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The Impact of Cooperative Adaptive Cruise Control
on Traffic-Flow Characteristics
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Abstract—Cooperative adaptive cruise control (CACC) is an ex-
tension of ACC. In addition to measuring the distance to a prede-
cessor, a vehicle can also exchange information with a predecessor
by wireless communication. This enables a vehicle to follow its
predecessor at a closer distance under tighter control. This paper
focuses on the impact of CACC on traffic-flow characteristics. It
uses the traffic-flow simulation model MIXIC that was specially
designed to study the impact of intelligent vehicles on traffic flow.
The authors study the impacts of CACC for a highway-merging
scenario from four to three lanes. The results show an improve-
ment of traffic-flow stability and a slight increase in traffic-flow
efficiency compared with the merging scenario without equipped
vehicles.

Index Terms—Adaptive cruise control (ACC), intelligent
vehicles, traffic-flow simulation, vehicle—vehicle communication.

I. INTRODUCTION

URING THE past few decades, western society has been

constantly confronted with problems caused by increas-
ing road traffic. This increase in traffic demand leads to a
heavily congested network and has a negative effect on traffic
safety, air pollution, and energy consumption. The expectations
of the use of telematics technology in road traffic in this respect
are high, since this technology could lead to system innovations
(e.g., advanced vehicle guidance), which in the long term can
contribute to the problems faced [1], [2].

Advanced driver-assistance (ADA) systems support a driver
in his driving tasks. These systems are being developed because
they have the perspective to increase the driver’s safety and
comfort. Additionally, ADA systems can have a positive impact
on traffic-flow performance and reduce emissions and fuel
consumption. Examples of ADA systems are various forms
of cruise control, lane-keeping systems, and collision-warning
systems.
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An ADA system that has been introduced by the automotive
industry is adaptive cruise control (ACC). ACC is a radar-based
system, which is designed to enhance driving comfort and con-
venience by relieving the driver of the need to continually adjust
his speed to match that of a preceding vehicle. The system slows
down when it approaches a vehicle with a lower speed, and
the system increases the speed to the level of speed previously
set when the vehicle upfront accelerates or disappears (e.g., by
changing lanes).

Vehicle-to-vehicle communication can further advance the
development of ADA systems. Cooperative ACC (CACC) is a
further development of ACC that adds vehicle-to-vehicle com-
munication, providing the ACC system with more and better
information about the vehicle it is following. With information
of this type, the ACC controller will be able to better anticipate
problems, enabling it to be safer, smoother, and more “natural”
in response. Although CACC is primarily designed for giving
the driver more comfort and convenience, CACC has a potential
effect on traffic safety and traffic efficiency. It is of importance
to understand the traffic-flow effects of CACC early in the
development so that, if they are discovered to inadvertently
create problems, the design can be adjusted accordingly before
adverse traffic effects are widely manifested. Apart from that,
it is recommended to study the traffic-flow effects of CACC so
that these (comfort) systems can be developed to best support
future advances.

Uncertainties exist about the traffic-flow impact of the rela-
tively new developed system CACC. The objective of this paper
is to assess the impact of CACC on traffic-flow characteristics
in terms of traffic stability and throughput.

This paper is organized as follows. In Section II, we review
the relevant literature. In Section III, we describe the traffic-
flow simulation model MIXIC. The CACC system is then
explained in Section IV. We describe the setup of the simulation
study and its results in Sections V and VI, respectively. The
results are discussed in Section VII. Section VIII contains our
conclusions.

II. REVIEW OF LITERATURE

According to two literature studies, ACC can contribute
to the stability of traffic flow limitedly and affect traffic
performance both positively and negatively [3], [4]. A low-
penetration level of ACC does not have any effect on traffic
flow, regardless of the time-gap set [5]. Even under the most
favorable conditions, with ideal ACC system design and per-
formance, it appears that ACC can only have a small impact on
highway capacity [6].
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In contrast to the voluminous literature on autonomous ACC,
the literature related to CACC is limited. In a number of studies,
the functionality, architecture, or design of CACC systems have
been described. However, extensively exploring the traffic-flow
effects, quantitatively in terms of throughput and capacity, has
been done by only a few researchers.

The concept of full platooning is described in [7]. High-
capacity values of up to 8500 vehicles an hour per lane can
be achieved, if separate infrastructure is available and all ve-
hicles using this lane can communicate with each other. This
concept of automated highway systems (AHSs) is especially
envisioned by American researchers. AHS have been defined
as vehicle-highway systems that support hands-off and feet-off
driving on dedicated freeway lanes. Different AHS have been
explored, and some have been investigated in depth.

Cooperative following (CF) uses automated longitudinal
control combined with intervehicle communication [8]. It al-
lows for anticipation to severe braking maneuvers in emerging
shock waves with the aim of smoothening traffic flow and
enhancing traffic safety. The functionality of CF has been
modeled in the microscopic-traffic simulation model MIXIC,
and the simulation has been run with a platoon of mixed CF
equipped and nonequipped vehicles. Although at a platoon level
better stability was achieved, the potential advantages on traffic-
flow efficiency could not be confirmed.

The CarTALK 2000 project focuses on developing coopera-
tive driver-assistance systems, which are based upon mobile-
intervehicle communication [9]. The traffic impacts of two
applications [basic warning function and early braking (i.e.,
a continuation of CF)] were assessed using MIXIC. Both ap-
plications concern vehicles that broadcast a message to other
vehicles when accelerating with —2.0 m/s? or less. The results
indicate an improvement of traffic stability in terms of a reduc-
tion in the number of shockwaves for all penetration rates and
headways tested.

The effects on capacity of increasing market penetra-
tion of both ACC and CACC vehicles, relative to manually
driven vehicles, was examined in a quantitative way by using
microscopic-traffic simulation [6]. A single highway lane with
a ramp-highway junction consisting of a single-lane offramp
followed immediately by a single-lane onramp has been con-
sidered. The analyses were initially conducted for the distinct
cases of 100% manually driven vehicles, 100% ACC (time gap
of 1.4 s), and 100% CACC (time gap of 0.5 s) to verify the
reasonableness of the results under these simplest cases. The
nominal-capacity estimates for the manual driving, ACC, and
CACC cases were 2050, 2200, and 4550 vehicles per hour,
respectively. Next, mixed vehicle populations were analyzed
in all feasible multiples of 20% of each vehicle type. It was
concluded that CACC can potentially double the capacity of a
highway lane at a high-CACC market penetration. The capacity
effect is sensitive to market penetration, based on the fact that
the reduced time gaps are only achievable between pairs of
vehicles that are CACC equipped.

The CHAUFFEUR 2 project has addressed three approaches
aiming to reduce a truck driver’s workload by developing truck-
platooning capability [10]. First, we have an electronic tow
bar in which a vehicle automatically follows a manually driven

leading vehicle. Due to vehicle-to-vehicle communication, the
following distance is very close (6—12 m, which is equal to
0.3-0.6 s at 80 km/h). Second, we have the Chauffeur assistant,
which enables the truck to follow any other vehicle on a
highway with a safe following distance using an ACC and a
lane-keeping system. Third, we have electronic coupling of
three trucks in a platooning mode. The leading vehicle is driven
conventionally, and both following vehicles follow. Also, in
this project, the following distance is very close (6—12 m). For
this last platooning mode, the trucks are equipped with vehicle-
to-vehicle-communication systems. Considering the results of a
simulation study with the microscopic-traffic simulation mod-
els VISSIM and FARSI, it is concluded that the main effects of
the CHAUFFEUR 2 systems are a better usage of road capacity,
up to 20% reduction in fuel consumption, and increased traffic
safety. However, it has been remarked that platooning is
mostly feasible at night or on sections with low-traffic volume
because, during high-traffic volume, the stability of traffic flow
decreased.

From this literature review, the following conclusions can
be drawn. First, vehicle-to-vehicle communication can provide
an ACC system with more and better information about the
vehicle it is following. Not only following distance and speed
difference with respect to its direct predecessor are considered,
but also speed changes can be coordinated with each other. The
information could include precise speed information, acceler-
ation, fault warnings, warnings of forward hazards, maximum
braking capability, and current braking capability. With infor-
mation of this type, the ACC controller can better anticipate
problems, enabling the vehicle to be safer, smoother, and faster
in response and, as a result, enable closer vehicle following.
Time gaps could be as small as 0.5 s.

Second, CACC has the potential to increase capacity by
minimizing time gaps between consecutive vehicles and traffic-
flow stability by improving string stability. This improved
performance can only be achieved when pairs of vehicles are
equipped with the CACC system. Therefore, the improvement
of traffic efficiency largely depends on the level of CACC
deployment.

Third, extensive research into the traffic-flow impact of
CACC, in terms of traffic-flow stability and throughput, is
lacking. The limited CACC effect studies that have been per-
formed emphasize that CACC is able to increase the capacity
of a highway significantly. CACC can potentially double the
highway capacity at a high market penetration.

III. TRAFFIC SIMULATION MODEL MIXIC

In order to study the potential impact of ADA systems,
such as CACC, the modeling approach should be suitable for
analyzing different assumptions for ADA-system functionality,
roadside systems, driver behavior, and vehicle dynamics. Fur-
thermore, it should be capable of assessing impacts on traffic
performance, traffic safety, exhaust-gas emission, and noise
emission. In order to meet these requirements, a stochastic
simulation model MIXIC was developed [11].

The microscopic-traffic simulation model MIXIC simulates
traffic on a link level in a network. Given an input of traffic flow,
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MIXIC simulates traffic behavior on this link and produces
traffic statistics. MIXIC uses real traffic measurements (time
instant, lane, speed, and vehicle length) to generate traffic at
the start of the simulation run. At each step (set to 0.1 s),
new vehicle positions are calculated by a driver model and a
vehicle model. The driver model produces driver actions, such
as lane changing and new pedal and gear positions. These driver
actions are input for the vehicle model, which calculates the
resulting acceleration and position of the vehicle. The main
components of MIXIC are described in the remainder of this
section.

The traffic generator decides whether or not to place new
vehicles at the start of the first road link. Vehicles are generated
from so-called traffic “injection” files and are assigned specific
vehicle/driver data and an initial state. A traffic injection file
consists of recorded real-world data of individual vehicles
(arrival time, position, lane, speed, and length). Vehicle types
and driver types (reaction time, desired speed, etc.) are assigned
randomly (using occurrence frequencies). The use of injection
files to generate input for a microscopic model has three ad-
vantages. First, it is by definition realistic. Second, it puts the
traffic-evolution model to the test (this model should in any
case be able to process the amount of traffic offered by the
injection file, traffic being actually observed). Third, it allows
for calibration and validation by comparing the model with
measurement further downstream [12].

The driver model consists of three main components: the
lane change model, the longitudinal model, and a component,
which describes the interaction between the driver and the
ADA system. The lane-change model consists of a mandatory
lane-change model (represents forced lane changing due to
geometric factors) and a free lane-change model (represents
overtaking). The longitudinal model distinguishes free-driving
behavior (the driver attempts to reach or maintain his intended
speed) and car-following behavior (the driver adjusts his speed
and/or following distance with respect to traffic ahead). The car-
following model implemented in MIXIC is derived from the
optimal control model of Burnham et al. [13]. It is based upon
the assumption that drivers try to keep the relative speed to the
lead car zero and simultaneously attempt to keep the clearance
at a desired value. In addition to the original model, also, the
relative speed to the vehicle ahead of the lead vehicle is taken
into account because it contributes to the stability of the traffic
flow [12]. In contrast with other microscopic-traffic models, it
is possible in MIXIC to specify the driver interaction with an
ADA system.

The vehicle model describes the dynamic vehicle behavior
as a result of the interaction with the driver and the road,
taking into account the ambient conditions. The vehicle model
uses information on the characteristics of the vehicle, the road
geometry, the condition of the road, and the wind. The output
of the model is an updated vehicle acceleration, which is used
to calculate a new speed and position of the vehicle.

To study the effects of ADA systems, MIXIC also contains
a detailed model describing the behavior of the ADA system in
the paper. An ACC model is already available in MIXIC. If the
driver has switched on the ACC system, the ACC model takes
over the longitudinal driver model. To obtain the information
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Fig. 1. Position of CACC model in MIXIC.

needed for this control task, a radarlike sensor is used. The
sensor is characterized by its delay and its maximum detection
range. Failures in the operation of the sensing and communica-
tion equipment were not considered.

The simulation model MIXIC was originally developed in
the early 1990s. It was calibrated for different two-, three-,
and four-lane motorway situations. The motorway situation
studied in this paper was calibrated against data from the A4
motorway near Schiphol [12], [14]. Both the longitudinal and
lateral models appeared to represent real-life traffic adequately.
It appeared that the traffic flows on a four-lane setting were
considered realistic. On the part where the traffic merges to
a three-lane motorway, traffic volumes as high as 7700 pcu/h
were observed for 5-min intervals. Although this appeared to
be high, empirical studies have indicated that such peak flows
are indeed high but not unrealistic [15].

IV. COOPERATIVE ADAPTIVE CRUISE CONTROL (CACC)

The characteristics of MIXIC are suitable for exploring the
impact of CACC on the traffic flow. First, however, a new
CACC model had to be designed in MIXIC. The basis of the
longitudinal driver model in MIXIC is the calculation of a
desired acceleration of a driver. If a CACC system takes over
a part of the longitudinal driving task of a driver, a reference
acceleration of the CACC controller is calculated instead. This
reference acceleration is used to determine the real acceleration
of the vehicle in the MIXIC vehicle model. The position of
the CACC model in MIXIC as described above is presented
in Fig. 1.

For modeling purposes, a CACC-equipped vehicle can be
divided into two distinct components: the CACC controller de-
livering reference values and a vehicle model transforming the
reference values into actually realized values, using the vehicle
model. The acceleration reference demand from the CACC
controller must be determined and then fed into the vehicle
model. The equations for the speed and distance controller have
been derived from [16]. Since MIXIC differs from the model
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used in [16], some changes have been made in these algorithms
in order to develop a workable model.

The acceleration demand can be computed on the basis of the
difference between current and intended speed (ayef ) or on
the basis of the distance and speed difference between the ego
vehicle (i.e., CACC-equipped vehicle) and target vehicle (i.e.,
predecessor of ego vehicle) (aref_q). The acceleration demand
is given by the most restrictive one:

Aref = min(aref_u7 aref_d)~ (1)

The resulting reference acceleration is limited between the
maximum comfortable acceleration 2 m/s? and the maximum
comfortable deceleration -3m/s.

Let viy¢ and v denote the intended and current speed, respec-
tively, of the CACC set by the driver in meters per second. The
acceleration demand, based on speed difference, is given by

Aref v = k- (Vint - V) (2)

with k as a constant-speed error factor.

The computation of the reference acceleration, based on the
distance and speed difference between the ego vehicle and
target vehicle, is slightly more complicated. Let v, denote the
speed of the target vehicle, and let r and r,¢ denote the current
and reference clearance to the target vehicle in m, respectively.
Let a, denote the acceleration of the target vehicle. The refer-
ence acceleration, based on the distance and speed difference
between the ego vehicle and target vehicle, is given by

Qref _d = ka s Qp + ku : (Vp - V) + kd : (7' - /rrcf) (3)

with k., k., and k4 as constant factors.

The reference clearance ¢ is defined as a maximum among
safe following distance (rsaf.), following distance according
to the system time setting (7system ), and a minimum allowed
distance (rmin), set at 2 m. The safe following distance is
computed on the basis of the speed v of the ego vehicle and
the deceleration capabilities d and d,, of the ego vehicle and the

target vehicle, respectively:
vio1 1
=== 4
> (5 -4) @

where, for simplicity, we have assumed a communication delay
equal to zero. The following distance according to the system-
target time-gap setting is given by

Tsafe =

Tsystem = tsystem v @)

where tqystem 18 chosen equal to 0.5 s, if the target vehicle has
CACC, and 1.4 s otherwise.

The constant factor k£ was chosen equal to 0.3 in accordance
with earlier MIXIC studies [12]. The constant factor k, was
chosen equal to 1.0 in accordance with [6]. The default values
of MIXIC for k,, and kg4 are 3.0 and 0.2, respectively. In a recent
MIXIC study, these values were set more “strongly” to 0.58 and
0.1, respectively [17]. Fig. 2 illustrates how combinations of
the respective CACC parameters of the reference-acceleration
function (by systematically varying the values for k, and k)

—
n

(m/s)
B~ O o 5

no
1

o
1

Rel_speed to predecessor

ro
o
—
o
ny
(=)

30 40 50 60 70
Time (s)

e K3=0.2; Kv=3.0; Ka=1.0 —-- —- Kd=0.1; Kv=3.0; Ka=1.0
------- Kd=0.2; Kv=0.58; Ka=1.0 Kd=0.1; Kv=0.58; Ka=1.0
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influence the relative speed of a CACC-equipped vehicle ap-
proaching a slower CACC-equipped vehicle.

In this paper, the parameter setting of k4 = 0.1, k, = 0.58,
and k, = 1.0 was selected, since this setting resulted in the
most smooth and fast reaction of the CACC controller without
leading to unsafe situations compared to the other settings
(Fig. 2).

Regarding the human interaction with the CACC, it is as-
sumed (similarly to the operation of an ACC in MIXIC) that the
driver can switch the system on and off. The driver will switch
on the CACC as much as possible but will turn the CACC off if
a deceleration required is stronger than the CACC capability or
in case of a mandatory lane change.

Further tests to check the CACC operation in MIXIC were
performed, assuming a platoon of five vehicles. The first vehicle
drives at 80 km/h, and the other vehicles approach in a platoon
of four vehicles. In the reference situation, all vehicles are under
manual control; in the other situation, the vehicles are CACC
controlled. Fig. 3 displays the speed of manually controlled
vehicles. Fig. 4 displays the speed of the CACC-controlled
vehicles.

We conclude from Figs. 3 and 4 that the approaching CACC-
equipped vehicles react faster on the decelerating predecessor
than in the scenario in which all vehicles are manually driven.
The lines in the diagrams of the 100% CACC-equipped platoon
stick close together, which indicates that the time between an
accelerating or decelerating action of the predecessor and the
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Fig. 5. Simulated highway configuration.

same action of the successor is less than in the scenario of
100% manually driven vehicles. Furthermore, the curves of
the CACC-equipped platoon are smoother, which illustrates a
smoother behavior of the CACC-equipped vehicles above man-
ually driven vehicles. Analysis of the acceleration reveals that
the CACC vehicles do not decelerate stronger than —2 m/s?,
while the manually driven vehicles decelerate as strong as
—2.5 m/s”.

V. SIMULATION SETUP

The traffic simulation model MIXIC was used to examine
the impact of CACC on the traffic flow. The basic configuration
used in this paper is a four-lane highway with a road narrowing
by a lane drop. A lane drop corresponds to a mandatory
lane change in the MIXIC traffic simulation model. When
a mandatory lane change is carried out, the drivers turn off
their CACC system. Once the mandatory lane change has been
carried out, the system is turned back ON under the normal
conditions maintained by MIXIC. A lane drop makes it possible
to measure the maximum traffic volume at different penetration
rates of CACC when the traffic volume on the link before the
lane drop nears a congestion state. In addition, a number of
experiments were conducted, with a special lane for CACC
vehicles, to study whether this would lead to additional traffic-
flow benefits. The highway configuration, presented in Fig. 5, is
split into six links of 1000 m each. A left lane drop is modeled
from 4 km after the start of the simulation.

A prewarning of the “merge” is given to the driver, 1350 m
before the transition, from four to three lanes. In the scenarios
with a CACC lane, the CACC lane is introduced after 2000 m
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on the left most lane, expanded with one lane after 3000 m, after
which the left most CACC lane ends after 4000 m (see dark lane
sections). CACC drivers were not assumed to go to the CACC
lane consciously. However, when they are driving on the CACC
lane, they will not leave it. The simulation time was 150 min per
run. A measurement point is placed in the middle of each link
for statistical analysis. Data from the first and last sections were
not analyzed to avoid transient aspects.

For the traffic generation, data from the A4 highway, near
Schiphol in The Netherlands, was used. The MIXIC behavior
for this data set was previously calibrated [12]. The data set
contains sufficiently high-traffic volumes (up to 7600 pcu/h)
that can lead to congestion in the narrowing scenario under
study. The number of trucks and vans in this data set is small
(vehicles 94%, vans 4%, and trucks 2%).

Regarding the operation of the CACC, the time-gap setting
of the CACC system is set on 0.5 s, if it is following a CACC-
equipped vehicle, and on 1.4 s, if it is following a non-CACC-
equipped vehicle, respectively. The penetration rate of CACC
systems was varied in multiples of 20%. This resulted in one
reference case with no CACC vehicles, five CACC scenar-
ios without a CACC lane, and three CACC scenarios with a
CACC lane.

To ensure statistical validity, five stochastically independent
simulations were performed for each selected scenario. Analy-
sis of variance (ANOVA) was used to test whether the means of
an indicator in different scenarios were significantly different
from each other. Post hoc Tukey’s tests were used to study
whether the value of an indicator on a specific link differed
from the values on other links. To test to what extent a CACC
scenario was significantly different from the reference case,
post hoc Dunett’s tests were performed. These tests enable to
compare the means of a group to a control group. In this case,
the control group is the 0%-CACC scenario (reference case).

VI. SIMULATION RESULTS

We illustrate the results by the following output variables
that were analyzed on link four (just before the lane drop) and
link five (just after the lane drop). Since shockwaves represent
variations in the flow that propagate through the traffic, the
number of shock waves on a highway stretch is used as a
measure for traffic stability. It is defined as an observation of at
least three vehicles on the same lane within a mutual distance of
50 m and within a time period of 3 s with a deceleration stronger
than —5 m/s?. Furthermore, we used the average speed on a
link as an indicator for traffic throughput. Finally, we measured,
the three highest 5-min average traffic volumes are used as an
indication of the roadway capacity.

In general, we observed that during the simulations, a number
of vehicles did not succeed to merge from link four to link five
(i.e., these vehicles were removed from the simulation). This
especially occurred in the case of a CACC lane and in the case
of a high-penetration of CACC vehicles, leading to reduced
merging gaps because of the close following.

Fig. 6 shows that the number of shockwaves, just before the
lane drop, decreases drastically when more CACC-equipped
vehicles are present. The same was found just after the lane
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drop, although the absolute numbers were much lower. This
reduction is significant for all CACC cases and especially in
comparison with the reference case. The scenarios in which
a regular lane is replaced by a CACC lane report the same
patterns as the CACC scenarios without a CACC lane. Addi-
tionally, it should be noticed that the characteristics of a shock
wave, in terms of average number of vehicles in a shockwave,
number of observations, and speed of shock waves, do not
change significantly for the CACC scenarios analyzed.

The average speed observations on the different links show a
different pattern for the scenario with and without CACC lane.
We show the results for link four (Fig. 7) and link five (Fig. 8).

For the scenarios without CACC lane, the results show
that the average speed decreases with respect to the reference
scenario if small fractions of CACC-equipped vehicles are
introduced. Introducing more CACC-equipped vehicles results
in a recovery of the average speed. Remarkably, Fig. 7 shows
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Fig. 9. Potential impact on highway capacity just after the lane drop
(link five).

that the average speed is higher if there is a CACC lane. This
can be explained by the fact that because of the CACC lane,
there are many more lane changes required for both normal and
CACC-equipped vehicles and that most of these lane changes
are also performed earlier on link two and link three. This
explanation is confirmed by the fact that on link three, the
average speed for the scenarios with CACC lane was indeed
much lower. Therefore, recovery of the average speed starts
earlier. However, the recovery speed is lower for the scenarios
with CACC lane (Fig. 8). This difference is caused by the lower
average speed on the non-CACC lanes.

To study the potential impact of CACC on highway capacity,
Fig. 9 gives the three highest 5-min average traffic volumes
(pcu/h) measured on link five, just after the lane drop.

The maximum observed traffic volumes on the link before
the bottleneck show only small differences for different CACC-
penetration levels. For the link just after the lane drop, ANOVA
shows a significant impact of CACC on the highest maximum
traffic volume if no CACC lane is present for 60% and 80% pen-
etration. However, on the second and third highest maximum
traffic volume, no significant effect of CACC is established. The
replacement of a regular lane for a CACC lane does not improve
the maximum traffic volume of the link after the bottleneck.
Even a slight degradation of performance can be observed,
with respect to similar CACC fractions, when no CACC lane
is present.

VII. DISCUSSION

In this paper, it is concluded that CACC is able to im-
prove traffic-flow characteristics. The expectation that a low-
penetration rate of CACC (< 40%) does not have an effect on
traffic flow throughput is correct. A reduction in the number of
shock waves is demonstrated on the links with relatively high-
traffic volumes (links four and five). However, this does not
significantly affect traffic throughput in terms of higher speeds.
Even a small decrease in average speed is established when only
a small number of vehicles are CACC equipped.

The expectation that a high-CACC-penetration rate (> 60%)
has benefits on traffic stability and throughput appears to be
right. However, the level of improvement does heavily depend
on the traffic-flow condition. During high-traffic volume, there
is more interaction between vehicles than during low-traffic
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volume. As a result, more vehicles are able to participate in
a CACC platoon. Since CACC reduces time gaps and improves
string stability, traffic flow especially improves in conditions
with high-traffic volume. This is indicated by a higher average
speed and a high reduction of the number of shock waves and
standard deviation of speed on the link before the bottleneck.

The presence of a special CACC lane in combination with
low-CACC fractions leads to a degradation of performance. The
20%-CACC scenario even results in severe congestion on the
link before the lane drop. The expectation that in the presence of
a CACC lane, higher CACC fractions could lead to an improve-
ment of traffic flow on the highway with respect to the same
CACC-penetration rate, and no CACC lane is only confirmed
by the MIXIC simulations for the high-volume stretch before
the bottleneck. A CACC lane improves traffic flow on link
four with respect to the scenarios without CACC lane as well
as the reference case. This is demonstrated by higher speeds
and lower standard deviations of speed. An explanation for this
good performance of the CACC lane is the division over the
lanes. On link four, it is shown that halfway of link four, all
mandatory lane changes performed by nonequipped vehicles
are performed, which indicates that traffic is in a steady state
sooner after the merging process.

If communication between vehicles is restricted to longitudi-
nal control, the system has a negative effect on traffic safety
in the merging process. Close-CACC platoons prevent other
vehicles from merging, because the gap between consecutive
CACC vehicles is smaller than the gap accepted for performing
a mandatory lane change. The unsafe lateral effect of the
presence of CACC in traffic is revealed by an increasing number
of lane-change failures as more CACC-equipped vehicles are
present in traffic. A few options for the improvement of the
CACC system, on this paper, may be considered. If vehicles
want to merge into a CACC platoon but cannot find a proper
gap, a gap should be created, either on instigation of the
merging vehicle or a roadside beacon. In addition to that, a
cooperative-merging procedure could be designed, allowing a
CACC vehicle to smoothly merge with other CACC vehicles,
without introducing new disturbances. Finally, the length of a
platoon with closely driving-CACC vehicles could be limited,
enabling a merging vehicle to find an appropriate gap more
easily.

Regarding the potential positive effects of CACC on highway
capacity, there are some indications that capacity increases
after the lane drop. However, this could not be established
explicitly by the MIXIC simulations. This may be explained by
the fact that the traffic volumes on the link, after the lane drop
in the reference case, are rather high (8000 pcu/h). This may
appear high when compared with, e.g., the capacity estimate of
7250 pcu/h given by Dutch highway-capacity manual [18].
However, the 7250 pcu/h estimate is based on a 15-min mea-
surement interval, while the 8000 pcu/h is based on a 5-min
measurement interval, and indeed, these traffic volumes are
regularly observed on Dutch highways. Reflecting on this, there
are not much possibilities for an enhancement of highway
capacity. Given this ceiling effect, gaining traffic-flow stability
at these high levels of throughput must be considered of great
value.

VIII. CONCLUSION

This traffic simulation study examined to what extent CACC
can contribute to a better traffic-flow performance. CACC is
a communication-based system, which is designed to enhance
driving comfort on highways by relieving the driver of the
need to continually adjust his speed to match that of preceding
vehicles while also maintaining constant time gap. A literature
survey to both the functionality and potential traffic-flow ef-
fects indicates that although CACC is designed as a comfort
system, it is supposed that the system has an impact on traffic
flow when widely recognized and used. However, not much
research has been done regarding to the traffic-flow impacts of
CACC. The main contributions of this paper are that CACC,
indeed, shows potential positive effects on traffic throughput;
furthermore, CACC reveals to increase highway capacity near a
lane drop.

The microscopic-traffic simulation model MIXIC was used
to examine the impact of CACC on the traffic flow. The func-
tionality of CACC is elaborated in functional specifications for
MIXIC, and the model is extended with this functionality.

MIXIC simulations with data measured on a four-lane Dutch
highway, with a bottleneck due to a lane drop, indicate that
CACC has the ability to improve traffic-flow performance.
However, to what extent depends heavily on the traffic-flow
conditions on the highway stretch and the CACC-penetration
rate. The traffic flow especially improves in conditions with
high-traffic volume and when high fractions of the vehicle
fleet are CACC equipped. Then, more vehicles are able to
participate in a CACC platoon, resulting in reduced time gaps
and improved string stability.

The impact of a dedicated lane for CACC-equipped vehicles
depends heavily on the CACC-penetration rate. A low-CACC
presence (< 40%) leads to a degradation of performance, which
is demonstrated by lower speeds, higher speed variances, and
more shock waves. Furthermore, the CACC lane improves
traffic performance, but only for the high-volume stretch before
the bottleneck. This is demonstrated by higher speed and lower
speed variances.

The traffic volumes on the link after the lane drop are rela-
tively high compared to generally accepted capacity estimates.
Nonetheless, the presence of CACC in this traffic situation
shows an enhancement of highway capacity. Such capacity en-
hancement, during already high-traffic volume, can be regarded
as an important finding.

As communication is restricted to longitudinal control and no
restrictions to the length and compactness of CACC platoons
is given, the system has a negative effect on traffic safety
in the merging process. Close-CACC platoons prevent other
vehicles from cutting in, resulting in an increasing number of
removed vehicles due to conflicts, as more vehicles are CACC
equipped. It is recommended to study possible solutions for
dealing with this negative effect of CACC on the merging
process. Options for improvement are 1) limiting the length of
a CACC platoon; 2) an infrastructural beacon on the highway
stretch before a bottleneck, communicating to vehicles that
they should enlarge the time gap to its predecessor enabling
vehicles to perform a (mandatory) lane change; and 3) adding a
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“cooperative-merging” application to the CACC system, en-
abling vehicles to communicate their lateral (lane change)
movements.

The results in this paper have contributed to the understand-
ing of the impacts of CACC on traffic flows. To a certain
extent, they have busted the myth that CACC can strongly
increase roadway capacity. Nevertheless, some open issues
are to be addressed. First, traffic simulations are notoriously
weak in modeling congestion. It is recommended to specifically
develop realistic congested simulation scenarios and assess the
impact of CACC in these situations. Second, there may be
an interaction between traffic-flow effects and communication
and sensor-system characteristics and limitations; these aspects
have not been addressed so far.
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