − h _xi − s0. (13)

When h� 0, the CTH policy will become a constant spacing
policy.

3. MSD Car-Following Model and Stability
Analysis of Mixed Platoon

In this section, we build the car-following model of a
platoon from the perspective of a mechanical system, the
mass-spring-damper system, to describe the car-following
behaviors. We consider the vehicle as a mass and assume
that there are a spring and a damper between every two
adjacent masses. In the MSD model for HDVs
(Figure 2(a)), kt,i is the spring stiffness between the i−1th
vehicle and the ith vehicle and ct,i is the damping coefficient
between the i−1th vehicle and the ith vehicle. Likewise, in
the MSD model for CAVs (Figure 2(b)), ka,i is the spring
stiffness between the i−1th vehicle and the ith vehicle and ca,i
is the damping coefficient between the i−1th vehicle and the
ith vehicle. When a fast-moving CAV/HDV is approaching
a slow-moving CAV/HDV, the MSD model will exert a
force on the fast-moving CAV/HDV to decelerate. On the
contrary, when the speed of the following CAV/HDV is
smaller than that of the preceding CAV/HDV, the MSD
model will exert a reactive force on the following CAV/
HDV to accelerate.

For the upcoming mixed traffic flow composed of CAVs
and HDVs, we extend the MSD system to establish a car-
following model for mixed platoons. At the same time, in
order to reduce the complexity of the model, the following
assumptions are made:

(1) Vehicles travel on a straight, dry, and flat road
without performing lane changing

(2) Vehicle weight, maximum deceleration, aerody-
namic drag coefficient, and rolling resistance coef-
ficient are known

Based on the above assumptions, the MSD car-fol-
lowing model for a mixed platoon is shown in Figure 2(c),
where the leading vehicle and the ith vehicle are HDVs and
the other vehicles are CAVs. In addition, ka,i and ca,i
represent the spring stiffness and damping coefficient
between CAVs. Furthermore, kt,i and ct,i represent the

spring stiffness and damping coefficient between CAV and
HDV, respectively.

'e differential equation of motion for a mixed platoon
can be expressed as

M€x � f(t) + C _x + Kx. (14)

'erefore,

€x �
1
M

f(t) +
C
M

_x +
K
M

x, (15)

where M is the mass matrix, K is the spring stiffness matrix,
C is the damping coefficient matrix, f(t) is the force matrix, x
is the displacement matrix, and _x and €x are the first de-
rivative and the second derivative of x versus time,
respectively:

x � x0 x1 . . . xi− 1 xi xi+1 . . . xn− 2 xn− 1( 
T
,

f(t) � f 0 · · · 0 0 0 · · · 0 0( 
T
,

M �

mH

⋱
mC

mH

⋱
mC

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

K �

−ka ka . . . 0 0 0 0 · · · 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ . . . ⋮ ⋮
0 0 . . . ka −ka − kt kt 0 . . . 0 0

0 0 . . . 0 kt −ka − kt ka . . . 0 0

⋮ ⋮ . . . ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 . . . 0 0 0 0 . . . ka −ka

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

C �

−ca ca . . . 0 0 0 0 . . . 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ . . . ⋮ ⋮
0 0 . . . ca −ca − ct ct 0 . . . 0 0

0 0 . . . 0 ct −ca − ct ca . . . 0 0

⋮ ⋮ . . . ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 . . . 0 0 0 0 . . . ca −ca

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

(16)

where mH is the mass of HDV and mC is the mass of CAV.
In the car-following processes, spacing error and speed

error are two important factors for the stability analysis of a
platoon.'erefore, we introduce the spacing error and speed
error into equation (14) simultaneously, and it can be
expressed as

M′€δ � f′(t) + C′ _δ + K′δ, (17)

where M9 is the mass matrix, K9 is the spring stiffness matrix,
C9 is the damping coefficient matrix, f9(t) is the force matrix, δ
is the spacing error matrix, and _δ and €δ are the speed error
matrix and the acceleration error matrix, respectively:

4 Journal of Advanced Transportation



δ � δ1 δ2 . . . δi− 1 δi δi+1 . . . δn− 2 δn− 1( 
T
,

f′(t) � mCf 0 . . . 0 0 0 . . . 0 0( 
T
,

M′ �

mHmC

⋱

mHmC

⋱

mC

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

K′ �

− mH + mC( ka mHka 0 0 0 0 0 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

0 0 0 mHka − mH + mC( kt mCka 0 0 0

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

0 0 0 0 0 0 0 ka −2ka

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

C′ �

− mH + mC( ca mHca 0 0 0 0 0 0 0

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

0 0 0 mHca − mH + mC( ct mCca 0 0 0

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

0 0 0 0 0 0 0 ca −2ca

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(18)

In the mixed MSD system, the last vehicle only receives
unidirectional force. 'erefore, starting from the last vehicle of
the platoon, we can obtain the transfer function of spacing error:

G1(s) �
δn(s)

δn−1(s)
�

c/mC( s + k/mC( 

s2 + 2c/mC( s + 2k/mC( 
. (19)

Going one step forward, we obtain

Gi(s) �
δn−i(s)

δn−i−1(s)
�

G1(s)

1 − G1(s)Gi−1(s)
. (20)

'erefore, to ensure the driving stability of a mixed
platoon, it is necessary to meet the condition as follows:

G1,n(s)
����

����∞ � G1(s) · G2(s), . . . , Gn(s)
����

����∞≤ 1. (21)

4. Risk Quantification

In car-following processes, the driving behaviors of vehicles
are mainly affected by the surroundings. On the one hand, to
reduce the travel time, the host vehicle intends to accelerate;
on the other hand, the danger of collision with the preceding
vehicle forces it to constantly adjust the speed to ensure

CAVHDV

kt,i ct,i ka,i ca,i

f
Leaderi – 1ii + 1

… …

(a)

CAVHDV

kt,i ct,i ka,i ca,i

f
Leaderi – 1ii + 1

… …

(b)

CAVHDV

kt,i ct,i ka,i ca,i

f
Leaderi – 1ii + 1

… …

(c)

Figure 2: MSD car-following models. (a) MSD model for HDVs. (b) MSD model for CAVs. (c) Mixed MSD model.
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safety. 'erefore, a precise and suitable risk index plays an
important role in car-following processes.

4.1. Risk Quantification for HDVs. Driving behavior is the
result of the driver’s judgment based on his/her psy-
chological expectations under the stimulation of external
environmental information. 'ere is a psychological field
during the HDV car-following processes [30]. When the
external traffic environment changes, it will exert the
forces on the psychological field, thereby adjusting the
speed and direction of the vehicle. To describe the car-
following behaviors of HDVs, in this manuscript, we
propose a quantitative index, virtual total energy, based
on the MSD car-following model and psychological field
theory. We divide the drivers’ psychological status into
three zones, which are shown in Figure 3. When the
virtual total energy varies with car-following errors,
drivers’ psychological status will be in different zones.
Correspondingly, they will perform different vehicle
maneuvers, as shown in Figure 4. For example, when the
platoon is disturbed during driving, such as the sudden
deceleration of the leading vehicle, this will cause the
spacing errors Δx and speed errors Δv of the following
vehicles to suddenly increase. Correspondingly, in the
MSD system, the energy generated by springs and
dampers will be greater, which will produce a sense of
depression for the driver, forcing him/her to perform
braking until his/her psychological depression has dis-
appeared. When the leading vehicle accelerates, the
driver’s psychology depression is fully released, and the
following vehicle will also accelerate until it travels at the
desired speed. Ideally, when the following vehicle travels
exactly as the preceding vehicle, the driver will maintain
the vehicle’s speed. 'erefore, it is appropriate for the
virtual total energy to quantify the level of danger during
the car-following processes.

In the MSD model, when the distance between two
adjacent cars is less or greater than the desired distance, the
spring will be compressed or stretched. According to
Hooke’s law, the force generated by a spring is proportional
to its deformation variable Δx. From the relationship of
work and energy, we know that when the spacing error is Δx,
the energy generated by the spring is

Vt,i � 
Δx

kx dx. (22)

When the speed of the following car is less than or
greater than that of the leading car, the energy consumption
of the damper is

Dt,i � 
Δv

cv dv. (23)

'erefore, in the MSD system, when the platoon is
disturbed by external environment, the virtual energy
generated by the ith vehicle can be expressed as

Et,i � Vt,i + Dt,i. (24)

At the same time, the virtual total energy of the entire
platoon can be expressed as

ET,t �  Vt,i +  Dt,i. (25)

4.2. Risk Quantification for CAVs. CAVs can quickly obtain
the driving information (speed and position) from other
vehicles within the communication range. 'erefore, the
CAVs can detect abnormal driving behaviors in the platoon
earlier and take actions in advance. Although there is no
psychological field during the car-following process of
CAVs, in the MSD system, they still use the spacing errors
and speed errors of adjacent vehicles as the control reference
index. 'erefore, in this manuscript, we consider the virtual
total energy as a proper index to reflect the risk of a platoon
based on the MSD car-following model:

ET,a �  Va,i +  Da,i. (26)

5. Parameter Optimization Based on Minimum
Total Energy

In the mixed MSD system, ka and ca represent the control
gains of relative position and relative speed between adjacent
CAVs; kt and ct represent the control gains of relative po-
sition and relative speed between CAV and HDV, respec-
tively. For the vehicle in the mixed platoon, the virtual
energy generated by the interference from the external
environment can be expressed as

ET,i �
1
2
ω(k) · Δx2

i +
1
2
ω(c) · Δv2i , (27)

where ω(k) �
ka, k betweenCAVs
kt, k betweenCAVandHDV and

ω(c) �
ca, c betweenCAVs
ct, c betweenCAV andHDV .

It can be seen from equation (27) that the values of ka (kt)
and ca (ct) will directly affect the energy accumulation of
CAVs and HDVs during the car-following processes, so it is
necessary to optimize their values to get a better control
effect of the mixed platoon.

'e magnitude of E represents the virtual energy gen-
erated by the corresponding car-following errors. When a
vehicle collides, we assume that E�∞, which means that the
vehicle’s car-following errors reach the maximum. In the
car-following processes without an accident, as E gradually
becomes smaller, the vehicle’s car-following errors also
become smaller. When E� 0, it means that the vehicle is
driving at the desired speed and intervehicle spacing
completely, and the driving status is in absolute safety.When
the leading vehicle performs emergency braking, the CAVs
in the platoon can obtain the driving information of the
leading vehicle and the preceding vehicle in real time
through V2X technology and immediately apply the brakes.
At this point, the virtual energy generated by the car-fol-
lowing errors from CAVs is small. However, if it is followed
by a HDV, the driver needs a certain reaction time to take
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corresponding measures. Obviously, the virtual energy
generated by the pair of HDV and CAV will be relatively
large, which will cause the vehicles to be unstable or even
have a collision. 'e ideal situation is that when the CAVs
brake, they will not only consider their own driving con-
ditions but also reserve a certain braking distance for the
HDVs that follow them. Although this will increase the
CAVs’ accumulated energy, the increased braking distance
can greatly improve the driving safety for the following
HDVs, which also reduces the energy accumulation. Overall,
the total energy of the platoon will be reduced because
collisions are avoided. 'erefore, for the mixed vehicular
platoon based on the MSD system, we propose taking the
minimum total energy as the optimization objective of the
car-following model:

min
1
2
ω(k) · Δx2

i + 
1
2
ω(c) · Δv2i . (28)

Based on the assumptions of Section 3, the mass mC(mH)
and the maximum deceleration dmax of each vehicle in the
platoon are known. 'e platoon when only considering the
spring is shown in Figure 5, and its dynamic equation is

mCdmax � kmaxΔxmax. (29)

'erefore,

kmax �
mCdmax

Δxmax
. (30)

Similarly, when the platoon only considers the effect of
the damper, we obtain

cmax �
mCdmax

Δvmax
. (31)

In addition, for realistic control, vehicles in a mixed
platoon need to consider their actual performance and
dynamic constraints:

_xi � vi,

_vi � ai,

mHai � ktΔxi−1 + ctΔvi−1 − kaΔxi + caΔvi,

⎧⎪⎪⎨

⎪⎪⎩
(32)

where ai is the acceleration of the ith vehicle.
'erefore, the parameter optimization problem based on

the minimum total energy can be expressed as

Over-relaxed zone

Over-relaxed zone

Comfort zone

Comfort zone

Depression zone

Figure 3: 'ree zones of drivers’ psychological status.

MaintainAccelerate Decelerate Decelerate Maintain Accelerate

Figure 4: Vehicle maneuvers based on drivers’ psychological status.

ka
n

mC mC

n – 1

Figure 5: MS car-following model.
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minf(x) � 
1
2
ω(k) · Δx2

i + 
1
2
ω(c) · Δv2i ,

s.t. _xi � vi,

_vi � ai,

mHai � ktΔxi−1 + ctΔvi−1 − kaΔxi + caΔvi,

ai,min ≤ ai ≤ ai,max , i � 1, 2, . . . , n,

0< ka < ka,max,

0< ca < ca,max,

0< kt < kt,max,

0< ct < ct,max,

kt − ka < 0,

ct − ca < 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(33)

For the above-mentioned multidimensional constrained
nonlinear programming problem, we solve it in Matlab.
As shown in Figure 6, the red point represents the op-
timal solution of the spring stiffness (k) and damping
coefficient (c).

6. Driver-in-the-Loop Test and Results Analysis

6.1. Establishment of Driver-in-the-Loop Platform and Test
Scenarios. In view of the high cost and high risk of actual
vehicle tests, driving simulators are widely used for research
on traffic safety and driving behaviors [31]. 'e driver-in-
the-loop test platform built in this manuscript is shown in
Figure 7. It mainly includes a Logitech G29 vehicle controller
(steering wheel, pedal, and gear lever) and two sorts of
simulation software (PreScan and Matlab/Simulink). Pre-
Scan provides a rich set of scene elements to restore real-life
driving conditions to a high degree, and its built-in vehicle
dynamics model supports Logitech G29 to control the ve-
hicle in real time. In addition, we build the MSD car-fol-
lowing model in Matlab/Simulink, and the joint simulation
is performed with PreScan to verify the validity of the
proposed MSD car-following model for mixed platoons.

As shown in Figure 8, the mixed vehicular platoon in-
volved in the driver-in-the-loop test consists of 3 CAVs and
2 HDVs.'e first and fourth vehicles are HDVs, and the rest
are CAVs.'e first HDV and the fourth HDV are controlled
by drivers through Logitech G29. At the same time, the
initial speed of each vehicle in the vehicular platoon is set to
30m/s plus ±5%, and it is made to fluctuate randomly. 'e

distance between two consecutive vehicles varies according
to different velocity. At time t� 0, human factors cause the
leading vehicle to perform emergency braking.

6.2. Simulation Parameters. To make the simulation close to
the real scene, we assume that the mass and length of each
vehicle in the mixed platoon are different. During the car-
following processes, the deceleration of the vehicle is limited
by the vehicle’s motion characteristics and road environ-
ment. In this manuscript, all the vehicles travel straight on a
dry and flat road. 'erefore, we assume that the peak rolling
adhesion coefficient is 0.85, and the maximum deceleration
of the vehicle is detailed in Table 1, where the other vehicle
simulation parameters are also expanded. To improve the
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Figure 6: Parameter optimization based on minimum total energy.

Figure 7: Driver-in-the-loop test platform.

Figure 8: Test scenario for the mixed platoon.
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traffic capacity, we set the minimum safety distance to 2m.
In addition, the values of k (kt) and c (ct) will directly affect
the car-following behaviors. 'us, by adjusting the values of
k (kt) and c (ct) in the MSD car-following model, we can
simulate the driving characteristics of different drivers. 'e
specific parameters in this manuscript are shown in Table 2.

After setting the parameters, the car-following test can
be completed through the cyclic process shown in Figure 9.

6.3.ResultsAnalysis. 'e optimal parameters in the previous
section are used to verify the validity of the MSDmodel for a
mixed platoon in the driver-in-the-loop test platform, and
the test results are shown in Figure 10. It can be seen from
Figure 10(a) when the leading vehicle performs emergency
breaking, each following vehicles take corresponding mea-
sures to brake. In particular, the CAV in the middle position
(the third vehicle) maintains the same deceleration as the
preceding vehicle in the early stage of braking. However, in
the later stage of breaking (the red circles in Figure 10(a)),
the deceleration of the third vehicle changes sharply under
the premise of ensuring safe driving, which reserves enough
time for the following HDV to brake. At the same time, it can
be seen intuitively from Figure 10(b) that there are no
collisions between all vehicles in the mixed platoon and the
intervehicle spacing between the three CAVs and their
preceding vehicle is always within a reasonable error range.
When the CAVs stop, the minimum distance between them
is 2.05m, which is slightly greater than the minimum safety
distance (s0 � 2m). However, the minimum distance be-
tween the fourth HDV and the CAV in themiddle position is
3.39m. 'e above results indicate that each CAV in the
mixed platoon can make full use of the braking distance and
adjust the gap between each vehicle optimally, which can
provide the driver of HDV with sufficient reaction time and
braking distance to effectively avoid rear-end collisions.

According to the analysis of the above test results, it can
be considered that the proposedMSDmodel can capture the
car-following behaviors of CAVs with high accuracy.
However, the MSD car-following model for HDVs needs
further analysis. 'erefore, we compare the MSD model
with the traditional mass-spring (MS) model [19] using the
driver-in-the-loop test platform. We establish the test sce-
narios that are the same as that in Figure 8, and all the initial
conditions of the vehicles are also the same. 'e results are
shown in Figure 11.

As shown in Figure 11(a), in the early stage of braking
(0∼6.2 s), the maximum speed error between the MSD
model and the driver is 0.30 m/s, and the variance is
0.135m2/s2; the maximum speed error between the MS

model and the driver is 0.77m/s, and the variance is
0.227m2/s2. In the later stage of braking (6.2∼15 s), the
maximum speed error between the MSD model and the
driver is 0.27 m/s, and the variance is 0.187m2/s2. How-
ever, the maximum speed error between the MS model
and the driver is 1.02 m/s with a variance of 0.673m2/s2.
Overall, both car-following models can accurately de-
scribe the driver’s driving behavior during the braking
process, but the MSD car-following model is more ac-
curate than the MS car-following model. 'is is because
the MS model only considers the spacing errors of the
platoon. Similarly, it can be intuitively seen from
Figure 11(b) that the spacing errors of the MSD car-
following model are smaller than that of the MS car-
following model, so the MSD car-following model can
accurately describe the drivers’ driving behaviors.

In the car-following processes, the virtual energy
caused by the car-following errors in the mixed platoon is
shown in Figure 12. Figure 12(a) shows the virtual total
energy generated by the errors of spacing and speed of all

Table 1: Vehicle simulation parameters.

Vehicle number Mass (kg) Length (m) Maximum deceleration (m/s2) Initial speed (m/s) Initial position (m)
1 1570 5.48 −7.9 30.0 147.52
2 1240 4.84 −8.3 29.2 110.04
3 1350 5.12 −8.1 30.7 74
4 1680 5.68 −7.7 28.5 36.18
5 1430 5.35 −8.0 30.3 0

Table 2: MSD system parameters.

Vehicle number Spring stiffness
(kg/s2) Damping coefficient (kg/s)

1-2 96 196
2-3 83 173
3-4 176 382
4-5 81 169

Velocity of preceding vehicle
velocity of following vehicle

Intervehicle spacing

Energy generated by 
car-following errors

Decision

Maintain

Decelerate

Accelerate

Driver in
the loop

Figure 9: Test process of the mixed platoon.
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vehicles in the platoon. Figure 12(b) and Figure 12(c)
show the energy generated by the spacing errors and speed
errors between adjacent vehicles, respectively. It can be
seen from these figures that 67.2% of the energy in the
mixed platoon is caused by the HDV (the fourth vehicle),
and the energy of spacing error and the energy of speed
error have not achieved peak simultaneously. 'e peak
energy of speed error (7878 J) is more than triple that of
spacing error (2477 J). Furthermore, in the early stage of

the emergency braking, the spacing error is the dominant
factor influencing the car-following behaviors, but in the
later stage of the emergency braking, the speed error
becomes the decisive factor of the car-following behav-
iors. Overall, CAVs possess good car-following charac-
teristics, and the errors of spacing and speed between
them are small. However, errors of spacing and speed
between HDV and CAV are relatively large during the
emergency braking processes.
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7. Conclusions

In this paper, from the perspective of a mechanical system, a
novel car-following model for mixed platoons with CAVs
and HDVs was established based on the mass-spring-
damper theory. Both relative speed and intervehicle spacing
were taken into account in this MSD car-following model,
which can effectively capture the car-following behaviors of
CAVs and HDVs. Furthermore, the driving characteristics
of different vehicles can be described by adjusting the
magnitude of the spring stiffness and damping coefficient. At
the same time, a quantitative index was proposed in this
paper based on the psychological field theory and MSD
model, which can indicate the virtual total energy caused by
car-following errors of a mixed platoon. 'erefore, the
magnitude of the energy can be used to quantificationally
reflect the danger level of vehicles in the car-following
processes. 'e driver-in-the-loop test was conducted to
verify the validity of the proposedMSD car-followingmodel,
and the key parameters in the MSD system were determined
by the optimal solution based on minimum total energy.
Compared with the traditional MS car-following model, the
proposed MSD model possesses higher accuracy and it can
better describe the car-following behaviors of CAVs and
HDVs. Meanwhile, the virtual total energy is an acceptable
index to quantify the risk of a mixed platoon. Most of the
energy generated by the car-following errors of the mixed
platoon is caused by the HDV. In the early stage of emer-
gency braking, the spacing error is the dominant factor of
the car-following behaviors and the decisive factor of those
in the later stage of emergency braking is the speed error. An
obvious conclusion is that the proposed MSD car-following
model has great potential to enhance the overall safety of the
mixed traffic flow with CAVs and HDVs.

While the MSD car-following model can effectively
describe the longitudinal behavioral interactions of a mixed
platoon, some future research is still needed. First, this
research only conducted driver-in-the-loop tests on CAVs
and HDVs with the emergency braking maneuvers. In the

subsequent research, more complicated and real-life driving
conditions will be fully considered, and the effectiveness of
the MSD car-following model will be further verified. Sec-
ond, an expansion of the lateral driving behaviors based on
the MSD theory will be explored in the future.
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[4] A. Petrillo, A. Pescapé, and S. Santini, “A collaborative ap-
proach for improving the security of vehicular scenarios: the
case of platooning,” Computer Communications, vol. 122,
pp. 59–75, 2018.

[5] J. Lioris, R. Pedarsani, F. Y. Tascikaraoglu, and P. Varaiya,
“Platoons of connected vehicles can double throughput in
urban roads,” Transportation Research Part C: Emerging
Technologies, vol. 77, pp. 292–305, 2017.

[6] L. L. Zhang, F. Chen, X. X. Ma et al., “Fuel economy in truck
platooning: a literature overview and directions for future
research,” Journal of Advanced Transportation, vol. 2020,
Article ID 2604012, 10 pages, 2020.

[7] D. V. Marco, F. Giovanni, P. Alberto et al., “Cooperative
shock waves mitigation in mixed traffic flow environment,”
IEEE Transactions on Intelligent Transportation Systems,
vol. 20, no. 12, pp. 4339–4353, 2019.

[8] S. Gong and L. Du, “Cooperative platoon control for a mixed
traffic flow including human drive vehicles and connected and
autonomous vehicles,” Transportation Research Part B:
Methodological, vol. 116, pp. 25–61, 2018.

[9] W. X. Zhu and H. M. Zhang, “Analysis of mixed traffic flow
with human-driving and autonomous cars based on car-
following model,” Physica A: Statistical Mechanics and its
Applications, vol. 496, pp. 274–285, 2017.

[10] F. Li and Y. Wang, “Cooperative adaptive cruise control for
string stable mixed traffic: benchmark and human-centered
design,” IEEE Transactions on Intelligent Transportation
Systems, vol. 18, no. 12, pp. 3473–3485, 2017.

[11] R. E. Chandler, R. Herman, and E. W. Montroll, “Traffic
dynamics: studies in car following,” Operations Research,
vol. 6, no. 2, pp. 165–184, 1958.

[12] M. Brackstone and M. Mcdonald, “Car-following: a historical
review,” Transportation Research Part F: Traffic Psychology
and Behaviour, vol. 2, no. 4, pp. 181–196, 1999.

[13] W. Wang, W. Zhang, D. Li et al., “Improved action point
model in traffic flow based on driver’s cognitive mechanism,”
in Proceedings of the Intelligent Vehicles Symposium,
pp. 447–452, Parma, Italy, October 2004.

[14] M. Zhou, X. Qu, and X. Li, “A recurrent neural network based
microscopic car following model to predict traffic oscillation,”
Transportation Research Part C: Emerging Technologies,
vol. 84, pp. 245–264, 2017.

[15] D. Yang, P. Jin, Y. Pu, and B. Ran, “Stability analysis of the
mixed traffic flow of cars and trucks using heterogeneous
optimal velocity car-following model,” Physica A: Statistical
Mechanics and its Applications, vol. 395, pp. 371–383, 2014.

[16] M. F. Zhou, X. B. Qu, and S. Jin, “On the impact of cooperative
autonomous vehicles in improving freeway merging: a
modified intelligent driver model-based approach,” IEEE
Transactions on Intelligent Transportation Systems, vol. 18,
no. 6, pp. 1422–1428, 2017.

[17] X. Y. Ni and H. Huang, “A new cellular automaton model
accounting for stochasticity in traffic flow induced by het-
erogeneity in driving behavior,” Chinese Physics B, vol. 28,
no. 9, Article ID 28098901, 2019.

[18] W. Zhao, D. Ngoduy, S. Shepherd, R. Liu, and
M. Papageorgiou, “A platoon based cooperative eco-driving
model for mixed automated and human-driven vehicles at a
signalised intersection,” Transportation Research Part C:
Emerging Technologies, vol. 95, pp. 802–821, 2018.

[19] Y. F. Li, W. B. Chen, S. Peeta et al., “An extended microscopic
traffic flow model based on the spring-mass system theory,”
Modern Physics Letters B, vol. 31, no. 9, Article ID 1750090,
2017.

[20] D. H. Wang, S. H. Yang, and L. Y. Chu, “Modeling car-
following dynamics during the starting and stopping process
based on a spring system model,” Tsinghua Science and
Technology, vol. 9, no. 6, pp. 643–652, 2004.

[21] A. Ali, G. Garcia, and P.Martinet, “'e flatbed platoon towing
model for safe and dense platooning on highways,” IEEE
Intelligent Transportation Systems Magazine, vol. 7, no. 1,
pp. 58–68, 2015.

[22] C. R. Munigety, “A spring-mass-damper system dynamics-
based driver-vehicle integrated model for representing het-
erogeneous traffic,” International Journal of Modern Physics B,
vol. 32, no. 11, Article ID 1850135, 2018.

[23] C. R. Munigety, ““Conformity and stability analysis of a
modified spring–mass–damper system dynamics-based car-
following model,” International Journal of Modern Physics B,
vol. 33, no. 6, Article ID 1950025, 2019.

[24] S.-Y. Yi and K.-T. Chong, “Impedance control for a vehicle
platoon system,” Mechatronics, vol. 15, no. 5, pp. 627–638,
2005.

[25] K. Vogel, “A comparison of headway and time to collision as
safety indicators,” Accident Analysis & Prevention, vol. 35,
no. 3, pp. 427–433, 2003.

[26] G. Lu, B. Cheng, Q. Lin, and Y. Wang, “Quantitative indicator
of homeostatic risk perception in car following,” Safety Sci-
ence, vol. 50, no. 9, pp. 1898–1905, 2012.

[27] Y. G. Liu and C. Pan, “Cooperative spacing control for au-
tonomous vehicle platoon with input delays,” in Proceedings
of the Control And Decision Conference, pp. 6238–6243,
Yinchuan, China, August 2016.

[28] X. G. Guo, J. L. Wang, F. Liao et al., “String stability of
heterogeneous leader-following vehicle platoons based on
constant spacing policy,” in Proceedings of the IEEE Intelligent
Vehicles Symposium, pp. 761–766, Gothenburg, Sweden,
August 2016.

[29] Q. Xin, N. Yang, R. Fu, S. Yu, and Z. Shi, “Impacts analysis of
car following models considering variable vehicular gap
policies,” Physica A: Statistical Mechanics and its Applications,
vol. 501, pp. 338–355, 2018.

[30] S. K. Amezquita, C. Y. Chen, W. H. Chen et al., “Stimuli-
induced equilibrium point: a psychological field theory ap-
plication in ramp merging systems,” in Proceedings of the 17th
International Conference On Control, Automation and Sys-
tems (ICCAS), pp. 825–830, Jeju, South Korea, October 2017.

[31] F. Chen, H. R. Peng, X. X. Ma et al., “Examining the safety of
trucks under crosswind at bridge-tunnel section: a driving
simulator study,” Tunnelling and Underground Space Tech-
nology, vol. 92, Article ID 103034, 2019.

12 Journal of Advanced Transportation


