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Abstract: With the rapid development of information and communication technology, future in-
telligent transportation systems will exhibit a trend of cooperative driving of connected vehicles.
Platooning is an important application technique for cooperative driving. Herein, optimized car-
following models for platoon control based on intervehicle communication technology are proposed.
On the basis of existing indicators, a series of evaluation methods for platoon safety, stability, and
energy consumption is constructed. Numerical simulations are used to compare the effects of three
traditional models and their optimized counterparts on the car-following process. Moreover, the
influence of homogenous and heterogeneous attributes on the platoon is analyzed. The optimized
model proposed in this paper can improve the stability and safety of vehicle following and reduce
the total fuel consumption. The simulation results show that a homogenous platoon can enhance the
overall stability of the platoon and that the desired safety margin (DSM) model is better suited for
heterogeneous platoon control than the other two models. This paper provides a practical method
for the design and systematic evaluation of a platoon control strategy, which is one of the key focuses
in the connected and autonomous vehicle industry.

Keywords: connected vehicle; intervehicle communication; car-following models; platoon control;
evaluation indicators

1. Introduction

A number of traffic problems, such as traffic congestion, road safety, energy consump-
tion and pollution, pose major challenges to human productivity and life. The increase in
vehicle ownership places higher demands on road capacity, traffic safety, and efficiency.
With the rapid development of information and communication technology (ICT), vehicles
can realize real-time information transmission through the Internet of Vehicles technology.
Future intelligent transportation systems will exhibit a trend of cooperative driving of
connected vehicles.

The adaptive cruise control (ACC) system is one of the most widely used advanced
driver assistance systems. This system uses sensors to measure the intervehicle distance
and adjusts the speed of the vehicle accordingly to maintain the required distance.

The cooperation of connected vehicles can greatly improve capacity and safety for
both urban and highway traffic [1,2]. In a cooperative driving system (CDS), a particular
vehicle acquires information on neighboring vehicles through intervehicle communication
(IVC), and then the system adopts appropriate control laws to achieve certain driving
objectives. Vehicular platooning is an important application technique for cooperative
driving. Platooning in the context of cooperative driving is a closely coordinated following
mechanism between multiple vehicles without any mechanical connections that maintains
a safe intervehicle distance.
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To analyze car-following strings of vehicles, two key elements need to be considered:
the car-following method and the string analysis and evaluation of platoons. Different
car-following strategies can be found in the literature, including constant clearance [3],
constant time gap [4], constant safety factor [5], and variable time gap [6] strategies.

Car-following models are important for autonomous cruise control systems [7]. A
number of researchers have proposed mathematical models for car-following simulations.
These models, such as the Gazis–Herman–Rothery (GHR) model [8], optimal velocity
(OV) [9], and full velocity difference (FVD) [10] models, effectively simulate car-following
behaviors and explain how car-following occurs in actual scenarios. However, they do
not specifically consider driving comfort and driving habits. Driving behavior is largely
affected by the risk perception of drivers in real traffic. The desired safety margin (DSM)
model is utilized to describe the longitudinal dynamic behavior of a vehicle on the ba-
sis of the stimulus-response concept and the risk homeostasis theory [11]. Zhang et al.
investigated the influence of the response time on the dynamics of a DSM car-following
model [12]. Different control methods were studied to determine if they met the specifi-
cations of string stability. Flores et al. proposed employing fractional control to design
feedforward structures for both ACC and cooperative ACC (CACC) [13]. They found
that fractional-order control (FOC) provided a more adaptable frequency response than
classical controllers. Chehardoli et al. studied the adaptive control and identification
of 1-D platoons of nonidentical vehicles [14]. In addition, model predictive control [15]
and sliding mode control [16] have been investigated in previous studies. The platoon
evaluation method includes individual evaluation and systematic evaluation. At present,
the commonly used car-following evaluation indicators include time to collision (TTC),
time headway (TH), comprehensive expression of TTC and TH [17], and safety margin
(SM) [18]. These indicators are mainly used to describe the safety of car-following between
two cars. However, there is no fixed evaluation indicator for a string system.

A car-following model attempts to characterize the traffic flow by analyzing the
behavior of each following car: the relationship between the microscale behavior of the
driver and the macroscale phenomenon of traffic flow is established, and discrete traffic
flow is described from a microscale perspective that does not prevent it from being linked to
a continuous situation from a macroscale perspective. Acceleration in a car-following model
indicates that a car is changing velocity. In addition, the velocity and distance variables
of the model can be obtained via integration, allowing a macroscale traffic flow model to
be established. The macroscale traffic model derived from microscale following theory is
of great significance and not only shows the close connection between the microscale and
macroscale models but also builds a bridge between theories from different sources.

To establish a vehicle type-dependent car-following model, considering driving com-
fort, the Chandler model, GHR model, and DSM model are optimized to find a car-
following model that appropriately considers the acceleration of the leading vehicle. Based
on the existing car-following indicators, some indicators for the evaluated platoon system
include the first-order difference of the SM mean and the first-order difference of the SM
standard deviation. Moreover, the differences between homogenous and heterogeneous
attributes in the car-following platoon are considered. On the basis of the optimized
car-following model, the security and stability of the platoon are analyzed from multiple
perspectives and an evaluation method of the platoon system is constructed. The research
in this paper provides optimization methods for platoon-following control and provides
systematic evaluation indicators for platoons.

This paper is organized as follows. In Section 2, the methodology of the whole paper
is introduced. The results of the simulations and evaluation are presented in Section 3. The
conclusions drawn from the study are presented in Section 4.
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2. Methodology
2.1. Concept of Intelligent Connected Vehicles

The Internet of Vehicles promotes a deep integration of intelligent vehicles, intelligent
transportation and mobile internet technologies. “Intelligent Vehicle + Mobile Internet”
has changed the control mode of traditional smart cars with the perception of car sensor
information as the core. This support provided by vehicles and IVC technology not only
expands the scope of perception but also provides a new way to realize cluster control of
intelligent vehicles.

The unique attributes of vehicles need to be considered when studying vehicle pla-
toons. Differences in attributes affect the choice of system control strategies. There is a
fundamental difference between connected vehicles and connected autonomous vehicles.
The driver of a connected vehicle makes decisions about vehicle operations based on vari-
ous information in the connected vehicle environment. A connected autonomous vehicle is
a driverless intelligent vehicle that is driven by a machine system. Driver heterogeneity
needs to be considered when a connected vehicle is the research target, whereas it can be
assumed that the driver of a connected autonomous vehicle is homogeneous.

2.2. Car-Following Model
2.2.1. Traditional Car-Following Models

(1) Stimulus-Response Car-Following Model
This type of car-following model assumes that an acceleration or deceleration action is

taken by the vehicle through the information perception of itself and neighboring vehicles.
In 1958, the Chandler model was proposed [19], which can be expressed as

..
xn+1(t + T) = λ(

.
xn(t)−

.
xn+1(t)) (1)

where T is the reaction time of the following vehicle’s driver,
.
xn(t) is the speed of the leading

car,
.
xn+1(t) is the speed of the following car, and λ is the reaction intensity coefficient.
A linear car-following model is characterized by simplicity and sensitivity to stability

analysis. The disadvantage is that the reaction of the following car only considers the
influence of the relative speed of the two cars.

Gazis et al. proposed that the sensitivity coefficient is inversely proportional to the
headway distance [20]. In 1961, Gazis proposed a general formula for a nonlinear car-
following model [8]. The GHR model can be expressed as

..
xn+1(t + T) = α

.
xm

n+1
(t + T)

[xn(t)− xn+1(t)]
l [

.
xn(t)−

.
xn+1(t)], (2)

where xn(t) is the position of the leading car, xn+1(t) is the position of the following car,
and α, m, and l are parameters that need to be calibrated.

(2) DSM Model
When a driver follows another vehicle, they adjust the relative gap between the

vehicles to ensure an acceptable risk level, which can be described by the DSM. Lu G (2012)
described the DSM model according to the difference between a driver’s DSM and the
perceived SM [18].

The DSM of car-following is expressed as

an(t + τ) = f (SMn(t)− SMnD(t))

=


α1(SMn(t)− SMnDH(t)) SMn(t) > SMnDH(t)
α2(SMn(t)− SMnDL(t)) SMn(t) < SMnDL(t)
0 else

,
(3)

where τ is the reaction time of the following vehicle’s driver, SMn(t) is the SM, SMnDH(t)
is the upper limit of the DSM under the car-following conditions, SMnDL(t) is the lower
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limit of the DSM under the car-following conditions, and α1 and α2 are the sensitivity
factors for acceleration and deceleration, respectively.

2.2.2. Platooning Car-Following Model

A car-following model describes the dynamic process of vehicle motion during the car-
following process. When a traditional vehicle is traveling with another vehicle on a road,
the motion state of the following vehicle is mainly affected by that of the leading vehicle.
On the basis of IVC technology, a vehicle can obtain information on multiple vehicles in a
platoon during the car-following process, which helps the vehicle make optimal decisions
in a timely manner. In Figure 1a, each vehicle is operated independently and there is a large
intervehicle distance. In Figure 1b, multiple vehicles are built into a platoon, in which the
vehicles can transmit information to each other. Considering the queue as a system, there
is a close relationship between the vehicles inside the system, and each vehicle completes
its driving task in coordination with the other vehicles in the system.
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Figure 1. Schematic diagram of different car-following modes.

The location of a vehicle in a platoon determines the amount of information obtained.
The vehicle at the end of a platoon can obtain information on all the preceding vehicles and
perform acceleration and deceleration operations based on the obtained information, as
shown in Figure 2. The information transmitted within the platoon may include a number
of parameters, such as speed, acceleration, and heading angle. Vehicle acceleration is a
physical parameter that describes how fast a vehicle’s speed changes.
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Taking into account actual driving situations, we selected the acceleration of vehicles
in the platoon as the key transmitted information.
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The (n + 1)th vehicle can obtain the acceleration of the preceding vehicles in real
time and average the acceleration information to obtain a correction function for its own
acceleration fn(a), as shown in Equation (4).

fn(a) = β
n−1

∑
i=1

ai(t)/(n − 1) (4)

where β is the correction factor and ai is the acceleration of the ith car.
Substituting the correction function fn(a) into the traditional car-following model, we

obtain optimized models for platoon car-following. Equation (5) is the optimized Chandler
model, Equation (6) is the optimized GHR model, and Equation (7) is the optimized
DSM model.

ac
n(t + τ) = λ(vn−1(t)− vn(t)) + fn(a) = λ(vn−1(t)− vn(t)) + β1

n−1

∑
i=1

ai(t)/(n − 1), (5)

ag
n(t + τ) = α

vm
n (t+τ)

[xn−1(t)−xn(t)]
l [vn−1(t)− vn(t)] + fn(a) =α

vm
n (t+τ)

[xn−1(t)−xn(t)]
l [vn−1(t)− vn(t)] + β2

n−1
∑

i=1
ai(t)/(n − 1), (6)

asm
n (t + τ) = f (SMn(t)− SMnD(t)) + fn+1(a)

=


α1(SMn(t)− SMnDH(t)) + β1

n−1
∑

i=1
ai(t)/(n − 1) SMn(t) > SMnDH(t)

α2(SMn(t)− SMnDL(t)) + β2
n−1
∑

i=1
ai(t)/(n − 1) SMn(t) < SMnDL(t)

0 else

,
(7)

where β1, β2, β3 are the correction factors in the correction functions of optimized
Chandler model, optimized GHR model, and optimized DSM model, respectively.

2.3. Platoon Simulation

We consider a platoon of connected vehicles that consists of 1 leader and 9 followers,
which are indexed as 1 and 2–10, respectively. The road is assumed to be straight and
flat, so the lateral vehicle motion is neglected for convenience. The control objective is
to coordinate the longitudinal motion of the connected vehicles so that they maintain a
desired intervehicle distance while maintaining a desired velocity.

We performed numerical simulations with the three optimized models mentioned
above. The simulation scenario is a queue that travels 3 km on a single-lane road. The
queue consists of 10 vehicles. In the initial phase, the intervehicle distance is 60 m, and the
speed of each vehicle is 100 km/h with an acceleration of zero. When the external traffic
conditions change, the car-following status changes. We set the interference conditions for
the leading car in the queue so that the vehicle passes through uniform speed, deceleration,
uniform speed, acceleration, and uniform motion stages. As shown in Figure 3, the first
car travels at a constant speed within the first 1 km. It then decelerates at maximum
deceleration for 2 s. Then, it accelerates for 2 s at maximum acceleration after 2 km.
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The constraint parameters of the models are shown in Table 1. Considering the
differences in the attributes of connected vehicles and connected autonomous vehicles, we
analyze the two aspects of driver heterogeneity and homogeneity.

Table 1. Model constraint parameters.

Parameter Value Units Parameter Value Units

Maximum
deceleration −8 m/s2 Maximum

speed 100 (27.8) km/h (m/s)

Maximum
acceleration 3 m/s2 Minimum

velocity 0 m/s

2.3.1. Homogeneous Platoon Simulation

The homogenous platoon simulation parameters are shown in Table 2. The parameters
in the DSM model are determined [11].

Table 2. Homogenous platoon simulation parameters.

Variable Value Variable Value

Reaction time τ 1

DSM model

α1 6.43

Chandler
model

λ 0.5 α2 12.22
β1 1 SMnDH 0.94

GHR model

α 0.5 SMnDL 0.75
β2 1 β3 0.4
m 1 β4 0.05

l 1

2.3.2. Heterogeneous Platoon Simulation

The heterogeneous platoon simulation parameters are shown in Table 3. The values
of reaction time τ, the reaction intensity coefficient λ, and parameter α are normally
distributed.

Table 3. Heterogeneous platoon simulation parameters.

Variable Value

Reaction time τ N = (1, 0.12)

Chandler model
λ N = (0.5, 0.12)
β1 1

GHR model
α N = (0.5, 0.12)
β2 1

DSM model

α1 6.43
α2 12.22

SMnDH 0.94
SMnDL 0.75

β3 0.15
β4 0.06

2.4. Platooning Evaluation

In this study, safety, stability, and energy consumption were considered in the platoon-
ing evaluation.

The TH and SM were used to evaluate the level of safety during fleet following.
The coefficient of variation (CV), the first-order difference of the SM mean, and the first-
order difference of the SM standard deviation were used to assess the stability within the
queue during following. The vehicle specific power (VSP) was used to assess the energy
consumption of the fleet.
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2.4.1. Platooning Safety Evaluation

TH and SM are typically used as risk indicators in car-following [18]. TH is the time
difference between the consecutive arrivals of two vehicles passing a measurement point
on a lane. The TH can be expressed as

TH(t) =
xn(t)− xn−1(t)

vn(t)
, (8)

where xn(t) is the position of the following vehicle, xn−1(t) is the position of the leading
vehicle, and vn(t) is the speed of the following car.

TH is one of the more commonly used safety indicators for vehicle following. The
Swedish National Road Administration requires drivers to maintain a TH of more than 3 s
on suburban roads and may be penalized by the traffic police if the TH is less than 1 s [21].
Some U.S. driver manuals also recommend that the TH should be kept above 2 s when
following a vehicle.

Näätänen and Summala regarded SM as the minimum distance that drivers wanted
to maintain, due to the presence of threats [22]. Lu G et al. proposed a risk indicator, which
was a quantified parameter of SM [18].

SM is quantified as

SMn(t) = 1.0 − ξ(τ2, t)= 1−vn(t)·τ2

Dn(t)
+

[vn(t)]
2/2dn(t)− [vn−1(t)]

2/2dn−1(t)
Dn(t)

, (9)

where vn−1(t) is the speed of the leading car, Dn(t) is the relative spacing between the two
cars, τ2 is the response time of the braking system, dn(t) is the deceleration of the following
car at time t, and dn−1(t) is the deceleration of the leading car.

Although TH has been used for ACC, it is affected by absolute speed. However,
SM is a suitable quantitative indicator of homeostatic risk perception in the car-following
process [18].

2.4.2. Platooning Stability Evaluation

The CV and a series of SM-related indicators were used to evaluate the stability of
the platoon. The CV is a statistic that measures the degree of variability in the platoon. In
general, a variable with a high CV has a substantial degree of dispersion. When describing a
set of discrete data, the mean or standard deviation is often used. The first-order difference
is the difference between consecutive neighbors in a discrete function. On the basis of the
platooning system, we extend the SM indicator to the first-order difference of the mean and
the first-order difference of the standard deviation, as shown in Equations (11) and (12),

CV(t) = Std.v(t)/(
n

∑
i=1

vi(t)/n ) , (10)

MFD(t) = MSM(t)− MSM(t − 1) , (11)

SFD(t) = Std.SM(t)− Std.SM(t − 1), (12)

where Std.v(t) is the standard deviation of the speed, MFD is the first-order difference of
the mean of the SM, SFD is the first-order difference of the standard deviation of the SM,
MSM is the mean of the SM, and Std.SM is the standard deviation of the SM.

2.4.3. Platooning Energy Evaluation

According to general research, there are more than 30 factors affecting the fuel con-
sumption of motor vehicles. In summary, these factors can be classified in three primary
categories, including the motor vehicle characteristics, the road traffic conditions and the
natural environment. Fundamentally, a motor vehicle consumes fuel to do work. Therefore,
the amount of work directly affects the fuel consumption. For a particular motor vehicle,
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the actual driving characteristics of the motor vehicle and the road characteristics can be
measured by one parameter, namely, the VSP [23]. It is expressed as

VSP = v × (1.1a + 9.81 × (a × tan(sinG)) + 0.132) + 0.000302v3, (13)

where VSP represents the specific power of the vehicle (kW/t), v is the speed (m/s), a is
the acceleration (m/s2), and G is the road gradient. We set G to zero in this paper.

3. Results and Discussion
3.1. Homogeneous Platoon Simulation Results

This paper describes the car-following state using time-position diagrams, time-speed
diagrams, and time-acceleration diagrams. Figure 4a,c shows the simulation results of
the traditional Chandler and GHR models. When the leading vehicle starts to decelerate
or accelerate, the acceleration and deceleration of the following vehicles are sequentially
adjusted. Figure 4b,d shows the simulation results of the optimized models. When the
leading car starts to decelerate or accelerate, the acceleration and deceleration of the
following vehicles are simultaneously adjusted. When interference occurs, the vehicles can
adjust to a uniform speed more quickly, and the speed and acceleration reach a convergence
state faster. Figure 4e shows the simulation results of the traditional DSM model. When
the leading vehicle starts to decelerate, the fluctuations in the platoon are obvious, and the
following vehicle at the end of the platoon stops. Figure 4f shows the simulation results of
the optimized DSM model, wherein the fluctuations in vehicle speed are relatively small.

Figure 4 shows the time-position plots from the homogeneous platoon simulations
with the traditional and optimized Chandler, GHR, and DSM models. The deceleration of
the lead vehicle has a greater impact on the fleet than the acceleration of the lead vehicle
in all three models. By observing the deceleration and acceleration sections, it can be
seen that the optimized model has a better following effect than the conventional model.
Compared with Figure 4a,c,e in Figure 4b,d,f the distance between the front and rear
vehicles in the fleet is greater, and the fluctuations caused by acceleration and deceleration
interference are smaller. In the optimized Chandler model and optimized GHR model, the
vehicles in the rear part of the fleet do not exhibit a significant sharp deceleration under
acceleration/deceleration interference, and the trajectory changes are relatively smooth.

Figure 5 shows the time-velocity diagrams from the homogeneous platoon simulations
with the traditional and optimized Chandler, GHR, and DSM models. The time-speed
diagram clearly shows the change in speed over time for different disturbances in the queue.
Observations from the deceleration and acceleration sections show that the optimized
model exhibits a better following effect. Compared with Figure 5a,c,e, in Figure 5b,d,f,
the minimum speed of the vehicle is greater, and the fluctuations in the vehicle speed
decrease under the two disturbances. Among the three models, the GHR model exhibits
the greatest improvement. Among them, the optimized Chandler model and the optimized
GHR model exhibit smooth changes in vehicle speed in the fleet under acceleration and
deceleration interference and do not exhibit significant hysteresis characteristics. The
optimized DSM model can avoid stopping at the end of the fleet due to the delayed
reaction under deceleration interference.

Figure 6 shows the time-acceleration diagrams from the homogeneous platoon simu-
lations with the traditional and optimized Chandler, GHR, and DSM models. The time-
acceleration diagram clearly shows the variation in acceleration over time under different
disturbances during the queue. It can be found that the optimized model exhibits a better
following effect under the interference of deceleration and acceleration. Compared with
Figure 6a,c,e, in Figure 6b,d,f, the fluctuations in vehicle acceleration decrease, and the
acceleration of the platoon reaches convergence in a shorter time in both disturbances.
Among the three models, the GHR model exhibits the greatest improvement. Among them,
the optimized DSM model avoids the case where the end of the fleet adopts the maximum
acceleration after sharp deceleration under deceleration disturbance.
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3.2. Heterogeneous Platoon Simulation Results

Taking the Chandler model as an example, we performed a numerical simulation of
the heterogeneous queue, and the results are shown in Figure 7. The speed and acceleration
of the platoon car vary greatly. There are a number of vehicles in the platoon that suddenly
brake, indicating that the acceleration reduction operation of the leading vehicle has
a greater impact on the following vehicles. In contrast with the homogenous platoon,
the heterogeneous platoon is prone to excessive distance and frequent changes in speed
during the car-following process. The 10th vehicle exhibits very obvious deceleration and
acceleration, which partly indicates that the driver of the 10th car has a clear driving style.
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Figure 7 shows the time-position diagrams from the heterogeneous platoon simula-
tions with the traditional and optimized Chandler models. The optimized Chandler model
solves the problem of fleet fluctuations under deceleration disturbance and allows the fleet
to maintain a greater following distance. The figure shows that the optimized Chandler
model may have little effect on the fleet under acceleration disturbance.

Figure 8 shows the time-velocity diagrams from the heterogeneous platoon simula-
tions with the traditional and optimized Chandler models. The optimized Chandler model
reduces the fluctuations in the fleet between two disturbances, allowing the vehicles to
maintain a higher speed and avoiding the phenomenon of three vehicles stopping at the
end of the fleet under the deceleration disturbance. The figure shows that the optimized
Chandler model may have very little effect on the fleet under acceleration disturbances.

Figure 9 shows the time-acceleration plots from the heterogeneous platoon simulations
with the traditional and optimized Chandler models. The optimized Chandler model
significantly solves the phenomenon of rapid acceleration and deceleration of the fleet, due
to two interferences, and reduces the time required for acceleration convergence.
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Figure 9. Time-acceleration diagrams from the heterogenous platoon simulations with the traditional and optimized
Chandler models.

3.3. Platooning Evaluation Results
3.3.1. Safety Evaluation

Figure 10 shows the safety evaluation during the car-following process. Compared
with the traditional car-following model, the optimized model based on IVC provides a
better TH and SM. Deceleration causes the SM to decrease, whereas acceleration causes the
SM to increase. The optimized model reduces the fluctuation range of the SM.
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Figure 10. Time headway (TH) and safety margin (SM) changes for the different models.

In the homogeneous platoon simulations, the TH and SM values fluctuate and then
tend to stabilize when the platoon is disturbed. The simulation results from the traditional
Chandler model show that the TH decreases when the front of the platoon is disturbed by
the deceleration of the lead vehicle. The simulation results from the optimized Chandler
model show that the TH tends to increase during interference, which can meet the safety
requirements of the fleet, but when the fleet is following at a constant speed, the TH of the
fleet is greater than 3 s, which may cause the distance between the vehicles to be too large.
Compared to the traditional GHR model, the optimized GHR model is able to increase
the TH during deceleration disturbances. The simulation results from the optimized DSM
model show that the fleet TH fluctuations decrease during deceleration disturbances. Like-
wise, the optimized model reduces the effect of acceleration and deceleration disturbances
on the SM.

In the heterogeneous platoon simulations, the TH and SM fluctuations in the optimized
model are smaller than those in the traditional model, the TH remains at approximately 2 s,
and the SM remains above 0.8.

Compared with the other two models, the optimized DSM model provides no signifi-
cant improvement in the TH and SM of the heterogeneous platoon.

Quantitative measurement can help us obtain better evaluation of traditional models
and optimized models. Table 4 shows the descriptive statistics of TH and SM for the
different models in homogeneous platoon and heterogeneous platoon.
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Table 4. Descriptive statistics of safety evaluation indicators for the different models.

Homogeneous Platoon Heterogeneous Platoon

Minimum Maximum Mean Std.
Deviation Minimum Maximum Mean Std.

Deviation

TH

Chandler 2.080 2.422 2.278 0.092 1.992 2.514 2.300 0.127
O-Chandler 2.160 3.754 3.038 0.585 2.160 3.754 3.038 0.585

GHR 1.234 2.160 1.782 0.349 1.234 2.160 1.782 0.349
O-GHR 1.708 2.536 2.001 0.200 1.708 2.536 2.001 0.200

DSM 2.038 3.890 2.639 0.311 2.083 4.925 2.655 0.330
O-DSM 2.083 2.871 2.483 0.252 2.067 4.855 2.623 0.325

SM

Chandler 0.815 0.978 0.928 0.035 0.790 0.990 0.930 0.034
O-Chandler 0.878 0.979 0.947 0.017 0.878 0.979 0.947 0.017

GHR 0.736 0.970 0.902 0.059 0.736 0.970 0.902 0.059
O-GHR 0.871 0.958 0.918 0.019 0.871 0.958 0.918 0.019

DSM 0.795 1.023 0.936 0.044 0.789 1.019 0.936 0.041
O-DSM 0.817 0.977 0.934 0.035 0.823 1.002 0.936 0.035

3.3.2. Stability Evaluation

Figure 11 shows the CV changes in the homogeneous and heterogenous platoon
simulations. The acceleration and deceleration of the lead vehicle cause two peaks in the
CV, and the deceleration interference has a greater impact on the fleet stability. The results
show that the optimized model effectively reduces the CV.
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Figure 11. CV changes for the different models.

Compared with the CV in the homogenous platoon simulation, the CV in the hetero-
geneous platoon simulation varies greatly, and the peak CV in the DSM model reaches
0.7. This shows that a homogenous platoon is beneficial to enhance the overall stability of
the platoon.

When the lead car is subjected to an external interference, the first-order difference of
the mean and the first-order difference of the standard deviation abruptly changes, which
is obviously different from the steady state. These two indexes can accurately evaluate the
overall stability of the system.

Figure 12 shows the MFD and SFD of the fleet during the homogeneous platoon
simulations, Figure 11 shows the MFD and SFD of the fleet during the heterogeneous
platoon simulations, and the red dots show the simulation results of the optimized model.
The optimization method based on IVC reduces the fluctuations in the fleet MFD and SFD
and improves the stability of the fleet.
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The MFD and SFD distributions of the GHR and DSM models are more discrete than
those of the Chandler model. From the variation graphs of MFD and SFD, the proposed
optimization method in this paper is effective in improving the GHR model.

Sustainability 2021, 13, x FOR PEER REVIEW 17 of 22 
 

3.3.2. Stability Evaluation 
Figure 11 shows the CV changes in the homogeneous and heterogenous platoon 

simulations. The acceleration and deceleration of the lead vehicle cause two peaks in the 
CV, and the deceleration interference has a greater impact on the fleet stability. The results 
show that the optimized model effectively reduces the CV. 

 
(a) CV changes in homogeneous platoon 

simulations 
(b) CV changes in heterogeneous platoon 

simulations 

Figure 11. CV changes for the different models. 

Compared with the CV in the homogenous platoon simulation, the CV in the 
heterogeneous platoon simulation varies greatly, and the peak CV in the DSM model 
reaches 0.7. This shows that a homogenous platoon is beneficial to enhance the overall 
stability of the platoon. 

When the lead car is subjected to an external interference, the first-order difference 
of the mean and the first-order difference of the standard deviation abruptly changes, 
which is obviously different from the steady state. These two indexes can accurately 
evaluate the overall stability of the system. 

Figure 12 shows the MFD and SFD of the fleet during the homogeneous platoon 
simulations, Figure 11 shows the MFD and SFD of the fleet during the heterogeneous 
platoon simulations, and the red dots show the simulation results of the optimized model. 
The optimization method based on IVC reduces the fluctuations in the fleet MFD and SFD 
and improves the stability of the fleet. 

 
 

−0.01 

 

−0.02 

−0.01 

 

−0.02 

Sustainability 2021, 13, x FOR PEER REVIEW 18 of 22 
 

  

  

Figure 12. Mean-first difference (MFD) and Std-first difference (SFD) changes in the homogeneous platoon simulations. 

The MFD and SFD distributions of the GHR and DSM models are more discrete than 
those of the Chandler model. From the variation graphs of MFD and SFD, the proposed 
optimization method in this paper is effective in improving the GHR model. 

As shown in Figures 12 and 13, the heterogeneous platoon has a longer duration of 
instability and a larger range of mutations than the homogeneous platoon. The 
optimization method based on vehicles and IVC is not sufficiently effective to improve 
the indicators of the DSM model. This shows that the DSM model, which takes into 
account the characteristics of the driver, is more suitable for heterogeneous platoon 
control. 

0 50 100 150 200
-0.02

-0.01

0.00

0.01

0.02
 GHR
 O-GHR

M
ea

n-
fir

st 
di

ffe
re

nc
e

t (s)
0 50 100 150 200

-0.02

-0.01

0.00

0.01

0.02  GHR
 O-GHR

St
d.

-fi
rs

t d
iff

er
en

ce

t (s)

0 50 100 150 200
-0.02

-0.01

0.00

0.01

0.02  DSM
 O-DSM

M
ea

n-
fir

st 
di

ffe
re

nc
e

t (s)
0 50 100 150 200

-0.02

-0.01

0.00

0.01

0.02  DSM
 O-DSM

St
d.

-fi
rs

t d
iff

er
en

ce

t (s)

−0.01 

 

−0.02 

−0.01 

 

−0.02 

−0.01 

 

−0.02 

−0.01 

 

−0.02 

Figure 12. Mean-first difference (MFD) and Std-first difference (SFD) changes in the homogeneous platoon simulations.

As shown in Figures 12 and 13, the heterogeneous platoon has a longer duration
of instability and a larger range of mutations than the homogeneous platoon. The opti-
mization method based on vehicles and IVC is not sufficiently effective to improve the
indicators of the DSM model. This shows that the DSM model, which takes into account
the characteristics of the driver, is more suitable for heterogeneous platoon control.
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Table 5 shows the descriptive statistics of stability evaluation indicators for the dif-
ferent models in homogeneous platoon and heterogeneous platoon. Traditional models
and optimized models are better evaluated using the minimum, maximum, mean, and
standard deviation of the stability indicators.
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Figure 13. Mean-first difference (MFD) and Std-first difference (SFD) changes in the heterogeneous platoon simulations.
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Table 5. Descriptive statistics of stability evaluation indicators for the different models.

Homogeneous Platoon Heterogeneous Platoon

Minimum Maximum Mean Std.
Deviation Minimum Maximum Mean Std.

Deviation

CV

Chandler 0.000 0.439 0.052 0.110 0.000 0.399 0.047 0.100

O-Chandler 0.000 0.242 0.024 0.058 0.000 0.242 0.024 0.058

GHR 0.000 0.440 0.073 0.122 0.000 0.440 0.073 0.122

O-GHR 0.000 0.228 0.049 0.074 0.000 0.228 0.049 0.074

DSM 0.000 0.535 0.077 0.134 0.000 0.258 0.043 0.069

O-DSM 0.000 0.466 0.054 0.104 0.000 0.255 0.040 0.063

MFD

Chandler −0.006 0.003 0.000 0.001 −0.020 0.009 −0.000 0.001

O-Chandler −0.004 0.001 0.000 0.000 −0.004 0.001 0.000 0.000

GHR −0.006 0.010 0.000 0.001 −0.006 0.010 0.000 0.001

O-GHR −0.004 0.002 0.000 0.000 −0.004 0.002 0.000 0.000

DSM −0.006 0.015 0.000 0.001 −0.006 0.011 0.000 0.001

O-DSM −0.006 0.004 0.000 0.001 −0.006 0.010 0.000 0.001

SFD

Chandler −0.007 0.017 0.000 0.002 −0.011 0.024 0.000 0.002

O-Chandler −0.003 0.008 0.000 0.001 −0.003 0.008 0.000 0.001

GHR −0.032 0.017 0.000 0.003 −0.032 0.017 0.000 0.003

O-GHR −0.002 0.008 0.000 0.001 −0.002 0.008 0.000 0.001

DSM −0.040 0.019 0.000 0.003 −0.030 0.017 0.000 0.003

O-DSM −0.015 0.017 0.000 0.002 −0.027 0.017 0.000 0.003

3.3.3. Energy Evaluation

Figure 14 shows a comparison of the total fuel consumption of the three models and
their optimized models in the car-following simulations. Compared to the traditional
car-following model, the optimized model reduces the total fuel consumption during
the car-following process, and this reduction is most evident in the Chandler model.
Heterogeneous platoons consume more fuel than homogeneous platoons. The reason is
that drivers with aggressive or anxious driving styles in heterogeneous platoons are more
likely to frequently perform acceleration and deceleration operations.
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4. Conclusions

Cooperative driving of connected vehicles is becoming a new trend of intelligent
transportation systems. For an environment with connected vehicles, this paper proposes
optimized car-following models for platoon control based on IVC technology. Three
traditional car-following models and their optimized platooning car-following models are
introduced. Numerical simulations are used to compare the effects of the three traditional
models and their optimized counterparts on the car-following process. The differences
between homogenous and heterogeneous attributes in the platoons are also considered in
the simulations. Finally, based on existing car-following evaluation indicators, evaluation
indicators that comprehensively consider platoon safety, stability, and energy consumption
are constructed to evaluate the platoon system, including the first-order difference of the
SM mean and the first-order difference of the SM standard deviation. The key findings are
listed as follows:

• When the leading vehicle accelerates and decelerates, the optimized models make the
vehicles adopt a more appropriate adjustment strategy than the traditional models,
which is beneficial to the internal recovery of the stable car-following state.

• Compared with homogenous platoons, heterogeneous platoons are prone to excessive
intervehicle distances, abnormal vehicle speed changes, and higher fuel consumption
during the car-following process, resulting in a larger range of evaluation indicators.

• The results show that homogenous platooning helps to enhance the overall stability
of the platoon. Moreover, the optimization method based on vehicles and IVC is not
sufficiently effective to optimize the DSM model, indicating that the DSM model is
more suitable for heterogeneous platoon control.

As the main contribution, this research provides an optimization method for platoon
control, that is, considering the acceleration of the preceding vehicle on the basis of the
traditional car-following models, and provides a set of systematic evaluation indicators
for platooning. This paper can provide platooning technology for automobile enterprises,
logistics enterprises, and insurance enterprises. However, limitations still exist in this study;
for example, this research mainly focuses on a platoon with longitudinal car-following,
whereas lateral operations such as lane-changing collaboration must be further explored in
the next stage of work. Furthermore, the simulation results obtained in this study need to
be further verified in future work, and the impact of wireless access technologies and V2X
communication technologies on the platooning applications should be further considered.
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