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Abstract. In this paper, we have investigated the effects of adaptive cruise control (ACC) vehicles in
a mixture with manually-controlled (manual) vehicles. The manual vehicles are simulated by using the
modified comfortable driving model, which can describe synchronized traffic flow. The phase transition
probabilities from free flow to synchronized flow and from synchronized flow to jams are studied. The
impact of ACC vehicles on the flow rates in free flow and synchronized flow and on the propagation
velocity of the downstream front of jams are investigated. The dependence of microscopic properties of
traffic flow, including the spatiotemporal patterns and the velocity distribution, is explored. Our results
are expected to be useful for developing ACC systems.

PACS. 45.70.Vn Granular models of complex systems; traffic flow – 89.40.-a Transportation – 02.60.Cb
Numerical simulation; solution of equations

1 Introduction

Recently, research on vehicles equipped with adaptive
cruise control (ACC) systems has attracted the interest
from both physicists and engineers [1–26]. ACC is a driver
assistance system designed to provide more convenience
and comfort to a driver. An ACC-equipped vehicle can
detect the presence of a preceding vehicle and measures
the distance (range) as well as the relative speed (range
rate) by using a forward-looking sensor. It automatically
adjusts the vehicle speed to keep a proper range when
a preceding vehicle is detected. Obviously, ACC vehicles
will have some impact on the characteristics of traffic flow,
including highway safety, efficiency and capacity, because
of their different behavior compared with human drivers.
Therefore, before ACC vehicles are deployed on a large
scale, their effects on the traffic flow characteristics need
to be carefully investigated.

We briefly summarize research assessing the impact
of the increasing proportion of ACC vehicles as follows.
The range policy of ACC vehicles has been studied in ref-
erences [9–11]. The impact of ACC vehicles on highway
safety has been investigated in references [12–14]. Vander-
Werf et al. specifically considered the effects of ACC vehi-
cles on highway capacity [21]. Ioannou and Stefanovic [19]
analyzed mixed traffic, considering the effects of unwanted

a e-mail: rjiang@ustc.edu.cn

cut-ins due to larger gaps in front of ACC vehicles. Zhang
and Ioannou [20] concluded that there were environmen-
tal benefits due to reduced exhaust emissions. The effects
of ACC vehicles on traffic flow stability are widely stud-
ied [13–18]. Treiber et al. [23] reported that if 20% of vehi-
cles were equipped with ACC, nearly all of the congestion
could be eliminated. Even for only 10%, they found that
the additional travel time due to traffic jams was reduced
by more than 80%. Kerner [22] found that ACC vehicles
suppress wide moving jams and thus promote stability.
However, he also suggested that in some cases ACC ve-
hicles could induce congestion at bottlenecks. Davis [24]
showed that ACC vehicles can suppress wide moving jams
by making the flow string stable. He also proposed a coop-
erative merging for ACC vehicles to improve throughput
and increase distances travelled in a fixed time [25]. How-
ever, to our knowledge, the effects of ACC vehicles on
phase transitions in the traffic flow of a mixture of ACC
vehicles and manual vehicles have not been studied.

In the literature mentioned above, ACC vehicles are
modelled by using either car-following models or macro-
scopic models. Comparing with car-following models or
macroscopic models, cellular automata (CA) models are
conceptually simpler and can be easily implemented on
computers for numerical investigations. Therefore, they
have developed very quickly since the birth of the Nagel-
Schreckenberg model.
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In a recent paper, we have proposed a CA model for
ACC vehicles [26]. The effect of mixing ACC vehicles with
manually controlled (manual) vehicles modelled by the
Nagel-Schreckenberg model is explored. It is found that
with the introduction of ACC vehicles, the jam can be
suppressed.

However, the Nagel-Schreckenberg model is only a
minimal model and it cannot describe some observed traf-
fic phenomenon such as metastable state, capacity drop,
and synchronized flow. Therefore, in this paper, the mix-
ture of ACC vehicles with manual vehicles is investigated
by using a more realistic CA model. To this end, the mod-
ified comfortable driving model, which can describe the
first order phase transition from free flow to synchronized
flow is used to simulate manual vehicles. The phase transi-
tion behavior will be studied in a mixture of ACC vehicles
and manual vehicles in detail.

In the next section, the models for simulating ACC ve-
hicles and manual vehicles are briefly reviewed. The sim-
ulation results are presented and analyzed in Section 3.
The conclusions are given in Section 4.

2 CA models for ACC vehicles and manual
vehicles

In this section, we briefly review the CA models for mod-
elling ACC vehicles and manual vehicles. In CA models,
a road is divided into cells. Each cell is either empty or
occupied by a vehicle. The vehicles move with an integer
velocity 1, 2, · · · , vmax with vmax the maximum velocity
of vehicles.

The model for ACC vehicles is recently presented in
reference [26], in which a constant time headway (CTH)
policy is adopted. The parallel updating rules of the model
are as follows.

(i) Acceleration or deceleration: vn(t + 1) =
min(vmax, �dn(t)/T �);

(ii) randomization: vn(t + 1) = max(0, vn(t + 1)− 1) with
probability p = �dn(t)/T � − dn(t)/T for dn(t)/T <
vmax and p = 0 for dn(t)/T ≥ vmax. Note vn(t + 1)
on the right hand side of the equation refers to that
determined in the previous step in this and following
equations;

(iii) motion of a vehicle: xn(t + 1) = xn(t) + vn(t + 1).

Here vn is the velocity of vehicle n, dn = xn+1 −xn −L is
the inter-vehicle distance, L is the vehicle length, xn is the
position of vehicle n, and vehicle n+1 precedes vehicle n.
T is the time headway preferred by ACC vehicles. �x�
denotes the minimum integer that is not smaller than x.

The model for manual vehicles is presented in refer-
ences [27–29]. The parallel updating rules of the model
are as follows.

1. Determination of the randomization parameter
pn(t + 1):

pn(t + 1) = p(vn(t), bn+1(t), th,n, ts,n)

2. Acceleration:
if ((bn+1(t) = 0 or th,n ≥ ts,n) and (vn(t) > 0)) then:
vn(t+1) = min(vn(t)+2, vmax) else if (vn(t) = 0) then:
vn(t+1) = min(vn(t)+1, vmax) else: vn(t+1) = vn(t)

3. Braking rule:
vn(t + 1) = min(deff

n , vn(t + 1))
4. Randomization and braking:

if (rand() < pn(t + 1)) then: vn(t + 1) = max(vn(t +
1) − 1, 0)

5. The determination of bn(t + 1):
if ((vn(t+1) > vn(t)) or (vn(t+1) ≥ vc and tf,n > tc1))
then: bn(t + 1) = 0
else if (vn(t + 1) < vn(t)) then: bn(t + 1) = 1
else (vn(t + 1) = vn(t)) then: bn(t + 1) = bn(t)

6. The determination of tst,n:
if vn(t + 1) = 0 then: tst,n = tst,n + 1
if vn(t + 1) > 0 then: tst,n = 0

7. The determination of tf,n:
if vn(t + 1) ≥ vc then: tf,n = tf,n + 1
if vn(t + 1) < vc then: tf,n = 0

8. Motion of a vehicle:
xn(t + 1) = xn(t) + vn(t + 1).

Here bn is the status of the brake light (on(off)→ bn =
1(0)). The two times th,n = dn/vn(t) and ts,n =
min(vn(t), h), where h determines the range of interac-
tion with the brake light, are introduced to compare the
time th,n needed to reach the position of the leading vehi-
cle with a velocity dependent interaction horizon ts,n. The
effective distance is deff

n = dn + max(vanti − gapsafety, 0),
where vanti = min(dn+1, vn+1) is the expected velocity of
the preceding vehicle in the next time step and gapsafety

controls the effectiveness of the anticipation. rand() is a
random number between 0 and 1, tst,n denotes the time
that the car n stops, tf,n denotes the time that car n is
in the state vn ≥ vc. The randomization parameter p is
defined:

p(vn(t), bn+1(t), th,n, ts,n)=

⎧
⎨

⎩

pb : if bn+1= 1and th,n<ts,n

p0 : if vn = 0 and tst,n ≥ tc
pd : in all other cases.

Here vc, tc1, and tc are parameters.

3 Simulation results

In this section, the simulation results are presented and
analyzed. In the simulations, the parameter values are tc =
9, tc1 = 30, vc = 18, vmax = 20, pd = 0.25, pb = 0.94,
p0 = 0.5, h = 6 and gapsafety = 7. Each cell corresponds
to 1.5 m and a vehicle has a length of five cells. One time
step corresponds to 1 s. Periodic boundary conditions are
adopted in the simulations and the road length is set to
Lr = 10000.

Figure 1 shows the fundamental diagram of 100% ACC
vehicles (i.e., R = 1) at different values of T . Here R de-
notes the ratio of ACC vehicles. A triangular curve of
flow rate versus density is reproduced as the CTH pol-
icy is adopted. With the increase of parameter T , both
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Fig. 1. Fundamental diagrams of 100% ACC vehicles at differ-
ent values of T (black lines) and of 100% manual vehicles (red
lines). F, S and J mean the free flow branch, synchronized flow
branch, and jam branch of 100% manual vehicles, respectively.

the maximum flow rate and the corresponding density de-
crease.

The fundamental diagram of 100% manual vehicles
(R = 0) is also shown in Figure 1. Initially, the vehi-
cles are homogeneously distributed on the road. We focus
on the probability of the phase transition (see Ref. [30]
for details of phase transition probability)1. To this end,
a large number of runs of the same duration T0 = 6000
have been studied for a given density. For each run it was
checked whether the phase transition (either from free flow
to synchronized flow or from synchronized flow to jam) oc-
curred within the given time interval T0 or not. We record
the number of realizations nP where the phase transition
had occurred. Then P ≈ nP /NP is the approximate prob-
ability that the phase transition occurs during the time
interval T0 at the given density. Here NP = 1000 is the
number of all realizations.

The simulations show there are four critical densities.
When the density is smaller than ρc1, the probability of
the phase transition from free flow to synchronized flow is
zero; when the density is larger than ρc2, the probability of
the phase transition from free flow to synchronized flow is
one; when ρc1 < ρ < ρc2, the phase transition probability
is shown in Figure 2. We denote the maximum flow rate
corresponding to ρc2 as qf

max. Similarly, when the density
is smaller than ρc3, the probability of the phase transition
from synchronized flow to jam is zero; when the density
is larger than ρc4, the probability of the phase transition
from synchronized flow to jam is one; When the density
ρc3 < ρ < ρc4, the phase transition probability is also
shown in Figure 2. In Figure 3, the typical spatiotemporal
patterns of the phase transition processes are shown.

Comparing the fundamental diagrams of 100% ACC
vehicles and 100% manual vehicles, one can see that the

1 Note the type of phase transition from free flow to synchro-
nized flow and from synchronized flow to jams is spontaneous,
instead of the deterministic type that occurs near an on-ramp
or other bottleneck.

Fig. 2. Phase transition probabilities from free flow to syn-
chronized flow (left curve) and from synchronized flow to jams
(right curve) for 100% manual vehicles.

maximum flow rate corresponding to T = 1.0 is larger
than qf

max, and the maximum flow rate corresponding to
T = 1.5 is smaller than qf

max. In addition, the congested
branches corresponding to T = 1.0 and T = 1.5 are above
the congested branch of manual vehicles, and the con-
gested branch of ACC vehicles is below that of manual
vehicles for T = 2.20. Next we study the mixture of man-
ual vehicles and ACC vehicles with T = 1.0, 1.5 and 2.2
respectively.

3.1 Effects of ACC vehicles on F → S

In this section, we focus on the effects of ACC vehicles on
the phase transition from free flow to synchronized flow
in a mixture of ACC vehicles and manual vehicles. Fig-
ure 4 shows the phase transition probability curve under
different values of T and R. It can be seen that:

(i) For T = 1.0, ACC vehicles move deterministically.
One can see that with the introduction of ACC vehi-
cles, phase transition probability curve moves right.
This means that phase transition occurs more diffi-
cult, i.e., ACC vehicles could enhance the stability of
free flow.

(ii) When T > 1, ACC vehicles could not move deter-
ministically in the CA model. As a result, velocity
fluctuation appears in traffic flow composed of 100%
ACC vehicles. Figure 5 shows the velocity variance
of ACC vehicles in a stationary state. One can see
that the velocity fluctuation is extremely strong when
0 < T − 1 � 1. Our simulations also show that when
0 < T −1 � 1, the velocity vACC = 17 < vc could be
observed for an ACC vehicle that follows a platoon
of free moving manual vehicles.
This is an artificial effect of the model. As a result, the
CA model of ACC vehicles is not suitable for evaluat-
ing phase transition in mixed traffic at the parameter
range 0 < T − 1 � 1: the fluctuation will weaken the



200 The European Physical Journal B

Fig. 3. Typical spatiotemporal patterns of the phase transition processes (a) from free flow to synchronized flow and (b)
from synchronized flow to jams for 100% manual vehicles. In (a) ρ = 20.2 vehicles/km (corresponding to headway 49.5 m);
(b) ρ = 37.0 vehicles/km (corresponding to headway 27 m).

Fig. 4. Phase transition probability from free flow to synchronized flow for a mixture of ACC vehicles and manual vehicles.
(a) T = 1.0; (b) T = 1.5; (c) T = 2.20. (d) compares the phase transition probability of T = 1.0, 1.01 and 1.05 at ratio R = 0.1.

traffic flow stability. This is supported by the simu-
lation results shown in Figure 4d. One can see that
even T slightly deviates from 1, the phase transition
probability curve moves left remarkably. The curve
of T = 1.01 is on the left of that of T = 1.05,
which further demonstrates the influence of the in-
trinsic fluctuation of the CA model.
In order to properly evaluate mixed traffic flow at the
parameter range 0 < T − 1 � 1, we need to propose
a CA model for ACC vehicles, in which the velocity
fluctuation is weak. This will be further studied in
our future work.

(iii) For T = 1.50, Figure 5 shows the velocity fluctua-
tion is weak. Therefore, the CA model of ACC vehi-
cles could be used for the evaluation. The simulations

show that when R is small, the phase transition prob-
ability curve moves left compared with the curve of
R = 0. This means that the phase transition occurs
more easily. When the ratio of ACC vehicles is large
(e.g., R > 0.2), the probability curve moves towards
the right with the increase of R.
Comparing Figures 4a and 4b, one can see that the
curves of T = 1.50 are on the left of that corre-
sponding to T = 1.0 at any ACC vehicle ratio. This
means that the phase transition occurs more easily
if T increases. Furthermore, one can see that with
the increase of T and/or R, the probability curve be-
comes steeper, which means that the metastable den-
sity range corresponding to the transition from free
flow to synchronized flow shrinks.
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Fig. 5. Velocity variance in traffic flow of 100% ACC vehicles
on a circuit road. Initially, the vehicles are homogeneously dis-
tributed on the road. One can see that the velocity fluctuation
is extremely strong when 0 < T − 1 � 1. This is an artificial
effect of the model and is not consistent with the properties of
a real ACC vehicle.

(iv) For T = 2.20, the results are quite different. One can
see that the probability curves are very steep. More-
over, they only slightly depend on R. These curves
are on the left of that corresponding to R = 0, which
means that a phase transition occurs more easily.

The dependence of the phase transition curve on the pa-
rameters R and T might be relevant to the following ef-
fects. (1) In the free flow, the headway of ACC vehicles is
vmaxT because ACC vehicles move with the maximum
velocity. The total headway of ACC vehicle is, there-
fore, NRvmaxT . Here NR is the number of ACC vehi-
cles. This leads to the effective headway for manual ve-
hicles heff = Lr−NRvmaxT

N(1−R) , which may be different from
the average headway h = Lr

N . As a result, the stabil-
ity is enhanced when heff > h and is weakened when
heff < h. (2) With the increase of ACC vehicle ratio, the
chance that a large platoon of manual vehicles could ex-
ist decreases. This will enhance the stability. (3) An ACC
vehicle will change the moving behavior of the manual
vehicle that follows it, because the velocity of the ACC
vehicle vACC = dn+1/T might be much smaller than the
expected velocity vanti = min(dn+1, vn+1) of the manual
vehicle, especially for a large T . Therefore, the collision
will happen if the expected velocity of a manual vehi-
cle, which follows an ACC vehicle, remains unchanged. In
our simulations, the expected velocity is changed by using
vanti = min(dn+1/T, vn+1). Obviously, this will weaken
the stability if T > 1.

3.2 Effect of ACC vehicles on F → J

In this subsection, we focus on the effects of ACC vehicles
on the phase transition from synchronized flow to jam.
Figure 6 shows the phase transition probability curve un-
der different values of T and R. It can be seen that

Fig. 6. Phase transition probability from synchronized flow to
jams for a mixture of ACC vehicles and manual vehicles. (a)
T = 1.0; (b) T = 1.5; (c) T = 2.20.

(i) For T = 1.0: With the increase of R, the proba-
bility curve shifts right. This means that with the
introduction of ACC vehicles, the phase transition
from synchronized flow to jams more unlikely occurs.
Furthermore, with the increase of R, the probability
curve becomes a little flatter, which means that the
metastable density range corresponding to the transi-
tion from synchronized flow to jams expands.

(ii) For T = 1.50 and T = 2.20, similar results are ob-
served. When T = 1.50 and R � 0.8, a jam will not
spontaneously appear from synchronized flow. This
is because the propagating speed of the downstream
front of a jam is so large that the jam will soon dissolve
even if it forms due to reasons such as car accidents.
This can be seen from Figure 7. When T = 2.20, a
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Fig. 7. Evolution of traffic jams due to reasons such as car accidents. ρ = 33.3 vehicles/km (corresponding to headway 30 m),
T = 1.50. (a) R = 0.6 (b) R = 0.8. One can see that an induced jam will be maintained and widened for R = 0.6 but dissolved
for R = 0.8.

Fig. 8. qf
max in a mixture of ACC vehicles and manual vehicles.

jam will not spontaneously appear from synchronized
flow provided R > 0.4.
We have compared the probability curves of T = 1.0,
T = 1.50 and T = 2.20, and found that the curves
of T = 2.20 are always rightmost and the curves of
T = 1.0 are always leftmost at any ACC vehicle ratio
(not shown). This means that the phase transition
more unlikely occurs if T increases. This is opposite
to the effects of ACC vehicles on F → S discussed in
the previous subsection.

3.3 Effects of ACC vehicles on flow rate

In this section, we discuss the effects of ACC vehicles on
the flow rate in free flow, synchronized flow and jams,
respectively. Our simulations show that the introduction
of ACC vehicles essentially does not affect the slope of the
flow rate curve in free flow, because the maximum velocity
of ACC vehicles is the same as that of manual vehicles.
Nevertheless, the introduction of ACC vehicles will affect
qf
max because ρc2 is different under different values of R

and T . Figure 8 shows the curves of qf
max versus R at

different values of T . One can see that at a given R, the
larger T is, the smaller qf

max is. For T = 1.0, qf
max is

increasing with R; for T = 1.50, qf
max firstly decreases and

then increases with R; for T = 2.20, qf
max firstly decreases

with R, then essentially remains constant.
Furthermore, for T = 1.50 and T = 2.20, a qf

max larger
than that of 100% manual vehicles cannot be achieved at
large R. This is because for T = 1.50 and T = 2.20, the
maximum flow rate of 100% ACC vehicles is smaller than
qf
max of 100% manual vehicles.

Figure 9 shows the flow rate in synchronized flow un-
der different values of R and T . For T = 1.0, the flow rate
increases with the increase of R. Even at R = 0.8, the
flow rate is still far below that of 100% ACC vehicles. For
T = 1.50, the flow rate also increases with the increase
of R. Nevertheless, when R ≈ 0.4, the flow rate at large
densities is approximately the same as that of 100% ACC
vehicles and the flow rate at small densities still increases
with R. For T = 2.20, the situation is quite different. It
is interesting to find that the flow rate firstly slightly in-
creases when R = 0.1. Then, the flow rate at large density
ρ > ρcc decreases with the increase of R but the flow rate
at small density ρ < ρcc essentially remains unchanged.
The value of ρcc decreases with the increase of R. Even at
R = 0.8, the flow rate is still notably above that of 100%
ACC vehicles.

Finally, our simulations show that the introduction of
ACC vehicles will affect the slope of the jam line, i.e. the
propagation velocity of the downstream front of the jams.
Figure 10 shows the absolute value of the jam line slope
under different values of T , in which a megajam composed
of 2000 vehicles is studied2. We let the first vehicle accel-
erate at time t = 0, and record the time tm that the last
vehicle moves. Then the slope is calculated by 15000/tm.

It can be seen for T = 1.0 and T = 1.50, the abso-
lute value of the slope increases with the increase of R.
Note that for T = 1.50, the slope increases fast when
ρ < ρcv but increases slowly when ρ > ρcv. In contrast,
for T = 2.20, the absolute value of the slope firstly in-
creases and then decreases with the increase of R. When
the jam line is below the synchronized flow branch, jams
may appear spontaneously from synchronized flow. When
the jam line is above the synchronized flow branch, there

2 A megajam is the jam, in which the gaps between vehicles
are zero.



R. Jianga et al.: Phase transition in a mixture of adaptive cruise control vehicles and manual vehicles 203

Fig. 9. Flow rate in synchronized flow under different values
of R and T . The dashed line shows the flow rate of 100% ACC
vehicles. (a) T = 1.0; (b) T = 1.5; (c) T = 2.20.

will be no spontaneous jam appearing from synchronized
flow. Figure 11 shows the jam line and the synchronized
flow branch under different values of R and T , which il-
lustrates why jam does not spontaneously appear from
synchronized flow when R > 0.4 for T = 2.20 and when
R � 0.8 for T = 1.50.

3.4 Effects of ACC vehicles on microscopic properties

In this subsection, we study the effects of ACC vehicles on
spatiotemporal patterns and velocity distribution in syn-
chronized flow. Figure 12 shows the typical spatiotempo-
ral patterns in synchronized flow for different values of R,
with the parameter T = 1.0 and the density ρ = 37.04 ve-
hicles/km (which corresponds to headway 27 m). One can
see that with the increase of R, the traffic flow gradually
evolves into a mixture of free flow and synchronized flow

Fig. 10. Propagation velocity of the downstream front of the
jams in a mixture of ACC vehicles and manual vehicles.

Fig. 11. The jam line and the synchronized flow branch under
different values of R and T in a mixture of ACC vehicles and
manual vehicles. The straight lines are the jam lines. (a) T =
1.50 (b) T = 2.20.

(also see the snapshots in Fig. 13). Even at R = 0.99, the
traffic pattern is still characterized by the mixture. How-
ever, when R = 1, the traffic flow is quite homogeneous
(not shown).

Figure 14 shows the spatiotemporal patterns in syn-
chronized flow with the parameter T = 1.50 and the den-
sity ρ = 37.04 vehicles/km. One can see that there also
appears a mixture of free flow and synchronized flow. How-
ever, when R is large, the mixture is suppressed and the
traffic flow gradually becomes homogeneous (see Fig. 15c
and 15d).
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Fig. 12. Typical spatiotemporal patterns in synchronized flow for different values of R, with the parameter T = 1.0 and the
density ρ = 37.04 vehicles/km. (a) R = 0; (b) R = 0.4; (c) R = 0.8; (d) R = 0.99.

Fig. 13. Snapshots of velocity corresponding to the traffic flow in Figure 12.

Fig. 14. Typical spatiotemporal patterns in synchronized flow at different values of R, with the parameter T = 1.5 and the
density ρ = 37.04 vehicles/km. (a) R = 0.4; (b) R = 0.8.
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Fig. 15. Snapshots of velocity corresponding to the traffic flow
in Figure 14. (a) R = 0.4; (b) R = 0.8; (c) R = 0.99; (d) R = 1.

Fig. 16. Snapshots of velocity in synchronized flow for different
values of R, with the parameter T = 2.2 and the density ρ =
37.04 vehicles/km. (a) R = 0.4; (b) R = 0.8; (c) R = 1.

Figure 16 shows the snapshots of velocity in synchro-
nized flow when T = 2.20. It is found that with the in-
crease of R, the traffic flow gradually becomes homoge-
neous and there is no mixture of free flow and synchronized
flow.

Figure 17 shows the velocity distribution in the syn-
chronized flow. One can see that when R is given, the dis-
tribution becomes narrower with the increase of T . This
further demonstrates that if R is fixed, the traffic flow
becomes more homogeneous with the increase of T .

4 Conclusions

Previous research on ACC vehicles has studied the im-
pact of ACC vehicles on traffic flow stability, safety and
exhaust emissions. In this paper, we mainly concentrate
on the effects of ACC vehicles on the phase transition in
traffic flow of a mixture of ACC and manual vehicles. Our
simulations show that when the preferred time headway
of ACC vehicles is small (e.g., T = 1), the introduction of
ACC vehicles will enhance the free flow stability. However,

Fig. 17. Velocity distribution in the synchronized flow for dif-
ferent values of R, with the parameter (a) T = 1.0 (b) T = 1.50
(c) T = 2.20, and the density ρ = 37.04 vehicles/km.

when T is large, the introduction of ACC vehicles will re-
duce the phase transition threshold ρc2, and consequently
reduce the maximum flow rate qf

max. Different from the
phase transition from free flow to synchronized flow, the
introduction of ACC vehicles will generally increase the
threshold from synchronized flow to jams.

Furthermore, the spatiotemporal patterns and velocity
distribution of mixed ACC vehicles and manual vehicles
are also studied. It is interesting to report that when T is
small and the traffic is in synchronized flow, a mixture of
free flow and synchronized flow will appear, even though
R = 0.99. In other words, only several manual vehicles
will seriously destroy the homogeneity of traffic flow. This
is undesired and we need to find a way to suppress this
phenomenon.
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In our future work, this research needs to be extended
to multi-lane traffic and we also need to consider the im-
pact of various kinds of bottlenecks. Furthermore, this pa-
per only examines the effects of ACC vehicles with the
CTH policy in the framework of CA models. In future
work, research on ACC vehicles with other range policies
and in the framework of other kinds of models (such as
car-following models) are expected.
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