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ABSTRACT This paper focuses on traffic scenarios randomly mixed with cooperative adaptive cruise
control (CACC) vehicles and manual vehicles with vehicle-to-vehicle (V2V) communication. The analytical
investigation of string stability of such mixed traffic flow is conducted under different CACC penetration
rates. The parametric sensitivity analysis on CACC desired time-gap is also studied. Moreover, numerical
simulation is conducted under both open and periodic boundary conditions. Research results indicate that
increase of CACC vehicles is helpful for improving the mixed traffic flow string stability. The mixed
flow will be stable for all possible velocities if CACC rate reaches to 0.64 when the CACC time-gap is
considered as 0.6s. Larger CACC time-gap would have more stable regions in string stability charts with
respect to equilibrium velocity and CACC penetration rate. This paper contributes to a newway for analytical
investigation of string stability of the mixed CACC traffic flow.

INDEX TERMS Cooperative adaptive cruise control, string stability, mixed traffic flow, numerical
simulations.

I. INTRODUCTION
String stability is an important topic in research of traffic
flow dynamics [1]–[5]. It depicts how a perturbation prop-
agates to vehicles upstream with time. To avoid ambiguity,
we should mention that string stability studied in this paper is
also called asymptotic stability in traffic flow modeling [6].
In recent years, vehicle intelligent systems, such as coop-
erative adaptive cruise control (CACC), are developed to
improve traffic flow dynamics [7]. Theoretically speaking,
CACC can monitor multiple vehicles ahead with vehicle-
to-vehicle (V2V) communication. However, the real exper-
iments [8], [9] indicate that the CACC vehicle might only
receive information from the immediately preceding vehicle,
which serves the first step toward multiple V2V communi-
cation at the present stage. Therefore, this paper focuses on
the CACC vehicle that monitors the immediately preceding
vehicle. Moreover, like some previous studies [10], [11],
manual vehicles are assumed to be able to send their diving
information to CACC vehicles using V2V communication
devices, regardless of whether they can receive information
from other vehicles or not.
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A special designed microscopic simulation model was
employed to show that CACC vehicles contribute to stability
of traffic flow [12]. The macroscopic model for CACC traf-
fic flow dynamics was also developed from gas-kinetic the-
ory [13], and it was found that CACC enhances string stability
of traffic flow with respect to both small and large perturba-
tions. In addition, some CACC controller implementations in
production vehicles were performed [14]. These tests indicate
that CACC vehicle can improve string stability and provide
valuable experience for bringing CACC control technologies
into production [9]. However, a relationship has yet to be
established between these control technologies [15], [16] and
car-following models for the investigation under different
CACC penetration rates. Therefore, a car-following model
of the CACC control system implemented in real vehicles
was developed based on experiments [8], [9]. The results
show that CACC vehicles can smooth perturbation waves, but
this literature did not analyze string stability in detail with
different CACC penetration rates. Since market penetration
level of CACC vehicles will increase gradually over a long
period of times, the future traffic flowwill be randomlymixed
with manual vehicles and CACC vehicles. Such mixed traffic
flow is likely to be realistic in the near future and its string
stability becomes importation topic in traffic flow theory.
Many studies [17]–[34] have been conducted to analyze the
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impacts of CACC vehicles on traffic flow stability. From the
perspective of analytical investigation, we found that there are
two major approaches for analytical investigation of string
stability of the mixed traffic flow in the previous studies.
The framework by Ward [24] focusing on car-truck mixed
flow was successfully extended to the mixed CACC traf-
fic flow [35]–[38]. However, Ward’s framework [24] cannot
directly deal with the string stability conditions, in which
the reaction time is considered. To deal with this problem,
transfer function theory is applied to stability analysis of
the mixed CACC traffic scenario [36]. The shortcoming of
this method is that the reaction time would make transfer
function substantially more complicated. Therefore, it needs
a relative simple method to calculate string stability of the
mixed CACC traffic flow by taking into consideration the
reaction time. Fortunately, from the perspective of antici-
pation time and reaction time with respect to perturbation
waves, Holland [23] studied string stability of both identical
and non-identical drivers. Additionally, his string stability
criterion was successfully applied to determine conditions
required by stable traffic flow on the M25 in the U.K [23].
However, to the best of our knowledge, Holland’ method
[23] has not been extended to the case of the mixed CACC
flow. Therefore, this article attempts to address this case by
analytically investigating string stability of the mixed CACC
traffic flow.

The remainder of this paper is organized as follows.
In Section II, car-following models of CACC and manual
vehicles are described. Then analytical investigation of
string stability is conducted in Section III. Section IV per-
forms numerical simulations under both open and periodic
boundary conditions. Finally, conclusions are summarized in
Section V.

II. CAR-FOLLOWING MODELS
A. MANUAL DRIVEN MODEL
Newell investigated a car-following model with velocity gov-
erning equation in 1961 [39]. The Newell model is written as

vi(t + T ) = V (xi−1(t)− xi(t)) (1)

where T is time lag, xi−1 and xi are positions of the preceding
and following vehicles, vi is the velocity of vehicle i, V is the
optimal velocity function.

In 1995, Bando et al. presented the optimal velocity model
(OVM), a breakthrough of car-following models [40]:

v̇i(t) = γ [V (xi−1(t)− xi(t))− vi(t)] (2)

where v̇i stands for the acceleration of vehicle i, γ is
sensitivity parameter, which means the reaction time of OVM
is considered as 1/γ [41].

Then, the generalized force model (GFM) [42] was pro-
posed to solve the problems of high accelerations and deceler-
ations in OVM. After that, Jiang et al. [43] modified the GFM
model by considering both positive and negative velocity
difference, called the full velocity difference model (FVDM):

v̇i(t)=κ[V (xi−1(t)−xi(t))−vi(t)]+λ(vi−1(t)− vi(t)) (3)

TABLE 1. Calibration results of FVDM.

where κ and λ are sensitivity parameters. The optimal veloc-
ity function V used by Kesting and Treiber [44] is adopted in
this paper in order to use their parameter calibration results,
which is written as

V =
v0
2
[tanh(

xi−1 − xi
l

− β)− tanh(−β)] (4)

where v0 is desired velocity, l and β determine the transition
regime for V .

The parameter values of FVDMwere calibrated byKesting
and Treiber [44] using trajectory data of daily city traffic. The
calibration results are shown in Table 1. Because the desired
velocity is calibrated to be 18.1 m/s in daily city traffic,
the mixed traffic flow studied by this paper is supposed to
run under this desired velocity value.

B. CACC MODEL
PATH proposed a CACC model by simplifying a CACC
controller implemented in production vehicles [8], [9]. The
CACC controller is divided into gap closing stage and gap
regulation stage [9]. This paper focuses on string stabil-
ity analysis, which requires the initial state to be stable.
Therefore, only the gap regulation stage is employed as the
CACC model, which is calculated as follows:

vi = viprev + kpei + kd ėi (5)

where viprev is the velocity of following vehicle in the previous
iteration, kp and kd are control gains, ei denotes the gap
distance error, and ėi is the derivative of ei about time. The
ei is calculated as follows:

ei = xi−1 − xi − tcvi (6)

where tc is the CACC time-gap, which ranges from 0.6s to
1.1s [45].

The values of kp and kd are determined based on the CACC
implementation [8], [9], where kp = 0.45 and kd = 0.25.
The experimental tests show that the CACC model properly
matches the real behavior of the production vehicles equipped
with this CACC control system.

III. ANALYTICAL INVESTIGATION OF STRING STABILITY
A. ANALYTICAL GUIDELINES
String stability studies the propagation of perturbation along
the platoon over time. If the perturbation is gradually attenu-
ated when propagating upstream, the platoon is called string
stable. Asmentioned previously, only a few literatures includ-
ing the one by Holland [23] studied the string stability of
the mixed traffic flow. We adopt the finding of Holland’s
study to analyze the string stability situations with respect
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to equilibrium velocities and CACC penetration rates for the
mixed CACC traffic flow.

Based on Holland [23], the car-following dynamics can
be interpreted from the perspective of wave travel times and
reaction times. By introducing the idea of an anticipation
point [23] and considering the fact that perturbations are
likely to be smoothed out when propagating along a column
for stable traffic flow [39], [46], [47], Holland [23] calculated
a diffusion coefficient as the string stability criterion for the
mixed traffic flow as follows,

f =
1
N

N∑
i=1

[τi(αiτi − Ti)] (7)

where f is the diffusion coefficient and traffic flow is stable
if its value is positive. i denotes the ith vehicle in the traffic
flow containing N vehicles. αi is the anticipation point, τi
is the time that a wave takes to travel between two adjacent
vehicles, and Ti is the reaction time.

According to Holland [23], the string stability criterion in
Eq. (7) does not depend on the orders of individual vehicles.
Moreover, the reaction time Ti can be explicitly manifested
as a direct time lag, such as Newell model in Eq. (1), and also
implicitly as an expression of the sensitivity parameters, such
as OVM in Eq. (2). The anticipation point αi is proved to be
1/2 if the car-following model is based on spatial headway or
velocity difference [23]. The wave travel time τi is derived by
Holland [23] as follows:

τi = [V ′i (b)]
−1 (8)

where Vi(b) is the equilibrium velocity-headway function of
the ith vehicle’s car-following law, and b denotes the equilib-
rium spatial headway.

Based on Holland [23], it means the ith driver have enough
time to react to the wave before it reaches him/her if the term
(τi (αiτi − Ti)) is positive. The physical interpretation of the
diffusion coefficient f is how much the perturbation waves
are diffused in total as it passes down the column [23]. In
addition, Eq. (7) will become the string stability criterion for
homogenous car-following models when drivers follow the
same law:

fQ = τ (ατ − T ) (9)

where subscript Q denotes vehicle type. The traffic flow is
stable if fQ is positive.

B. HOMOGENOUS TRAFFIC FLOW
1) MANUAL VEHICLES
In this section, the string stability of homogenous traffic flow
is analyzed based on Eq. (9). In the case of manual vehicles,
the car-following model is FVDM introduced by Eq. (3). We
rewrite its string stability criterion, i.e. Eq. (9), as follows,

fQ = τ (ατ − T ) (10)

where, subscriptm denotes manual vehicles. Because the car-
following law of FVDM is based on spatial headway and
velocity difference, the value of αm is 1/2 [23]. FVDM can

FIGURE 1. String stability of manual vehicles.

be derived from general Newell model as the second-order
expression [41], based on which the relation time of FVDM
is calculated as

Tm =
1

κ + 2λ
(11)

where, κ and λ are sensitivity parameters of FVDM, whose
values are shown in Table 1. Therefore, the value of Tm is
calculated to be 0.78s.

At the equilibrium state, the acceleration and velocity
difference are zeros. For FVDM, the equilibrium
velocity-headway function is the optimal velocity function
of Eq. (4). Hence, its wave travel time is obtained, as follows,

τm = [V ′m(b)]
−1
=

2l

v0[1− (tanh( bl − β))
2]

(12)

Based on the optimal velocity function of FVDM, b can be
written as the function of the equilibrium velocity:

b = l[arctan h[
2v
v0
+ tanh(−β)]+ β] (13)

where v is the equilibrium velocity.
Substituting Eq. (13) to Eq. (12) to rewrite τm as follows:

τm =
2l

v0[1− tanh2(arctan h( 2vv0 + tanh(−β)))]
(14)

Substituting Eq. (11), Eq. (14), and αm = 1/2 into Eq. (10)
to obtain the diffusion coefficient fm of manual vehicles,
as follows,

fm =
2l2

v20[1− tanh2(arctan h( 2vv0 + tanh(−β)))]2

−
2l

v0(κ + 2λ)[1− tanh2(arctan h( 2vv0 + tanh(−β)))]

(15)

Eq. (15) shows that the values of fm are determined only by
equilibrium velocities once values of model parameters are
determined. It means the string stability of manual vehicles
is determined by equilibrium velocities, as shown in Fig. 1.
It shows that fm is positive when the equilibrium velocity
is below 1.6 m/s or over 16.0 m/s (the desired velocity is
calibrated as 18.1 m/s), while negative if the velocity ranges
between 1.6 m/s and 16.0 m/s. Thus, manual vehicles are
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stable when the velocity ranges from 0 m/s to 1.6 m/s and
from 16.0 m/s to 18.1 m/s, while unstable if the velocity
changes between 1.6 m/s and 16.0 m/s.

2) CACC VEHICLES
In the case of CACC vehicles, the string stability criterion for
homogenous traffic flow, i.e. Eq. (9), is rewritten as,

fc = τc(αcτc − Tc) (16)

where, c denotes the CACCvehicle type. Based on this CACC
control principle [8], [9], the CACC model, i.e. Eq. (5), can
be replaced by

vi(t +1t) = vi(t)+ kpei(t)+ kd ėi(t) (17)

where, 1t is the control cycle, which is 0.01s during exper-
imental tests [8], [9]. In other words, the reaction time Tc of
actual CACC vehicles is 0.01s. Because the CACC model
is also based on spatial headway and velocity difference,
the value of αc is 1/2 [23].

Substituting the equilibrium state conditions into CACC
model to obtain its velocity-headway function:

Vc(b) =
b
tc

(18)

Hence, the wave travel time of CACC vehicles is obtained
as follows:

τc = [V ′c(b)]
−1
= tc (19)

Therefore, the diffusion coefficient fc of CACC vehicles
can be calculated based on Eq. (16), as follows,

fc =
1
2
t2c − tc1t (20)

Eq. (20) indicates that fc is only determined by CACC
model and does not depend on vehicle velocities. Based on
the CACC model used in this paper, the value of fc can be
calculated to be 0.1740. It means CACC vehicles are stable
for any velocity.

C. MIXED TRAFFIC FLOW
In the previous section, we calculate the diffusions of manual
vehicles and CACC vehicles, which are denoted by fm and fc
in Eq. (15) and Eq. (20), respectively. Then following Eq. (7),
the diffused perturbation wave in total for a column can be
calculated by summing the diffusion for each vehicle when
the wave passes through it. Moreover, the calculation does
not depend on the orders of individual vehicles but on the
numbers of different types of vehicles [23]. Let pm and pc
denote the proportions of manual vehicles and CACC vehi-
cles, respectively, in the mixed traffic flow. Moreover, let p
stand for the CACC penetration rate, whichmeans pm = 1−p
and pc = p. Then Eq. (7) can be extended to the mixed CACC
traffic flow studied in this paper:

ft = pmfm + pcfc = (1− p)fm + pfc (21)

where, ft denotes the total diffusions, namely the diffusion
coefficient in Eq. (7).

FIGURE 2. Function of ft related to p.

In order to explore quantitative relationship between total
diffusions ft and p, we transfer Eq. (21) to the function of ft
related to p, as follows:

ft = (fc − fm)p + fm (22)

It can be found that ft is a linear function about p.Moreover,
the value of ft is fm when p is 0, while it is fc if p increases
to 1. According to the above analysis, fc is positive and the
values of fm depend on equilibrium velocities. Hence, we can
categorize conditions into the following two general cases.
The first case means fm ≥ 0. Then ft is always positive based
on properties of linear function. In this case, the mixed traffic
would be stable for each possible value of p. The second case
denote fm < 0. In this case, ft would be negative when p is 0,
while it is positive when p is 1, as shown in Fig. 2, in which
the line stands for the quantitative relationship between ft
and p. We can calculate each value of ft based on values
of p. Moreover, ft would be changed from negative values
to positive values when p reaches p∗. According to the lin-
ear function, we can calculate the quantitative values of p∗,
as follows:

p∗ =
fm

fm − fc
(23)

By substituting Eq. (15) and Eq. (20) into Eq. (23), we can
calculate the values of ft under different CACC penetration
rates and equilibrium velocities. Then the mixed traffic flow
string stability charts with respect to CACC penetration rates
and equilibrium velocities can be obtained, as shown in Fig. 3.
The black curve denotes values of p∗, calculated according
to Eq. (23), depending on equilibrium velocities. Then the
mixed traffic flow is unstable for the area below the black
curve, while the region above stands for stable situations.
The intersections of the black curve and the horizontal axis
with 0% CACC rate are 1.6 m/s and 16.0 m/s, which are
critical velocities between stability and instability of manual
vehicles. What we mainly concern are the critical CACC
rates that can maintain stable mixed traffic flow under each
velocity, which are the values on the black curve in Fig. 3.
According to the string stability charts with various values
of CACC time-gap, it shows that larger CACC time-gap
decrease the corresponding critical CACC rates. It can be
calculated that the mixed traffic flow will become stable for
all velocities when the CACC rate p is more than 0.64, in the
case of CACC time-gap being 0.6s. If the CACC time-gap
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FIGURE 3. String stability charts of the mixed CACC traffic flow.

is 0.7s, the stable mixed flow can be obtained when CACC
rate p reaches to 0.56, while the corresponding critical CACC
rate is 0.44 in the case of CACC time-gap being 0.9s. In addi-
tion, if CACC time-gap increases to 1.1s, the mixed traffic

flow can satisfy the string stability with more than 0.34 rate
of CACC.

As noted in the introduction section, previous studies
[35]–[38] usually adopted the method by Ward [24] and the
method of transfer function theory [36] to conduct string
stability of the mixed CACC flow. However, Ward’s method
cannot deal with the reaction time well. Hence, from the
perspective of reaction time, the method used in this paper is
more useful for analytical investigation of string stability of
the mixed CACC traffic flow. In addition, although transfer
function theory has the ability to analyze the reaction time
of string stability, the reaction time would make the calcu-
lation substantially complicated. Moreover, the reaction time
would also cause transcendental equation. The final analyt-
ical criterion of string stability cannot be obtained, while
numerical computation is usually adopted to calculate the
stability results of the mixed traffic with CACC vehicles [36].
Therefore, compared with the method of transfer function
theory, our method is actually practical to deal with string
stability of the mixed CACC flow when reaction times of
vehicles are considered. Moreover, the method used in this
paper has less computational cost.

IV. NUMERICAL SIMULATIONS
String stability analysis in section 3 belongs to the
linear stability. However, except for very abstract models,
non-linear string stability analysis is not analytically tractable
for mixed traffic flow [36], [37]. Therefore, we perform
numerical simulations to evaluate string stability at the non-
linear level by using car-following models. The simulations
are conducted under both open and periodic boundary
conditions.

A. SIMULATIONS UNDER OPEN BOUNDARY CONDITION
The numerical simulations under open boundary condition
focus on a mixed platoon containing 50 vehicles. The leading
vehicle is controlled and performs a deceleration to cause a
small perturbation. Specifically, at the initial time, all vehicles
of the platoon travel at equilibrium velocity 10m/s. Then the
leading vehicle decelerates its velocity with the deceleration
-0.5m/s2 for 2s to maintain a new constant velocity until the
end of simulations [48]. Then we evaluate the time history
of vehicle velocities for the string stability analysis. The
simulations are performed using Matlab, a computational
software package. In the simulations, car-following dynamics
of manual and CACC vehicles are achieved by using their
car-following model described in section 2. Because small
value of CACC time gap may help increase traffic capacity,
the CACC time gap is set to be 0.6s in simulations. We focus
on the mixed traffic flow with different CACC penetration
rates, which means the mixed platoon in simulations contain-
ing manual and CACC vehicles. The proportions of manual
and CACC vehicles in the mixed platoon are determined by
the value of CACC penetration rates, which is set in advance
in the procedure using Matlab. Moreover, the vehicle orders
in the mixed platoon are also random on the single lane. The
simulation time step is 0.1s.
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FIGURE 4. Simulation results under open boundary condition.

Based on the above simulation designs, the simulation
results are shown in Fig. 4. In Fig. 4, the blue curves
denote velocity dynamics of CACC vehicles, while the black
curves represent the velocity dynamics of manual vehicles.
Fig. 4 gives non-linear string stability results with six CACC
penetration rates. It can be found that manual vehicles are
unstable under the small perturbation caused by the leading
vehicle. The string stability of the mixed platoon is gradually
improved with the increase of the CACC penetration rate p.
When p researches to 0.8, the mixed platoon becomes stable.

Therefore, the critical value of p that maintains stable platoon
ranges from 0.7 to 0.8. As noted previously in Fig. 3 (a), in the
linear analytical level, the critical value of p for stable mixed
traffic flow is 0.64. Then the difference between linear analyt-
ical result and non-linear simulation result is not significant,
which also validates the analytical investigation in this paper.

In order to further evaluate how the stability changes by
CACC penetration rates, we conduct statistical test to analyze
whether there are significant changes. As for simulations
under open boundary condition, shown in Fig. 4, speed
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TABLE 2. Velocity amplitude comparison with CACC penetration rates.

TABLE 3. Statistical significant of velocity amplitude.

changes of vehicles over time are illustrated. Then we can
calculate maximum amplitude of a certain vehicle’s velocities
over time, which is compared with the equilibrium velocity.
We select five vehicles to conduct this comparison, whose
vehicles ID is 10, 20, 30, 40, and 50, respectively. The cal-
culation results are shown in Table 2. Based on the results
in Table 2, the two-sample t-test at 5% significance level
[49] is used as the statistical test. When we make the t-test,
the velocity amplitude with full manual vehicles (namely
p = 0) is considered as the base line. Then cases with
different CACC penetration rates are tested and results are
calculated in Table 3. According to Table 3, It can be found
that P-values decrease with the increase of CACC penetration
rate p. Moreover, we can find that improvements of string
stability will be significant when p increases to 0.5. This
shows the usefulness that CACC vehicles enhance stability
conditions of the mixed traffic flow.

B. SIMULATIONS UNDER PERIODIC BOUNDARY
CONDITION
Besides the open boundary condition, periodic boundary con-
dition is useful to evaluate snapshots of vehicle velocities of
the platoon with different CACC penetration rates. There-
fore, we also conducted numerical simulations under periodic
boundary condition. The simulations under periodic bound-
ary condition are also performed in Matlab with the simula-
tion time step being 0.1s. At the initial time, all vehicles (also
50 vehicles) have the same velocity 10m/s and move on a
single-lane ring road in steady state, in which the distance gap
of eachmanual vehicle is 13.8881m and eachCACCvehicle’s
distance gap is 8m. The vehicle orders are also random under

TABLE 4. Velocity variance comparison with CACC penetration rates.

TABLE 5. Statistical significant of velocity variance.

periodic boundary condition. A small perturbation is added
onto one of the vehicles to see how the perturbation develops
along the platoon [5], [22]. Simulations are also conducted
under six different CACC penetration rates, namely p = 0,
0.3, 0.7, 0.8, 0.9, 1. The snapshots of vehicle velocities at
the time step of t = 300s are shown in Fig. 5. In the case
of full manual vehicles, i.e. p = 0, the perturbation causes
stop-and-go phenomenon under periodic boundary condition.
This stop-and-go phenomenon can be gradually removed
with the increase of the CACC penetration rate p. Moreover,
when p reaches 0.8, the mixed platoon would become sta-
ble on the single-lane ring road. Hence, the string stability
performance under the periodic boundary condition (Fig. 5)
is consistent with that under the open boundary condition
(Fig. 4).

As for the simulations under periodic boundary condition,
we also test statistical significant of stability conditions of the
mixed vehicular flow. In Fig. 5, snapshots of vehicle veloci-
ties at a certain time are illustrated. Then velocity variances
of all vehicles at a certain time are calculated under different
CACC penetration rate p. We select t = 100s, t = 300s,
t = 500s, t = 700s, and t = 900s in the statistical
test. According to the above consideration, calculation results
of velocity variance are shown in Table 4. The condition
of velocity variance with p = 0 is also considered as the
base line in the statistical test, in which two-sample t-test at
5% significance level [49] is still used. Results of statistical
significant are calculated in Table 5. Based on results of
Table 5, P-value also decreases with the increase of p under
the periodic boundary condition. Moreover, enhancement of
stability conditions of the mixed flow will be significant if
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FIGURE 5. Snapshots of vehicle velocities at the time step of t = 300s.

p increases to 0.5, which is consistent with results in Table 3
under the open boundary condition. This means that the
usefulness of stability enhancement by CACC vehicles in the
mixed flow is also validated based on the periodic boundary
condition.

V. CONCLUSION
This paper focuses on string stability of the mixed CACC
traffic flow with V2V communication. Although this mixed
traffic flow is likely to be realistic in the near future, ana-
lytical investigation of its string stability is not fully studied.
Therefore, we analytically investigate the string stability of
this mixed traffic flow, by extending the analytical guidelines
proposed by Holland [23]. Conclusions are obtained under
the assumption that the future factory CACC system is based

on the CACC controller implemented in production vehicles
[8], [9]. It shows that CACC vehicles are helpful in improving
string stability of the mixed traffic flow. Larger time-gap
of this CACC controller have larger stable regions of the
string stability chart with respect to equilibrium velocities and
CACC penetration rates. When CACC time-gap is set to be
0.6s, the mixed traffic flow will be stable for all velocities
if the CACC penetration rate exceeds 0.64, while the critical
CACC penetration rate is required to be more than 0.34 if
CACC time-gap is considered as 1.1s.

The study in this paper provides a new way for string
stability analysis of the mixed CACC traffic flow. The ana-
lytical framework presented for the investigation of string
stability can be applied to the case in which CACC model
are improved for better description of car-following dynamics
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of real vehicles in the future. Additionally, the presented
analytical framework can be applied to various spatial traf-
fic scenarios, if calibration works of manual driven model
are performed using corresponding trajectory data. Although
numerical simulations are performed to validate the analytical
results in this paper, we are aware that empirical data are
still not available, which will be left in our next research
step when large-scale experimental data of CACC vehicles
are available in the future. In addition, stochastic noises and
structure switches widely exist in the real word [50]–[52].
Hence, the effect of stochastic noises and structure switches
will be further considered in the future.
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