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This paper studies the effect of adaptive cruise control (ACC) system on traffic flow by using simulations. The

multiple headway and velocity difference (MHVD) model is used to depict the motion of ACC vehicles, and the simulation

results are compared with the optimal velocity (OV) model which is used to depict the motion of manual vehicles.

Compared the cases between the manual and the ACC vehicle flow, the fundamental diagram can be classified into four

regions: I, II, ITI, IV. In low and high density the flux of the two models is the same; in region II the free flow region of
the MHVD model is enlarged, and the flux of the MHVD model is larger than that of the OV model; in region III serious
jams occur in the OV model while the ACC system suppresses the jams in the MHVD model and the traffic flow is in

order, but the flux of the OV model is larger than that of the MHVD model. Similar phenomena also appeared in mixed

traffic flow which consists of manual and ACC vehicles. The results indicate that ACC vehicles have significant effect

on traffic flow. The improvement induced by ACC vehicles decreases with the increasing proportion of ACC vehicles.
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1. Introduction

Traffic congestion is a serious problem on most
freeways. Currently, the rapid development of the so-
cietal economy and the relative lag of the transporta-
tion have been a prominent problem all over the world.
However, building new infrastructure is no longer a
useful approach in most big cities. In order to sup-
press traffic jams and increase the capacity of road
networks, many approaches of traffic control and man-
agement systems are introduced. Adaptive cruise con-
trol (ACC) system is one of the advanced traffic con-
trol system, which is now available on some vehicles.
With the system, vehicle is able to detect the head-
ways and velocities of preceding vehicles, and adjusts
the velocity and headway of its own.

Obviously, ACC vehicles will impact traffic char-
acteristics, including safety, efficiency, and capacity of
free ways for their different behaviour in comparison
The effect of ACC vehicles on
freeway traffic has attracted much attention.! = The
effect of ACC vehicles on traffic flow stability is widely
studied.[! =5 Treiber et all®7 reported that if 20% of
vehicles are equipped with ACC systems, nearly all

with human drivers.

of the congestion will be eliminated. Even for only
10%, they found that the additional travel time due
to traffic jams was reduced by more than 80%. Davis!®!
showed that ACC system can suppress wide moving
jams by making the flow string stable. He also pro-
posed a cooperative merging for ACC vehicles to im-
prove throughput and increase distance travelled in a
fixed time.[®! Vander Werf et all'% specifically consid-
ered the effects of ACC vehicles on highway capacity.
Toannou et all''l analysed mixed traffic, considering
the effects of unwanted cut-ins due to larger gaps in
front of ACC vehicles.

A lot of research have been done on the traffic flow
with ACC vehicles. However, to our knowledge, the
relationship between density and flux with the effect
of ACC vehicles has not been studied in detail. This
paper applies numerical simulations to this problem.
The optimal velocity (OV) modell*?! is used to de-
pict the motion of manual vehicles, and the multiple
headway and velocity difference (MHVD) model™? is
used to depict the motion of ACC vehicles for con-
sidering multiple information of preceding cars. The
fundamental diagram is given, and the effect of ACC
vehicles in mixed traffic flow is also investigated. The
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results show that the ACC systems have significant
effect on the mixed traffic flow. However, the im-
provement induced by ACC vehicles decreases with
the increasing proportion of ACC vehicles.

This paper is organized as follows: in Section 2,
the OV and the MHVD models are reviewed; in Sec-
tion 3, numerical simulations are performed and the
results and discussions are given; conclusions are sum-
marized in Section 4.

2. Model

Car following models are a kind of microscopic
model and have been widely researched by theoreti-
cal analysis and simulations.['*15! Car following mod-
els depict the motion of each vehicles of the system
and some of them are able to reproduce most surveys
of traffic phenomena, such as traffic instabilities, the
propagation of stop-and-go waves or other patterns
of congestion traffic. As a result, car following mod-
els are appropriate to cope with the heterogeneity of
mixed traffic flow. This paper uses the OV model and
the MHVD model to depict the manual and ACC ve-
hicles respectively.

2.1. The OV model

The OV model is a famous model proposed
by Bando et all'?l and has attracted much atten-
The OV and its extended models have been
deeply investigated by theoretic analysis and numeri-
cal simulations.!'=211 The OV model is described as

tion.

follows:
dop (1)
5 = alV(Aza() = v (1),
(n=1,2,..,N), 1)

where a = 1/7 is the sensitivity of the driver, N is the
total number of the vehicles, x,(t) is the position of
vehicle n at time ¢, v,(t) is the velocity of vehicle n
at time ¢, Az, (t) = zp41(t) — 2, () is the headway of
vehicle n at time ¢, V(-) is the OV function and the
following form introduced by Bando et all'? is

V(Ax,) = %vmax[tanh(Aa:n — he) 4+ tanh(h.)], (2)

where vmax is the maximal velocity of vehicles, h. is
safety distance and it is assumed to be 4 in the simu-
lations. Then the stability condition can be obtained

agl14]
a>2V'(h), (3)

where h is the average headway when traffic flow is
stable.

2.2. The MHVD model

The MHVD model™¥ taken the information of
multiple preceding vehicles is used to describe the mo-
tion of the ACC vehicles. The MHVD model is de-
scribed as, 3!

dvgt(t) = a[V(Azp(t), Azni1(t), ..., Azpgp-1(t))
~n(O] + 3 5 Avngs-a (8, @

where Avyyj 1(t) = Vpyj) — Vnyj—1(t) is velocity
difference between vehicle n + j — 1 and its preceding
vehicle n+ j, p and ¢ are the number of preceding ve-
hicles taken into account, k; = A;/7 (j =1,2,...,q) is
the coefficient of velocity difference. Apparently, the
MHVD model is equal to the OV model if the param-
eters p =1 and k; = 0. The OV V(:) depending on
the car headways is,

V(Axn (t)’ Aanrl(t)v AR Amn%»pfl(t))

=V (Z/BZAIn+l—1> ; (5)

1=1
where §; (1 =1,2,...,p) is the coefficient of headways,
which is decreased with the increase of [. In this paper,
we select p=q =3, 31 = 6/7, o = 6/7%, 33 = 1/7?,
k1 = 0.4, ko = 0.08, k3 = 0.016 in the numerical

simulations. The uniform traffic low is stable if(*3]

20V (h) =Y1Ky
AV =), "
=1 B2l = 1)
From Egs.(3) and (6), it can be found that the stable
region is apparently enlarged and traffic jams can be

suppressed when the information of multiple preced-

ing vehicles is considered.*?!

3. Simulations and results

To investigate the effect of the ACC vehicles on
traffic flow, we simulate a system of length L = 1000
The Euler formats of
Eqgs.(1) and (4) are applied in simulations. We define

under periodic boundaries.

the density as p = 1/Ax, where Az is the mean head-
way of the stable system. Traffic flux @ is defined as
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@ = pv, where v is the mean velocity. We start with
random initialization, that is, vehicles are randomly
distributed on lane with initial velocity vg = 0. The
simulations were carried out for the parameters of sen-
sitivity @ = 1. The first 8000 seconds are discarded to
avoid transient. The traffic flux is averaged over 2000
seconds.

3.1. Simulation results for the traffic
flow of ACC vehicles and manual ve-
hicles

Figure 1 shows the fundamental diagram for the
traffic flow with only ACC vehicles and only manual
vehicles respectively. The fundamental diagram can
be classified into the regions I-IV: in region I, the traf-
fic is in the free flow state and the flux of the two cases
is the same; in region II, the flux of the manual vehicle
traffic flow starts to decrease when the density is
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Fig.1. Fundamental diagram for traffic flow of manual
vehicles (the OV model) and ACC vehicles (the MHVD
model).
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larger than p.; = 0.18 while the traffic state of ACC
vehicles is still in the free flow. The flux of the ACC
vehicles increases continuously till the density reaches
pe = 0.2, and then decreases with the increase of den-
sity. It is clear that in this situation the flux of ACC
vehicles is larger than that of the manual vehicles. In
region III, the flux decreases continuously as the den-
sity increases under both cases, and the flux of manual
vehicles is larger than that of ACC vehicles. In region
IV, the density is high and the vehicles move slowly,
and the flux of the two types of traffic flow becomes
the same again. The four regions of the fundamental
diagram will be discussed in detail in the following.

In region I, the density is low and the traffic is in
the free flow state. There are no traffic jams and the
fluxes of the two types of traffic flow are the same. The
flux increases linearly with the density. For manual
vehicles the flux reaches the maximum at the critical
density p.; = 0.18, but for ACC vehicles the flux does
not reach the maximum till p.. ACC vehicles do not
have influence on the free flow state.

In region II, we find numerically that the critical
density of ACC vehicles is higher than that of man-
ual vehicles (p. > pe1). It indicates that the ACC
system can enlarge the free flow region of traffic flow.
In the density range (pe1,p.), for ACC vehicles the
traffic flow is still in free flow situation while for man-
ual vehicles traffic jams appear and the flux begins
to decrease. When the density is larger than p. the
flux for ACC vehicles also begins to decrease but it
is still larger than that of the manual vehicle traffic
flow. To understand the reason we plot the spatio-
temporal patterns of the traffic flow for only ACC ve-
hicles and only manual vehicles at p = 0.22 (Fig.2).
From Figs.2(a) and 2(b), it can be observed that the
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Fig.2. Spatio-temporal patterns of traffic flow at p = 0.22: (a) manual vehicles, (b) ACC vehicles.
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stop-and-go waves appear in the traffic flow of man-
ual vehicles and propagate backward. However, the
density wave does not appear in the traffic flow of
ACC vehicles.
tem drivers can react to the variation of the front car
This makes the headway

Because of introducing the ACC sys-

earlier and more carefully.
and velocity more homogeneous and the flux larger
than that of manual vehicles. Figures 3(a) and 3(b)
show the headway and velocity at ¢ = 9000s for the
two types of traffic flow at p = 0.22 respectively. In
Fig.3(a), traffic jams appear in manual vehicle traffic
flow. The value of the headway is less than 5.7 and
larger than 2.3. However, for ACC vehicles the traf-
fic flow is stable and the headways equal the average
value 4.5. The same conclusion can also be got from
Fig.3(b). The simulation results indicate that the ef-
fect of ACC system can suppress the traffic jams and

promote the flux effectively in the density region.

In region III, flux of the two types of traffic flow
continues to decrease, but the flux of manual vehi-
cles is larger than that of ACC vehicles. Figures 4(a)
and 4(b) show the headway distance and velocity at
t = 9000s for p = 0.32.
seen that the ACC vehicles are homogeneous and their

From the figures, it can be

headways and velocities are about 3.1 and 0.3 respec-
tively. However, jams in the manual vehicle traffic flow
make the headway and velocity different. The value of
the headway is less than 5.7 and larger than 2.3, and
the velocity varies between 0 and 1.9. We guess that
the ACC system makes the vehicles to move carefully
and slowly, the traffic condition is better and no jams
appear. However, the mean velocity is much smaller,
and thus the flux is smaller than that of the traffic
flow without ACC system.
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Fig.3. Headway and velocity for p = 0.22: (a) headway; (b) velocity.
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Fig.4. Headway and velocity for p = 0.32: (a) headway; (b) velocity.

In region IV, the headways are small, the vehi-
cles move slowly, and the fluxes of the two types of

traffic flow are the same. The ACC system has little
influence in this region.
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3.2. Simulation results for the traffic
flow mixed with ACC vehicles and
manual vehicles

Finally we study the condition of mixed traffic
flow consisted of manual and ACC vehicles. Figure
5 shows the fundamental diagram for the percent of
ACC vehicles at pacc = 10%, 20%, 30%, 40%, 50%
and 70%. It can be found that the effect of ACC ve-
hicles is prominent with the increase of pacc when
pacc < 40%, while the increase of pacc has little in-
fluence on the flux when pacc > 40%. From Fig.5,
it can also be found that the density-flux curves be-
come closer to the theoretical curve with the increase
of pacc, and the fundamental diagram can also be
classified into four regions. With the increase of pacc,
the free flow region, i.e. region I is enlarged, the crit-
ical points p.3 between region III and region IV de-
crease gradually, i.e. region III is reduced and region
IV is enlarged. Particularly, the critical point p.o be-
tween region II and region III is fixed at p.o = 0.25
which is different from p.; and p.3. In addition, the
improvement induced by ACC vehicles decreases with
the increase of pacc.
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Fig.5. The fundamental diagram for mixed traffic flow of
manual and ACC vehicles.

Apparently, the phenomena of Fig.5 can be ex-
plained similarly to that of Section 3.1. However, we
want to give the explanation intuitively with the OV
function defined by Eq.(2). Figure 6 is the curve of the
OV function. On the curve there is a turning point at

Ax = h. = 4 which has the maximal slope rate on the
curve, and the slope rate decreases continuously when
the point apart from the turning point, i.e. compared
with the stable state, the increasing value of veloc-
ity is less than the decreasing value in the unstable
condition when the average headway is larger than
he¢, contrarily the increasing value of velocity is larger
than the decreasing value when the average headway
is less than h., and they are equal to each other when
the headway is h.. As a result, the unstable region
is divided into regions IT and III in the fundamental
diagram, and the critical point between region II and
region 111 is fixed at p.o = 0.25. Figures 7(a) and 7(b)
show the headway and the velocity for p.o = 0.25 at
t = 9000. From the figures it can be found that jams
appear, and the jams are more and more serious with
the decrease of pacc. From Fig.7(a), it can be seen
that the headways of congestion (jam) state for the
traffic flow of different ppocc are different, as well as
the free flow condition. However, the average values of
the headways under two states are all about 4, which
is the same as the turning point of the OV function.
The average velocities are equal to the OV defined by
Eq.(2), even though the traffic is unstable and jams
appear in the traffic flow.
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Fig.6. The curve of the OV function depicted by Eq.(2).

The simulation results indicate that ACC vehi-
cles have significant effects in the mixed traffic flow.
The stability of traffic flow condition is improved, and
traffic jams are suppressed by ACC vehicles.
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Fig.7. Headway and velocity at p = 0.25 for pacc = 0%, 30%, 70%, 100%, respectively: (a) headway; (b) velocity.

4. Conclusions

This paper investigates the effect of ACC vehicles
on traffic flow. We compare the fundamental diagram
of ACC vehicle traffic flow with manual vehicle traffic
flow and find that the fundamental diagram can be
classified into four regions. In region I, the ACC sys-
tem has no influence and the fluxes of the two types
of traffic flow are the same. In region II, the free flow
region of ACC vehicles is larger than that of manual
vehicles. Jams appear in the manual vehicle traffic
flow while traffic flow of ACC vehicles is still in free
flow state. With the increase of the density the flux
of ACC vehicles also starts to decrease and the flux of
ACC vehicles is larger than that of the manual vehi-

cles. In region III, jams in the manual vehicle traffic
flow become more serious while traffic low of ACC
vehicles is homogeneous, the flux of the manual vehi-
cles is larger than that of the ACC vehicles. In region
IV, the density is high and the ACC system has little
influence on traffic flow. The fundamental diagrams
of mixed traffic flow consisted of manual and ACC
vehicle are also studied and the results are similar.
In addition, the simulation results indicate that the
ACC system can enlarge the free flow region and alle-
viate traffic jams effectively and has significant effect
on the flux. The improvement induced by ACC vehi-
cles decreases with the increasing proportion of ACC
vehicles.
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