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Abstract: Cooperative adaptive cruise control (CACC) is a promising technology to improve traffic
efficiency and enhance road safety. In this paper, a modified CACC control model considering the
communication time delay is proposed, which is used to investigate the longitudinal safety impacts
of the communication time delay to the CACC platoon. Then, the communication time delay model
is integrated into the CACC model to simulate the realistic information transfer process in the CACC
platoon. Then a microscopic CACC platoon simulation is designed and conducted to verify the
feasibility and reliability of the modified CACC control algorithm. The obtained results reveal that
the modified CACC control algorithm can not only reduce about 96.6% of inter-vehicle spacing
error, but also enhance the vehicles’ ability to sense the upstream traffic changes. Furthermore, to
quantitatively analyze the longitudinal safety influence of the time delay caused by representative
communication systems, sensitivity analysis experiments of headway time were designed and
conducted. In the sensitivity analysis, the time exposed time-to-collision (TET) and the time-integrated
time-to-collision (TIT) were introduced as the key performance indicators (KPIs) to quantify the
rear-end collision risks. Sensitivity analysis results demonstrate that the performance of the CACC
platoon is strictly related to the applied wireless communication style. Furthermore, the CACC
system supported by the 5th generation (5G) communication system shows great advantages in
narrowing the minimal headway time gap and reducing the rear-end collision risks.
Keywords: cooperative adaptive cruise control; communication latency; 5G; rear-end collision risks

1. Introduction
It is reported that millions of people lost their lives from roadway crashes on the freeway around
the word, and the number of casualties is still increasing steadily in recent years [1]. The driver
factors, such as mal-operation and fatigue driving, have been considered as the leading cause of most
crashes [2]. To handle this issue, implementing intelligent transportation system (ITS) applications
is recognized as a promising means to improve traffic safety [3]. The 5th generation (5G) mobile
network services, an emerging technology, soon to be under large-scale promotion, is believed to have
great potential to improve the ITS, especially on autonomous vehicle technologies. In general, it is
well-known that 5G networks are characterized by three unique features: (1) ubiquitous connectivity,
(2) extremely low latency, and (3) very high-speed data transfer rate (typically of Gbps order) [4,5].
Compared with the current.
Long therm evolution(LTE)networks, the 5G networks will significantly improve users’ perceived
quality of service (QoS). The 5G wireless communication systems, with improved data rates, capacity,
latency, and QoS, are expected to be the panacea to the most existing problem of information transfer
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the ACC

The rapid development of communication technologies, especially short-range communication
technology, has been widely integrated into ACC systems. The evolved version of ACC incorporated
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Figure 2. The CACC communication based on DSRC system.
Figure 2.the CACC communication based on DSRC system.

The rest of the paper is organized as follows. Section 2 is a review of related works. Then,
The rest of the paper is organized as follows. Section 2 is a review of related works. Then, an
an overview of cruise control algorithms is introduced in Section 3. In this section, the typical ACC
overview of cruise control algorithms is introduced in Section 3. In this section, the typical ACC and
and CACC models proposed by the California Partners for Advanced Transit and Highways(PATH)
CACC models proposed by the California Partners for Advanced Transit and Highways(PATH) are
are introduced. Then, a modified CACC algorithm accounting for time delay and is introduced in
introduced. Then, a modified CACC algorithm accounting for time delay and is introduced in Section
Section 4. Several simulation experiments to validate the proposed CACC models are included in
4. Several simulation experiments to validate the proposed CACC models are included in Section 5;
Section 5; the sensitivity analysis is provided in this section as well. Finally, this paper ends with a
the sensitivity analysis is provided in this section as well. Finally, this paper ends with a brief
brief conclusion and recommendation in Section 6.
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applications are time-critical, and the advantages of DSRC are easy deployment, low cost, and the
capability to support V2V communications. Nonetheless, this technology suffers from scalability

Sustainability 2020, 12, 7568

4 of 17

are time-critical, and the advantages of DSRC are easy deployment, low cost, and the capability to
support V2V communications. Nonetheless, this technology suffers from scalability issues, unbounded
delays, and the lack of deterministic quality of service (QoS) guarantees. On the other hand,
literature [15] performed some experiments to evaluate the performance of IEEE 802.11p vehicular
communications, while transmitting basic safety messages (BSM). A total of nine experiments were
conducted for measuring the latency values while transmitting BSM packets over the IEEE 802.11p
radio channel. Their results denoted that the average latency increases with an average distance
between the communicating vehicles.
The authors of [16] studied the IEEE 802.11p-based cooperative driving systems in urban
expressways. Their measurements and analyses indicated that setting roadside relay communication
stations at the top of the road slopes can effectively reduce Non-Line-of-Sight (NLoS) cases and
improve the communication reliability. To provide effective group communication between vehicular
ad hoc networks (VANETs), Charitos and Kalivas (2017) [17] proposed the hybrid IEEE 802.11p-LTE
network architecture. In the references [18,19], various scenarios for cellular network and vehicular
communication were presented, and the authors analyzed the performance of the hybrid communication
system, which combined the LTE and the IEEE 802.11p. The results showed that in terms of IEEE
802.11p, the values of communication latency were somewhat higher: approximately between (450–800
ms), compared to the LTE (180–300 ms). With the combination of IEEE 802.11p–LTE, the average delay
can be significantly decreased to (110–150 ms).
In 2020, the first commercial release of the fifth-generation cellular system (5G) was launched
according to the road map of the 3rd Generation Partnership Project (3GPP) and the International
Telecommunication Union (ITU) road map for the International Mobile Telecommunications 2020
system (IMT-2020) [20,21]. In the 5G era, the extreme latency, high-speed data transfer, and ubiquitous
connectivity will be the salient features of 5G networks, which are expected to bring significant positive
effects to self-driving development, especially the CACC system [4,5,22]. In the literature of Sachs
and Andersson et al. (2019), the 5G functionality for ultra-reliable and low-latency communication
(URLLC) services is detailed described [23]. It also explained how 5G new radio (NR) and the evolved
long-term evolution (LTE) radio interface can achieve guaranteed low-latency wireless transmission.
For intelligent transportation systems (ITSs) with URLLC services, it can promote real-time maneuver
coordination among autonomous vehicles, and coordination with the transportation infrastructure
become reality. According to the requirement of ITU and 3GPP, 5G needs to be able to successfully
transmit a 32-B message over the 5G radio interface within 1 ms. Furthermore, the 3GPP further
requires that the average latency of 5G radio interface to be decreased to 0.5 ms, which is not required
for the 5G evaluation at ITU [24].
In the majority of CACC systems, the vehicles in the platoon are required to communicate with
the nearest preceding vehicle and the leading vehicle [3]. In order to standardize the vehicular
communication system, which is a crucial functional block in the CACC systems, the Connected Vehicle
Reference Implementation Architecture (CVRIA) is proposed by the US Department of Transportation.
The CVRIA provides the communication framework between vehicles and roadside units, including
V2V and V2I [25]. Under the 3G or 4G era, when the number of served vehicles increases inside
the coverage area, the communication bandwidth would become insufficient; therefore, short-range
wireless technologies are necessary supplements for vehicular communication. DSRC has been chosen
as the standard short-range communication protocol for connected vehicle applications by the Federal
Communications Commission (FCC) in the US [26]. Another form of vehicular network is VANETs,
with various features, such as high node mobility and dynamic topology [27], which is one of the
extensively explored methods for vehicular communication. In [27], the authors discussed the research
challenges of routing in VANETs and then analyzed the future trends of VANETs.
According to the literature reviewed, in the previous research, various CACC models were
explored and studied in simulation experiments and field tests. However, most of the CACC systems
are based on the DSRC system, LTE communication system, or the hybrid network of DSRC and LTE
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systems. The recent progress in 5th generation wireless systems (5G) shows that the millimeter-wave
5G has an excellent capability of decreasing communication latency. To date, there have been few
Sustainability 2020, 12, x FOR PEER REVIEW
5 of 18
studies which investigated the potential influences of the next-generation communication technologies
on
the CACCon
system,
especially
theespecially
longitudinal
impactssafety
of CACC
fleets.
To fulfill
this To
research
technologies
the CACC
system,
the safety
longitudinal
impacts
of CACC
fleets.
fulfill
gap,
this
paper
is
focused
on
quantitatively
evaluating
the
rear-end
collision
risks
of
the
CACC
platoons,
this research gap, this paper is focused on quantitatively evaluating the rear-end collision risks of the
which
on different
This study
also aimed
reduce
rear-end
collision
CACCrely
platoons,
whichcommunication
rely on differentsystems.
communication
systems.
This to
study
alsothe
aimed
to reduce
the
risks
on
the
freeway
by
modifying
the
typical
CACC
algorithm.
The
modified
CACC
algorithm,
rear-end collision risks on the freeway by modifying the typical CACC algorithm. The modified
which
derived from
theisCalifornia
Partners
or Advanced
Transitorand
Highways
(PATH)
was
CACCisalgorithm,
which
derived from
the California
Partners
Advanced
Transit
and[28,29],
Highways
introduced
in
this
paper.
Moreover,
to
quantitatively
evaluate
the
rear-end
collision
risks
in
a
CACC
(PATH) [28,29], was introduced in this paper. Moreover, to quantitatively evaluate the rear-end
fleet,
tworisks
surrogate
safety fleet,
measures
were also safety
applied
in this research.
Toapplied
the bestin
ofthis
ourresearch.
knowledge,
collision
in a CACC
two surrogate
measures
were also
To
research
to the influence
of communication
on the
system longitudinal
safety
has
the best devoted
of our knowledge,
research
devoted to thedelay
influence
ofCACC
communication
delay on the
CACC
rarely
reported safety
in the literature
systembeen
longitudinal
has rarelybefore.
been reported in the literature before.
To
overcome
the
communication
To overcome the communication delay
delay existing
existing in
in V2V
V2V and
and V2I
V2I communication,
communication, this
this paper
paper
proposed
proposed aa novel
novel network
network topology
topology structure.
structure. Figure
Figure 33 illustrates
illustrates the
the way
way that
that CACC
CACC vehicles
vehicles under
under
the
the 5G
5G communication
communication system
system are
are connected.
connected. Compared
Compared with
with the
the conventional
conventional cooperative
cooperative adaptive
adaptive
cruise
control
system,
vehicles
equipped
with
the
5G
communication
devices
can
exchange
real-time
cruise control system, vehicles equipped with the 5G communication devices can exchange real-time
driving
the
dedicated
short
distance
vehicular
communication
system,
but also
drivinginformation
informationnot
notonly
onlyvia
via
the
dedicated
short
distance
vehicular
communication
system,
but
the
widely
existing
5G
network
signal.
This
provides
a
new
way
for
the
development
of
connected
also the widely existing 5G network signal. This provides a new way for the development of
autonomous
vehicles (CAVs),
which(CAVs),
can enhance
theircan
situational
and performance
through
connected autonomous
vehicles
which
enhanceawareness
their situational
awareness
and
the
implementation
of
more
robust
system-level
vehicle
control
strategies
[30].
When
the
highly
performance through the implementation of more robust system-level vehicle control strategies
[30].
reliable
5Ghighly
network
circumstance
is widely
constructed,
cooperative
ACC platoon
drivingACC
will become
When the
reliable
5G network
circumstance
is widely
constructed,
cooperative
platoon
adriving
particularly
promising
technology
to
improve
road
safety,
fuel
consumption,
and
traffic
throughput
will become a particularly promising technology to improve road safety, fuel consumption,
without
thethroughput
need to expand
the current
infrastructure
and traffic
without
the needroadside
to expand
the current [5].
roadside infrastructure [5].

Figure 3. CACC system based on 5G communication system.
Figure 3. CACC system based on 5G communication system.

3. Overview of Cruise Control Algorithms
3. Overview of Cruise Control Algorithms
3.1. Longitudinal Control Basic Principles
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maneuver to the leading vehicle and the other to regulate the car-following behaviors after a vehicle
joins the CACC platoon [29]. The two sub-controllers work on the two different control stages,
respectively.
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3.2. The Classical ACC Algorithm
3.2. The Classical ACC Algorithm
The ACC system, as one of the few eminent driving-assistant systems, is currently commercially
The ACC system, as one of the few eminent driving-assistant systems, is currently commercially
available, primarily, on mid-class and premium vehicles. As is shown in the Figure 4, in this microscopic
available, primarily, on mid-class and premium vehicles. As is shown in the Figure 4, in this
simulation testbed, the ACC model is introduced to simulate the driving behaviors of the fleet leading
microscopic simulation testbed, the ACC model is introduced to simulate the driving behaviors of
vehicles and the approaching car. In the commercially available ACC model, the acceleration of the
the fleet leading vehicles and the approaching car. In the commercially available ACC model, the
subject vehicles is determined by the distance and speed errors, which can be mathematically expressed
acceleration of the subject vehicles is determined by the distance and speed errors, which can be
as follows:
mathematically expressed as follows:
dk = xk−1 − xk − thw vk
(1)

dk =
xk−−vtkhwvk
skx=
k−1
k −1v−

(1)
(2)

ak s= =
λ1vdk +−λv2 sk

(3)
(2)

k −1

k

k

In the Equation (1) the dk represents the distance errors between the subject and the preceding
ak =the
λ1dvehicles
k + λ2 sk are the k-th and the k − 1-th vehicle in (3)
vehicles; the subscript k and k − 1 indicate that
the
platoon, respectively; xk and xk−1 denote the current longitudinal position of the subject vehicle and the
In the Equation (1) the d represents the distance errors between the subject and the preceding
preceding vehicle, respectively;k vk represents the current speed of the subject vehicle; the thw indicates
k gap
k -1 indicate
vehicles;
subscript
andbetween
that the vehicles
are the vehicles.
k-th and the
k-1-th
vehicle(2),
in
the
presetthe
headway
time
the preceding
and the subject
In the
Equation
the platoon,
respectively;
and ofxkthe
denote
the current
longitudinal
position
of the subject
where
sk represents
the speedxkerrors
vehicle,
which can
be calculated
by the velocity
of the
-1 k-th
preceding
vehicle
vk−1 and the
subjectrespectively;
vehicles’ velocity
vk . After thethe
distance
andofspeed
errors
vk represents
vehicle and
the preceding
vehicle,
currenterrors
speed
the subject
are determined, the real-time acceleration ak of the subject vehicle can be updated by Equation (3),
vehicle;λ1the
indicates the
the proportional
preset headway
time gapofbetween
the preceding
the subject
where
andt hw
λ2 represent
coefficients
the distance
errors and and
velocity
errors,
−2
−2
respectively.
According
to the
test [28],
values
of λ1of=the
0.23s
λ2 =which
0.07s can
were
vehicles. In the
Equation
(2), experimental
where sk represents
thethe
speed
errors
k-th and
vehicle,
be
used in the calibrated ACC model. Note that, in the ACC system, all the real-time input variables,
vk . After
calculatedvby
the velocity of the preceding vehicle vk −1measurement
and the subject
vehicles’ velocitysensors.
including
of vehicle-mounted
k , vk−1 and xk , xk−1 , are obtained through the

the distance errors and speed errors are determined, the real-time acceleration
vehicle can be updated by Equation (3), where

λ1

and

λ2

ak

of the subject

represent the proportional coefficients of

of the distance errors and velocity errors, respectively. According to the experimental test [28], the
values of λ1 =0.23s−2 and λ2 =0.07s−2 were used in the calibrated ACC model. Note that, in the ACC
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3.3. The PATH CACC Algorithm
To investigate the impacts of communication latency on the longitudinal safety of the CACC
fleets, the simulation testbed in this research was constructed based on platoons, and the number of
vehicles included in the platoon ranged from 4 to 8. Different from the ACC system, vehicles in the
CACC platoons can transfer basic safety messages, such as real-time velocities, positions, accelerations,
and decelerations, via the vehicle-mounted assistant communication equipment system. Based on these
basic driving safety messages, the PATH CACC model was proposed by Milanés and Shladoveris [28],
who calibrated this CACC model with realistic experimental data. The calibrated PATH CACC model
is expressed as follows:
ek = xk−1 − xk − dmin − thw vk
(4)
.

vk = vkprev + kp ek + kd ek

(5)

where ek presents the space gap errors of the k-th consecutive vehicle; xk−1 and denotes the longitudinal
location of the preceding vehicle; xk and vk represent the current position and longitudinal velocity of
the subject vehicle respectively; thw denotes the time headway constant; dmin represents the standstill
distance. In subsequent experiments, the value of dmin is set as 2.5 m, and thw is set as 0.9 s. In the
.
Equation (5), vkprev denotes the speed of the subject vehicle in the previous iteration; ek is the derivative
of space gap errors; kp and kd denote the corrective coefficients of this model. These two parameters
are identified as kp = 0.45 and kd = 0.25, which are calibrated by the realistic experimental data [28].
4. The Modified CACC Algorithm and Surrogate Safety Measures
4.1. The Modified CACC Algorithm
.

Note that, in the typical PATH CACC model, the intermediate variable ek was not defined
specifically enough and the output control parameter ak is somewhat vague. According to Equation
.
(4), theoretically, if we derivate both sides of Equation (4), then ek can be expressed as follows:
.

ek = vk−1 − vk − thw ak

(6)

where ak is the acceleration of the subject vehicle, which is one of the output variables of the CACC
system [33,34]. Derived from the typical PATH CACC model, a more specifically defined and modified
CACC model, is proposed in this paper, which is a linear state feedback control system as well.
The feedback CACC model is expressed as follows:
ak = λa ak−1 + λ g e gk + λv sk

(7)

where λa , λ g and λv denote the static control gains; ak represents the current output acceleration of
the subject vehicle and ak−1 denotes the acceleration of the preceding vehicle, which is one of the
information units transferred from the preceding vehicle by the auxiliary communication system; e gk
and sk , represent the space errors and the velocity errors, respectively. These two crucial input variables
are specifically defined as follows:
(8)
e gk = gk − Gmin − thw vk
sk = vk−1 − vk

(9)

In the Equations (8) and (9), gk , Gmin , vk , vk−1 , and thw denote, the current distance to the
preceding vehicle, the defined minimal standstill safety distance, the longitudinal velocity of ego
vehicle, the preceding vehicles’ speed, and the headway time constant, respectively.
In the previous study, the communication time delay is usually ignored. However, as previously
stated, a communication delay inherently exists in reality, which plays a significant role in view of
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longitudinal safety. Accounting for communication time delay, the modified CACC model can be
expressed as
ak = λa ark−1 + λ g ( gk − Gmin − thw vk )
(10)
+λv (−vk + vrk−1 )
It can be noted that the introduced modifications are replacements of ak−1 and vk−1 with ark−1 and
respectively. The ark−1 and vrk−1 represent the following car received acceleration and velocity
of the preceding vehicle. Although the introduced modification changes the CACC formula only
slightly, its impact on the platoon performance is meaningful. This is caused by the fact that the
modified formula accounts for the impacts of communication time delay. With the support of the 5G
network, the 5G-mCACC describes a system that integrated the modified CACC controller with the
5G communication network.
In the above CACC model, generally, three basic safety message items are exchanged between the
CACC vehicles. The details of the basic safety information exchange are shown in Table 1.
vrk−1 ,

Table 1. Table of basic safety information exchange.
Information Item

Unit

Longitudinal position (xk )
Current velocity (vk )
Real-time acceleration (ak )

m
m/s
m/s2

In this paper, the microscopic simulation testbed is constructed based on the modified CACC
model. According to the previous research [34], the parameters of the CACC model can be determined
as Table 2.
Table 2. Table of CACC model parameters.
Corrective Coefficient

Values

Acceleration gains (λa )
Velocity error (λv )
Spacing gap error (λ g )

0.2
0.75
0.25

When the acceleration of a subject vehicle is determined in the simulation experiment, the current
velocity vk and the longitudinal location xk , at time t, can be updated using the following equations:
vk = vkpre + ak ∆t

(11)

1
xk = xkpre + vk ∆t + ak ∆t2
(12)
2
where ∆t is the selected time-gap of every iteration; vkpre and xkpre represent the velocity and position of
the subject vehicle in the previous iteration, respectively. In the simulation experiment, the iteration
time gap ∆t was selected as 0.01 s (10 ms).
4.2. The Communication Time Delay Model
When the subject vehicle is receiving the basic safety information from a target vehicle, as the input
signals of the CACC controller, the time delay should not be ignored in the information transferring
process. Actually, in real electrical communication conditions, communication latency is always
inevitable. To investigate the safety impacts of the communication latency to the CACC system, a time
delay function is necessary to model the communication time delay during the process of information
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exchange between vehicles in the CACC platoons. Accounting for the communication time delay,
the state transfer function can be mathematically expressed as the following equation [34]:
!

sreal (t)
sobs (t)

f (t)
f (t − τ)

=

G(s) =

!

Freal (s)
Fobs (s)

(13)

(14)

where sobs (t) represents the signal received observation state at time t; sreal (t) is the real state of the
target vehicle at time t; the τ denotes the communication and actuator time delay; and the G(s) denotes
the state transfer function during the BSM exchange process. Where s∈ C is the Laplace variable.
Fobs (s) and Freal (s) denote the Laplace transform of the corresponding time-domain function sobs (t)
and sreal (t), respectively.
According to the definition of Laplace transform, Freal (s) = L[sreal (t)] = L[ f (t)], from the zero
initial condition f (t) = 0, t ≤ 0, for any input f (t) ∈ L[0, ∞). Similarly, Fobs (s) = L[sobs (t)]. Then,
the key is to prove the relationship between Fobs (s) and Freal (s). Based on the definition of the Laplace
transform, the inter-relationship can be deduced as follows:
Fobs (s) = L[sobs (t)] = L[ f (t − τ)]
+
R∞
=
f (t − τ)e−st dt
0

=

Rτ

f (t − τ)e−st dt +

0

When t ≤ 0, f (t) = 0, which proved that

Rτ

+
R∞
τ

f (t − τ)e−st dt

f (t − τ)e−st dt= 0. Then the upper equation can be

0

simplified as Fobs (s) =

+
R∞
τ

f (t − τ)e−st dt. Now, use u as a variable substitution of (t − τ). Then

Fobs (s) =

+
R∞

f (µ)e−s(µ+τ) dµ

0

= e−sτ

+
R∞

f (µ)e−sµ dµ

0

= e−sτ Freal (s)
According to the above proof, the inter-relationship between Fobs (s) and Freal (s) can be simply
expressed as Fobs (s) = e−sτ Freal (s), integrating this model with the most widely used longitude
1
e−sτ
dynamics model [35] Freal (s) = 1+
s , then Fobs (s) = 1+s ; the longitudinal dynamics model is be used
in the subsequent simulation experiments.
4.3. Surrogate Safety Measures
To quantify and analyze the longitudinal safety impacts of the communication latency to the
various CACC systems, an appropriate surrogate safety measure is needed in this research. In the
previous research, a number of indicators have been proposed to evaluate traffic collision risks, such as
the time exposed rear-end crash risks index (TERCRI) [36], time to collision (TCC) [37], time exposed
time-to collision (TET) [38], the time-integrated time-to-collision (TIT) [39], etc.
Among these measurements, TCC, firstly proposed by Hayward, (1972), is one of the most
commonly utilized indicators to evaluate rear-end crash risks [40–46]. According to the definition of
TCC [37], it refers to the time that remains for the occurrence of a collision between the two successive
vehicles in the same lane. To be more specific, if the longitudinal velocity of the following vehicle is
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larger than the preceding one, and they maintain their speed without any change, then a rear-end
accident will occur sometime later. The TCC exactly represents this time, which can be calculated
using the following equation:
 x (t)−x (t)−L
i−1
i
i−1


 vi (t)−vi−1 (t)
TTCi (t) = 


∞

i f vi (t) > vi−1 (t)
i f vi (t) ≤ vi−1 (t)

(15)

where TTCi (t) is the TTC value of the vehicle i at the time t; xi (t) and vi (t) represent the position
and velocity of the vehicle i at the time t; Li−1 denotes the length of the preceding vehicle. Actually,
a smaller TTC value indicates that the rear-end crash risk is higher.
There are numerous TTC values at every simulation time step, due to the fact that there are always
many vehicles in the CACC platoons. Accordingly, the TET and TIT aggregated indicators for crash
risk assessments were proposed in the previous study. These two crash risk measurement indicators
were derived from TTC, and they are selected as the surrogate safety measures used in this research.
According to the definitions of TET and TIT, the TET refers to the total time that the operating vehicles
under dangerous traffic situations and the TIT refers to the entity of the TTC value lower than the
safety threshold TTC*. The values of TET and TIT can be calculated using the following equations:
TET (t) =

N
X

(
δt ·∆t, δt =

i=1

TET =

1 , ∀ 0 < TTCi (t) ≤ TTC∗
0,
otherwise

T
X

TET (t)

(16)

(17)

t=0

TIT (t) =

N "
X
i=1

#
1
1
−
·∆t, ∀ 0 < TTCi (t) ≤ TTC∗
TTCi (t) TTC∗
TIT =

T
X

TIT (t)

(18)

(19)

t=0

where t is the time instant; i represents ID tag of the vehicles; N represents the number of vehicles in
the experimental vehicle platoon; δt is the switching variable at the time t; ∆t denotes the iteration time
gap, the value of ∆t is set as 0.01 s(10 ms) in this paper, which is more accurate than the general selected
value 0.1 s(100 ms); and T represents the simulation time period setting; TTC∗ is the TCC threshold,
which is used to distinguish the dangerous traffic situations from the experiments. According to the
previous research, the rational value of the TCC threshold could range from 1 to 3 s [43,44].
5. Simulation Experiments and Results Discussion
To date, as the application of the 5G-mCACC system in practice is rare, it is impractical to quantify
the safety performance of the 5G-mCACC system in large scale real-world filed tests. Therefore,
simulation experiments are needed to evaluate the proposed modified 5G-CACC system. In this
paper, the microscopic simulation testbed was designed and implemented, which was constructed
with MATLAB R2018b software. The modified longitudinal control algorithms and surrogate safety
measures were used in this section, which are implemented in the simulation testbed to quantify and
analyze the impacts of the communication latency to the CACC systems.
5.1. Designed Experiment and Tested Scenarios
The overarching goal of this study is to investigate the longitudinal safety performance of the
proposed novel 5G-mCACC system and demonstrate its technical feasibility. To compare the difference
between the newly proposed 5G-mCACC system and the previous CACC system, which relied on the
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traditional communication infrastructures, such as the DSRC communication system, 4G LTE networks,
and DSRC–LTE hybrid networks, the comparison experiments were designed and tested in this paper.
As mentioned earlier in this paper, the previous research results verified that the time delay
of the DSRC system is approximately between 250–600 ms [13], and the time delay of the LTE is
about 180–300 ms [14], while the average time delay of the hybrid DSRC–LTE network is significantly
decreased to 110–150 ms [17,18]. In the subsequent sensitivity analysis comparative experiment,
the communication time delay of the CACC system is set as 100 ms, 200 ms, and 300 ms, which
represent the time delay caused by the hybrid network, the LTE communication system, and the DSRC
system, respectively.
In realistic traffic scenarios, traffic oscillation is a very common phenomenon, which is a kind of
traffic disturbance propagation caused by when the leading vehicle stops or accelerates suddenly. If
the distance between the preceding vehicle and the following vehicle is insufficient, and the following
vehicle does not decelerate in time, a rear-end collision accident may occur. This kind of longitudinal
microscopic behavior of the automatically controlled vehicles is simulated in the constructed MATLAB
simulation platform.
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considering driving comfort, the acceleration of the leading vehicle always ranges within −0.3
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2
and 0.2mg (1.962
m/s0.2
to the
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ISO 15,622 intelligent
transport
(−2.943
g(1.962 m s ), which
corresponds
to of
thethe
requirements
of the ISO
15,622
s 2 ) and
systems standard [47]. Figure 5c is the real-time intervehicle spacing gap response graph of the ACC
intelligent transport systems standard [47]. Figure 5c is the real-time intervehicle spacing gap
platoon. This picture also indicates that the initial position of each vehicle is set as 30 m apart, which
response graph of the ACC platoon. This picture also indicates that the initial position of each vehicle
is a little wider than the desired distance gap. Furthermore, to directly reflect the real-time safety
is set as 30 m apart, which is a little wider than the desired distance gap. Furthermore, to directly
situation of every ACC vehicle during the simulation, the distance error convergence curve graph is
reflect the real-time safety situation of every ACC vehicle during the simulation, the distance error
convergence curve graph is shown in Figure 5d. The spacing errors are the deviations between the
real-time relative distance and the desired safety distance.
Observing Figure 5a, it is not difficult to find out that the velocity shockwave is gradually
amplified in the ACC platoons. Similar amplified phenomena also can be found in Figure 5c,d, which
indicates that if the disturbance affected the leading vehicle’s behavior cannot be attenuated in time,
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shown in Figure 5d. The spacing errors are the deviations between the real-time relative distance and
the desired safety distance.
Observing Figure 5a, it is not difficult to find out that the velocity shockwave is gradually amplified
in the ACC platoons. Similar amplified phenomena also can be found in Figure 5c,d, which indicates
that if the disturbance affected the leading vehicle’s behavior cannot be attenuated in time, the distance
gap and spacing error between the ACC platoons will be continuously amplified. If the number of
vehicles in the ACC platoons continuously increases, then the speed shockwave and the spacing error
will be magnified infinitely in the following vehicle. Consequently, this may seriously compromise the
platoon vehicle’s longitudinal safety. Furthermore, the spacing error fluctuating range is also reflected
in Figure 5d, which clearly illustrates that the spacing error of the ACC platoons ranges from −7.7m to
+7.2m in the most of the simulation period. Finally, from the acceleration response curve Figure 5b, we
can see that, in the ACC platoon, only the second vehicle can feel the acceleration oscillation of the
leading vehicle, which means that information dissemination lags in the ACC platoon.
5.3. Performance of the Modified CACC System
In order to compare the safety performance of the modified CACC system with the typical ACC
13 of 18
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Furthermore, from Figure 6b, we can see that the leading vehicle’s abnormal acceleration oscillation
attenuated rapidly in this CACC platoon, and at least three following vehicles can respond to the
leading vehicles’ acceleration oscillation.
From the above two comparison experiments, one can conclude that the modified CACC system,
integrated with 5G communication technology, significantly enhanced the ability to sense upstream
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from Figure 6b, we can see that the leading vehicle’s abnormal acceleration oscillation attenuated
rapidly in this CACC platoon, and at least three following vehicles can respond to the leading vehicles’
acceleration oscillation.
From the above two comparison experiments, one can conclude that the modified CACC system,
integrated with 5G communication technology, significantly enhanced the ability to sense upstream
traffic condition changes. Compared with the ACC platoons, another significant improvement of
the 5G-mCACC system is that the inter-vehicle spacing error fluctuation amplitude reduced about
96.6%. Due to the improvement of the aforementioned two aspects, the string stability of CACC
platoons improved consequently. Furthermore, the intervehicle spacing error directly relates to vehicles’
longitudinal safety performance. Therefore, reasonable speculation can be made that the longitudinal
safety performance of the modified CACC vehicles is enhanced as well. Furthermore, we can speculate
that CACC vehicles’ longitudinal safety improvement is related to the extremely low communication
latency of 5G. To demonstrate the rationality of this hypothesis, some sensitivity analysis experiments
are conducted in the next section.
5.4. Sensitivity Analyses
The headway time not only has great effects on traffic efficiency, but also influences the longitudinal
safety of CACC vehicles. In the sensitivity analysis experiments, the headway time constant is
considered as a key parameter to affect the longitudinal safety of the various CACC platoons. Hence,
four values of the headway time gap, including 1.2 s, 1.0 s, 0.8 s, and 0.6 s, are selected as the
comparative variables in the sensitivity analysis experiments. In order to quantitatively analyze the
rear-end collision risk of in various CACC system, the TIT and TET change percentages are calculated
as the evaluation indicator. The specific results are shown in Table 3.
Table 3. Sensitivity analysis of headway time of CACC vehicles.
Tgap = 1.2s

Tgap = 1.0s

Tgap = 0.8s

Tgap = 0.6s

Controller
TCC* = 3 s

Latency
(ms)

TET

TIT

TET

TIT

TET

TIT

TET

TIT

DSRC-CACC
LTE-CACC
Hybrid-CACC
5G-CACC

300
200
100
20

92.2%
95.6%
99.2%
100%

84.3%
94.3%
99.4%
100%

83.1%
84.2%
97.6%
100%

85.1%
87.8%
93.5%
100%

62.7%
74.2%
85.6%
96.6%

76.2%
82.3%
89.9%
99.8%

56.7%
63.5%
79.99%
92.7%

53.2%
70.5%
80.2%
96.3%

Note: the ACC vehicles without communication systems were used as a reference in the simulation results.

To investigate the longitudinal safety impacts of the communication time delay to the CACC
vehicle, CACC systems based on various communication systems were simulated in the sensitivity
analysis experiments. According to the previous research literature, four representative vehicular
communication ways were analyzed in this section. The time delays 300 ms, 200 ms, 100 ms, and 20 ms
correspond to the latency of DSRC, LTE-4G, Hybrid network, and the 5G network, respectively.
Besides, the ACC platoon without wireless communication was used as a benchmark for comparing
the performances of various CACC systems.
The sensitivity analysis results are shown in Table 3 and Figure 7. From these results, we can see
that when the headway time gap is over 1 s, the various CACC controllers all performed excellently
without significant difference, especially the hybrid LTE-DSRC CACC and the 5G-CACC, both of
which can almost 100% eliminate the rear-end collision risks in the tested experimental scenarios.
This indicates that the larger the headway time gap constant, the weaker the communication latency
influence on CACC vehicles’ longitudinal safety performance.
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the extremely low latency, as one of the unique characteristics of the 5G communication system, shows
significant advantages in reducing the rear-end collision risks of the CACC platoon. The sensitivity
analysis results also suggested that, compared with the sensor-based ACC system, the CACC system
based on various wireless communication showed its advantage in enhancing the longitudinal vehicle
safety, which is consistent with the previous major study.
From the sensitivity analysis results, we can also conclude that the CACC vehicle based on
different wireless communication has different minimal headway time gaps. The CACC system relies
on dedicated short-range communications (DSRC) and the long term evolution (LTE) can just function
well when the desired headway time is over 1.0 s. Even the hybrid-network can just work well when
the headway time is no less than 0.8 s. It is proved that the modified CACC control algorithm with the
support of 5G wireless communication can narrow the desired minimal headway time to 0.6 s without
significantly increasing the longitudinal rear-end collision risk. The sensitivity analysis results suggest
that communication delay is crucial for the CACC platoon performance. This supports the hypothesis
that the 5G-CACC system with extremely low communication latency has significant advantages for
improving traffic efficiency and reducing rear-end collision risks.
6. Conclusions and Recommendations
This article mainly aimed to investigate the longitudinal safety impacts of the communication time
delay on CACC platoons. The safety impacts were measured by the surrogate safety measures of the TIT
and TET indicators. A modified CACC vehicle control algorithm accounting for communication latency
is proposed in this paper. To verify the feasibility of the proposed control algorithm, we compared
the performance of the PATH ACC algorithm and the modified CACC by the simulation experiments.
The obtained comparative experimental results reveal that the modified CACC control algorithm can
not only dramatically reduce the inter-vehicle spacing error in the platoon, but also enhance the string
stability of the CACC vehicle.
Furthermore, to quantitatively evaluate the longitudinal safety impacts of communication latency
to the modified CACC system, the CACC platoon constructed, based on DSRC, LTE, and the hybrid
DSRC-LTE, were investigated, respectively, in the sensitivity analysis experiments. The sensitivity
analysis results suggest that the performance of the platoon is strictly related to the applied wireless
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communication style. Compared with other kinds of communication systems, the experimental results
suggest that the new 5G-CACC system with extremely low communication latency has significant
advantages in reducing the rear-end crash risks, especially when the headway time of the CACC platoon
decreased to 0.6 s. With the commercial application of the 5G communication network, the unique
features of 5G, such as the extremely low latency and ubiquitous connectivity, bring opportunities
for the development of the CACC system. It is expected that road safety and traffic efficiency can be
enhanced with the combination of different communication technologies in the future.
In this research, only the longitudinal safety impacts, the rear-end collision risks of the CACC
platoon, were analysed. In fact, the application of new vehicular communication technologies may also
benefit the cooperation of lane change behavior of vehicles on a freeway. Cooperative lane change is
another challenging research field. On the other hand, another feature of CACC not considered in this
research is CACC longitudinal stability, which is always a key area of CACC research. Furthermore,
vehicle-to-vehicle communications can be affected by many external conditions, such as the weather
and driver factors, which can significantly impact the results as well. The authors recommend that
further research focuses on these issues.
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