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ABSTRACT The impact of driving automation and adaptive cruise control (ACC) on traffic performance
has been increasingly studied in recent years. This paper focuses on two widely used ACC car following
models and investigates the impact of the time headway parameter on traffic operation and performance
on one of the busiest freeway corridors in Ontario, Canada. Using Aimsun microsimulation, we compare
two commonly used ACC car following models; the intelligent driver model (IDM) and Shladover’s
model which has been recently adopted in Aimsun Next 20. Several experiments have been conducted
to evaluate the freeway performance for different desired headway settings and market penetration rates
of ACC-equipped vehicles. Simulations results confirm the reported IDM drawbacks of having a slow
response leading to headway errors which are less pronounced with Shladover’s model thereby leading to
more accurate quantification by the latter. This study further presents a simple on-off ACC-based traffic
control strategy which aims to adapt in real time the driving behavior of ACC-equipped vehicles to the
prevailing traffic conditions so that freeway performance is improved. The simulation results demonstrate
that, even for low penetration rates of ACC vehicles, the proposed control concept improves the average
network throughput, delay, and speed compared to the case of only manually driven or uncontrolled ACC
vehicles.

INDEX TERMS Adaptive cruise control systems, traffic control, traffic modeling.

I. INTRODUCTION

AUTOMOBILE manufacturers, as well as numerous
researchers, have been devoting significant efforts

to the development of Advanced Driver Assistance
systems (ADAS). The next step in the development of ADAS
is to incorporate Vehicle-to-Vehicle (V2V) and Vehicle-to-
Infrastructure (V2I) communication capabilities representing
Connected and Automated Vehicles (CAVs) which would
undertake vehicle functions and ease the driving task further.
Improved vehicle operation, in terms of enhanced safety and
increased passenger convenience, has been the prime moti-
vator behind CAVs development, in addition to reducing
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the negative environmental effects of transportation. CAV
systems are expected to alter the capabilities of individual
vehicles within the next decades for the benefit of their
own drivers, which may not be beneficial to the overall
traffic conditions if such systems are only serving the con-
venience of their individual users in a myopic way. The
introduction of CAVs will, therefore, transform the future of
transportation, and there is a need to quantify the effect of
such technologies on congested urban transportation systems
and potentially steer their effect in a positive direction by
implementing appropriate traffic control strategies.
One of the first candidate systems that will affect the traf-

fic flow dynamics is the Adaptive Cruise Control (ACC)
system [1], being one of the mature vehicle automation
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technologies emerging in the market in the past few years.
ACC is an extension of the conventional Cruise Control (CC)
system which is known to automatically maintain the speed
of the vehicle to a certain value set by the driver. The ACC
system uses headway sensors to continuously measure the
spacing to the vehicle ahead and adjusts the vehicle speed to
ensure this headway is maintained close to a desired value.
Cooperative Adaptive Cruise Control (CACC) systems rep-
resent a more sophisticated form of ACC by incorporating
communication such that the equipped vehicles communicate
and coordinate their speed changes to one another, resulting
in less detection and response delays and permitting closer
vehicle following [2]. The use of conservative parameter val-
ues for such systems may enhance one’s convenience and
safety, but at the same time, it would affect the transportation
network performance, potentially negatively [3].
While most research is focusing on the technology side of

vehicle automation, there is comparatively a smaller number
of studies focusing on quantifying the effect of such systems
on traffic performance. In this context, literature studies have
been divided into studies focusing mainly on the stability
of such systems, as in [4] and references therein, show-
ing that connected and autonomous vehicles can improve
the string stability of traffic flow and increase throughput,
however, such studies assume minimal reaction times that
are only attributable to sensing and mechanical delays as
well as minimal headways guaranteeing basic safety, thereby
adopting a futuristic best-case scenario. Other studies focus
on their effect on speeds and delays without looking into
the stability issue such as [5]–[13] which used microscopic
simulation studies to quantify the impact of ACC/CACC
on traffic performance under different time headway set-
tings and penetration rates and are more in line with the
scope of our work. The key conclusions drawn from these
studies are that ACC systems can potentially improve or
worsen the transportation network performance depending
on their parameter settings, i.e., time headway, acceleration
and deceleration, and their penetration rate.
Ntousakis et al. [10] have shown that the desired time

headway setting in ACC systems has an impact on the road-
way capacity since smaller time headway settings led to
higher capacity. The study has also shown that as the ACC
penetration rate increases, the capacity further increases if the
time headway is less than 1.20 sec, while capacity decreases
with longer time headways (≥1.2 sec) and increased ACC
penetration rates. However, this study [10] assumes oper-
ating in ideal conditions in which the network used for
simulations is a single-lane stretch without any bottlenecks,
thereby achieving the maximum capacity of the road for
each investigated headway setting, i.e., ∼3600 veh/hr for
100% ACC vehicles with 0.8 sec headway, representing a
best case scenario. The authors in [11] and [12] go a step
further by analyzing the effects of ACC on a real freeway
stretch showing that ACC systems will lead to significant
deterioration in the network’s performance. However, the
scenarios considered in these studies assume the adoption

of conservative headway settings by all ACC users repre-
senting a worst case scenario, in addition to assuming small
reaction times for such systems and adopting Shladover’s
first introduced ACC car following model in [13] before
introducing their latest ACC model complemented with field
studies.
In [13], the effects of ACC and CACC-equipped vehicles

on highway capacity have been estimated using microscopic
simulation. The time headway settings for the ACC-equipped
vehicles ranged from 1.1 sec to 2.2 sec, while it ranged from
0.6 sec to 1.1 sec for the CACC-equipped vehicle systems.
The results showed that CACC systems can increase the
traffic capacity for moderate to high penetration rates, while
ACC systems are unlikely to produce significant improve-
ments to the capacity of highways. Besides the time headway,
another parameter that is being overpassed in ACC quan-
tification studies is the reaction time, which is defined as
the time it takes a vehicle to react to the speed changes
of the preceding vehicle [14]. It is a common assumption
that automated vehicles will have negligible reaction time
compared to what human drivers can achieve. However,
recent studies [15], [16] show that the reaction times of ACC
systems range between 0.8-1.2 sec, which is similar to what
is commonly found for human drivers. In [17] the exist-
ing literature on the effects of CAVs is summarized and
policy recommendations are given based on the reviewed
studies.
The main contributions of this work are as follows:
- Quantifying the effects of ACC systems on the trans-
portation network performance in the context of a long
and congested urban freeway corridor with multiple
bottlenecks and hotspots. Different headway settings
representing a best case, worst case and a range
headway representing different driver choices are con-
sidered in this study, all under realistic reaction time
settings.

- Choosing the most suitable car following model for
ACC representation by adopting two commonly used
ACC car following models from the literature. The
adoption of different car following models for ACC
representation in this work is to first observe the gen-
eral performance trends resulting from both models
and to highlight the shortcomings of any based on
real traffic simulations.

- Enabling a positive transformation with the advent of
such systems by implementing a simple traffic con-
trol strategy which aims to adapt the time headway
of ACC-equipped vehicles in real time so that free-
way traffic flow efficiency is improved as a first step
and subject to further enhancements by looking into
additional performance metrics such as safety, stability,
emissions, etc.

In this work, we develop a driving-automation-enabled
dynamic simulation model of the Queen Elizabeth
Way (QEW) in Ontario, Canada during the AM peak period,
using Aimsun traffic microsimulation platform.
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FIGURE 1. Area Under Study.

II. CASE STUDY (NETWORK DESCRIPTION)
The area under study focuses on the eastbound direction
of the QEW and parallel service roads, one of the busiest
freeway corridors in Ontario, Canada, in the morning peak
(6:00-10:00 AM). The network extends between Hamilton-
Burlington borders on the west to the City of Toronto on
the east side for 45 km. The area under study is extracted
from a larger Aimsun simulation model covering most of
the Greater Toronto Area (GTA). A detailed description of
the GTA model is presented in (15). Fig. 1 shows the area
under study as a subnetwork of the GTA model. The sim-
ulation model was manually calibrated and validated using
real traffic data so that it can reproduce the typical traffic
conditions of the examined motorway. Demand data were
extracted from the Transportation Tomorrow Survey and
larger traffic assignment models at the University of Toronto
(16). Two different ground-truth data sources were used to
calibrate and validate the microscopic model of QEW; the
vehicle counts and speeds from loop detectors installed on
the QEW, and speed observations retrieved using Google
Directions API. The two sources were used together to
prepare a ground-truth dataset of counts and speeds over
the QEW stretch to calibrate and validate the simulation
results.

A. NETWORK CALIBRATION
Multiple measures were used to validate the simulated speeds
and counts using the observed ones. The counts are evaluated
using the GEH statistic [18] which is an empirical formula
used in comparing traffic flows and is defined as follows:

GEH =
√

2(M − C)2

M + C
, (1)

where M and C are the simulated and observed flows, respec-
tively. Other visual tools were used in comparing simulated
and observed quantities, such as time-space speed diagrams,
scatter plots, and traffic flow fundamental diagrams, which
are omitted here for brevity. The calibrated parameters
include a global adjustment factor of the full demand in
addition to a custom adjustment at specific locations. They

also include global parameters related to driving behavior
and simulation configuration, such as merging distances over
freeways, acceleration, deceleration, and the reaction time of
vehicles. The final calibration results show that the average
GEH statistic at 43 detectors installed over the QEW for the
entire morning peak (four hours) is equal to 4.9 with 91%
of the points with GEH less than 10 and 56% of the points
with GEH less than 5. Further, the average GEH calculated
at the 43 detector locations for the four 1-hr intervals is
equal to 5.9 with 87% of the points with GEH less than 10
and 49% of the points with GEH less than 5. Moreover, we
were able to reproduce the two major eastern and western
congestion hotspots for the correct time period and extent as
will be outlined later in the results section and achieved an
average root mean square error (RMSE) of speeds equal to
0.24. Finally, we adopted the simplest case scenario in this
study in which all drivers behave similarly and are assigned
similar parameter values throughout the simulation. This is
done mainly to emphasize the focus only on quantifying the
effect of introducing new ACC models to the system with-
out adding other complexities. However, a possible extension
after analyzing such effects is to add heterogeneity to the
system similar to the work in [19].

III. SIMULATION ENVIRONMENT
A. AIMSUN MICROSCOPIC SIMULATOR
The implementation of ACC in traffic simulators is pos-
sible by overriding the default vehicle behavioral models
and applying suitable ones for ACC. In this work, the
microscopic simulator Aimsun is used to model ACC and
perform the corresponding simulation scenarios. Aimsun
includes the MicroSDK tool [20], which enables overriding
its vehicle behavioral models and applying external behav-
ioral models, programmed in C++, to the microsimulation
environment. Aimsun also includes the Aimsun API tool,
which can be used to extend the functionalities of the basic
Aimsun simulation environment by including user-defined
applications. In this work, we used the MicroSDK tool, to
include new ACC models, and the API tool to implement
traffic control functions with ACC.

B. AIMSUN DEFAULT CAR FOLLOWING MODEL
The default car following model implemented in Aimsun is
based on the empirical Gipps model [19], [20] in which the
model parameters are not global but determined by local
parameters that depend on vehicle and driver characteris-
tics. The Gipps model in Aimsun consists of two speed
components: an acceleration and a deceleration component.
The acceleration component describes the maximum speed
a vehicle n can achieve during a time period (t, t + T), and
is given by:

ẋa(n, t + T) = ẋ(n, t) + 2.5 ẍ(n)T

(
1 − ẋ(n, t)

ẋ∗(n)

)

×
√

0.025 + ẋ(n, t)

ẋ∗(n)
, (2)
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where ẋ(n, t) is the speed of vehicle n at time t, ẍ(n) is the
maximum acceleration for vehicle n, T is the reaction time
of the vehicle and ẋ∗(n) is the desired speed of vehicle n.
On the other hand, the deceleration component describes the
maximum speed that the same vehicle n can reach during the
same time interval (t, t + T), while in car following mode,
i.e., according to its own characteristics and the limitations
imposed by the presence of a leader vehicle, and it is given by
equation (3), as shown at the bottom of the page, where d(n)
is the maximum deceleration desired by vehicle n, x(n, t)
is the position of vehicle n at time t, x(n − 1, t) is the
position of the preceding vehicle n − 1 at time t, s(n − 1)
is the effective length of vehicle n− 1, and d

′
(n− 1) is an

estimation of the desired deceleration of vehicle n− 1. The
final speed for vehicle n during a time interval (t, t + T)

is the minimum of these two speeds. The manually driven
vehicles in this study follow Aimsun’s default Gipps model.
It is worthy to highlight that the Gipps model does not have
an explicit representation of the desired time headway to be
achieved by the vehicles, which is an important parameter
when modelling ACC systems.

IV. SIMULATION EXPERIMENTS
Several simulation experiments have been conducted for dif-
ferent ACC car following models, desired headway settings,
and penetration rates of ACC-equipped vehicles to quan-
tify their effect on the performance of the network. The
tested scenarios include penetration rates of ACC vehicles
of the values of 0% (base case), 25%, 50%, 75%, and 100%.
Whereas the investigated time-headways are: (1) 0.8 sec
(being the minimum headway for ACC), (2) 2.0 sec (the com-
mon default value recommended by manufacturers), and (3) a
normally-distributed headway ranging between [0.8, 2.0] sec
with an average of 1.2 sec (representing a range of settings
selected by different drivers).
Since the main focus of our study is to quantify the

effect of the time headway parameter of ACC systems, there-
fore, the car following model parameters that are found in
common between ACC vehicles and human driven vehi-
cles, i.e., maximum acceleration, comfortable deceleration,
desired speed, jam distance, etc., are assumed to have the
same mean values to ensure traffic homogeneity. Moreover,
all ACC car following model parameters are chosen to be
within suitable ranges found from the ACC calibration stud-
ies in the literature as in [16] and [23]. In all simulation
scenarios we assume that the reaction time of the ACC-
equipped vehicles is equal to that of the manually driven
vehicles which was found to be equal to 1.1 sec as a
result of the network calibration. The reaction time is not
an explicit parameter in the car following model used but

rather a parameter adjusted via Aimsun traffic microsimula-
tor, which is defined as the time it takes a driver/vehicle to
react to the speed changes of the preceding vehicle and it
must be equal to multiples of the simulation step which is
set to 0.1 sec in this work.
We investigated two of the most commonly used car

following models with ACC systems which are (1) the
Intelligent Driver Model (IDM) that has been adopted
in several ACC quantification as well as calibration
studies [15], [16], [19], [23]–[29], and (2) the car follow-
ing model developed by Milanes and Shladover in [24]
which was developed based on experimental field studies
and implemented in Aimsun Next 20 as the default ACC
car following model and which we will refer to here as
Shladover’s car following model. These models represent
the two main ACC quantification scenarios considered in
the simulation experiments. Scenario (1) considers an IDM-
based ACC while scenario (2) considers a Shladover-based
ACC. For all scenarios, the average network throughput,
delay, and speed are used to assess the performance of
the network. Five replications were carried out for each
experiment per examined scenario to take into account the
stochastic nature of the simulations, and the average values
of the performance metrics are compared.

A. SCENARIO (1): IDM-BASED ACC
In this scenario we assume that the ACC vehicles
move according to the IDM model, introduced by
Treiber and Kesting [25]. This model was suggested by
Kesting et al. [26], as suitable for modeling ACC equipped
vehicles. Many studies, e.g., [23]–[29], have used IDM as the
car following model for ACC vehicles. The IDM calculates
the vehicle’s acceleration based on the following equation:

v̇(s, v,�v) = a

[
1 −

(
v

v0

)4

−
(
s∗(v,�v)

s

)2
]
, (4)

where a is the maximum acceleration, v is the current speed,
v0 is the desired speed, s is the actual distance to the
preceding vehicle and s∗(v,�v) is the desired distance which
is calculated as follows:

s∗(v,�v) = s0 + max

(
0, vTd + v�v

2
√
ab

)
, (5)

where s0 is the jam distance (minimum distance required
between two vehicles when stopped), Td is the desired time
headway, and b is the comfortable deceleration. The IDM
algorithm has then been coded in C++ and included as an
external behavioral model in Aimsun. The parameter values
used in IDM-based ACC are listed in Table 1.

ẋb(n, t + T) = d(n) +
√√√√d(n)2T2 − d(n)

[
2{x(n− 1, t) − s(n− 1) − x(n, t)} − ẋ(n, t)T − ẋ(n− 1, t)2

d′(n− 1)

]
. (3)
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FIGURE 2. (a) Average throughput (b) Average delay (c) Average speed differences compared to the base case for IDM-based ACC systems.

TABLE 1. Parameter values for IDM.

IDM-based ACC Simulation Results: For the full freeway
stretch, we present the average throughput, delay and speed
differences compared to the base case, i.e., the case with
no ACC vehicles, for the different headway settings con-
sidered in Fig. 2. It is observed that the throughput, delay
and speed deteriorated compared to the base case for all the
investigated headway settings. Such deteriorations increase
as the desired time headway increases, as well as when the
penetration rate increases, within a headway setting, which
is more significant for the 2.0 sec and the [0.8, 2.0] sec
headway settings. The results show that the throughput,
delay and speed can deteriorate by up to 26%, 122% and
25% respectively if all ACC users on the road adopt the
default 2.0 sec headway recommended by auto manufac-
turers. While when users pick a headway setting randomly
from the range of the admissible headways the throughput,
delay and speed deteriorate by up to 18%, 64% and 18%
respectively.
Unexpectedly, deteriorations were also observed for all

performance metrics even when all ACC users adopted the
minimum admissible headway, i.e., 0.8 sec, which motivated

us to further investigate the IDM car following dynamics and
determine whether the model achieves the desired headways
or not.
IDM Car Following Dynamics: By observing the IDM

acceleration given in equation (4), we notice that IDM has
two operational modes mimicking the basic behavior of ACC
systems: (1) a cruising mode for free flow traffic situations
in which the applied acceleration is represented by: a[1 −
( v
v0

)4], where the lead vehicle, if any, is out of range of the
subject vehicle, and (2) a car following mode in which the
acceleration to be applied is represented by: a[1 − ( v

v0
)4 −

(
s∗(v,�v)

s )
2
], and is mainly influenced by the presence of a

lead vehicle. The detection range is implicitly included in the
model since when the actual spacing, s, is large the quantity

( s
∗
s )

2
will be small enough to not significantly contribute to

the IDM acceleration v̇(s, v,�v).
In addition to the unexpected performance of IDM based

on our simulation results, it has also been reported in the
literature [24] that the troubling behavior of the IDM is
mainly reflected in the delayed response to speed changes
by the leading vehicle resulting in a time-gap error even in
stationary car following situations, both of which motivated
us to investigate this issue further. In steady state traffic
conditions, we have v̇(s, v,�v) and �v equal to zero; hence,
from (4) and (5) we get,

1 −
(
v

v0

)4

−
(
s∗

s

)2

= 0 (6)

s∗ = s0 + vTd. (7)

Therefore, in steady state conditions, the achieved steady
state distance spacing sss between two vehicles is given by,

sss = s∗√
1 −

(
v
v0

)4
= s0 + vTd√

1 −
(
v
v0

)4
(8)
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FIGURE 3. Desired and achieved time headways in steady state traffic conditions
from IDM car following.

and the corresponding achieved steady state time headway
Tss is given by,

Tss = s

v
=

s0
v + Td√

1 −
(
v
v0

)4
. (9)

The graph of equation (9) is shown in Fig. 3 (for s0 =
1 m, Td = 0.8 sec, v0 = 33.33 m/sec) and indicates that
Tss is always higher than Td which is obvious especially
for high and low speed ranges, and this is mainly for the
following reasons:

• For low speeds, the minimum distance, s0, leads to
differences between Tss and Td which increase further
as the speed decreases. The difference between Tss and
Td is obvious for speeds lower than 7 m/s.

• For high speeds, this difference is because of the term√
1 − ( v

v0
)4 particularly for speeds higher than 23 m/sec.

However, this speed range implies free flow traffic and
thus most inter vehicle spacings are longer than the
desired spacings since cars are less likely to be in the
car following mode.

• For speeds between 7 m/sec to 23 m/sec, which is most
likely the speed range for steady state traffic in real-
world scenarios, the steady state time headway achieved
is almost constant at around ≈0.9 sec. This implies a
headway error. What we prove here mathematically is in
line with field observations reported in in [23] and [24],
confirming this drawback of IDM. But at the same time,
we show that the IDM model still conserves the basic
property of the constant time headway (CTH) policy,
which has been widely employed as the spacing policy
in modern ACC systems; that is achieving a constant
time headway at different equilibrium speeds within the
speed window of 7-23 m/sec.

The IDM headway error reported in [19] was a result of
the field tests performed using a few ACC cars to develop a
more robust ACC car following model and our study com-
plements this by investigating the headway materialization

FIGURE 4. Distribution of the average headways for the different time headway
settings for IDM-based ACC.

of IDM-based ACC on a full-length calibrated real freeway
stretch. Therefore, it is confirmed that the IDM’s achieved
time headway will almost always be higher than the desired
time headway in steady state traffic conditions for the whole
speed range. This raises a sequel question about the mate-
rialization of the desired headways in unsteady state traffic,
and thus motivated us to examine the achieved headways
in our case study network given the high demand and the
congested traffic conditions observed.
Average headways (calculated every 15 minutes) are col-

lected at each detector location along the QEW freeway
for the entire simulation period. The side-by-side box plots
in Fig. 4 show the distribution of the average achieved
headways on the QEW highway stretch for the 0.8 sec,
the [0.8, 2.0] sec, and the 2.0 sec headway settings. As
shown in Fig. 4, the average achieved headways are 0.9 sec
and 1.35 sec for the 0.8 sec and the [0.8, 2.0] sec head-
way settings, respectively, which implies that the achieved
headways are slightly higher than the desired headways.
This headway error may explain the deteriorations in all
performance metrics observed even with all ACC vehicles
adopting the minimum headway setting which emphasizes
the headway error drawback of the IDM car following due
to its slow response as previously outlined. For the 2.0 sec
headway setting, the average achieved headway is 1.66 sec
which is lower than the desired headway and this is mainly
attributed to exacerbated congestion caused by adopting such
long desired headways in an already congested network due
to the high demand during the morning peak. It is obvious
that congestion increased significantly when all ACC users
adopted the 2.0 sec headway setting since the average delay
increased by around 122% at 100% penetration as shown in
Fig. 2b which is hindering the materialization of such long
headways.
Therefore, despite the popularity of the IDM model in the

literature as an ACC car following model, we have found
that the main troubling behavior of IDM is reflected in the
headway error due to its slow response to the lead vehi-
cle speed variations. This is important to note since our
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main goal in this work is to first quantify the impacts of
ACC systems especially in a worst-case scenario setting, i.e.,
all users adopting the maximum admissible headways. Our
second goal is to introduce simple control algorithms, to
reduce the deteriorations caused by using conservative ACC
system parameters, by imposing shorter headways when
needed aiming at reducing congestion and improving the
network performance. This necessitates the capability of
the used ACC model to follow the desired model param-
eters to the extent possible to achieve the anticipated benefit
from the exploitation of such systems. Therefore, in the rest
of the work we base our ACC quantification and control
described in the following sections on the car following
model developed by Shladover which is proven to have a
faster response compared to IDM and a lower headway error
according to the experimental field studies in [24]. Hence, it
is a more suitable car following model representative of the
time headway parameter, which is the focus of our work,
first to quantify its’ effect and second to be used in traffic
control for enhancing the network performance as will be
presented later in the paper.

B. SCENARIO (2): SHLADOVER-BASED ACC
This scenario assumes that the ACC vehicles move
according to the ACC algorithm described in
Milanés and Shladover [24]. We chose this model since it
was formulated based on real field-test experiments and had
a faster response thus a smaller headway error compared to
IDM [24]. It is also conveniently implemented as a default
ACC car following model in the traffic microsimulator used
in this work, i.e., Aimsun Next 20. This ACC controller will
determine the speed based on the two range parameters: the
lower detection threshold and the upper detection threshold
which are set in Aimsun by default to 100 m and 120 m
respectively. When the gap between a subject vehicle and
its preceding vehicle is larger than the upper threshold,
then the preceding vehicle is beyond the on-board sensors’
detection range and the controller will apply the speed
regulation control mode, applying acceleration asv to reach
the free-flow speed as follows:

asv = k1
(
vf − vsv

)
(10)

where vf is the free-flow speed, and vsv is the current speed
of the subject vehicle. If the gap is smaller than the lower
threshold, the controller will use the gap regulation con-
trol mode, to help the subject vehicle follow the preceding
vehicle as follows,

asv = k2(xl − xsv − thwvsv) + k3(vl − vsv) (11)

where xl and xsv are the current positions of the leading
and the subject vehicle respectively, thw is the desired time
headway, and vl is the current speed of the preceding vehicle.
The gap regulation control mode component consists of two
parts; the first part controls the gap itself (“gap component”)
between the following vehicles and the second part controls

TABLE 2. Parameter values for shladover’s model.

the speed difference between them. The k values are the
gains on both the position and speed errors. When the gap
is between the two thresholds, the controller will maintain
the car following mode the vehicle used in the previous time
step which is mainly to prevent frequent shifting between
the two control modes, and thus creating a smooth speed
profile. The parameter values used in IDM-based ACC are
listed in Table 2.
Shladover-based ACC Simulation Results: We present the

average throughput, delay and speed differences compared to
the base case for the different headway settings in Fig. 5. It is
observed that the throughput, delay, and speed deteriorated
compared to the base case for the 2.0 sec headway set-
ting and such deteriorations increase as the penetration rate
increases. While when the time headway setting decreases,
improvements in throughput, delay and speed are achieved.
The performance results in Fig. 5 show that as the penetra-
tion rate of the ACC vehicles with the [0.8–2.0] sec and the
0.8 sec time headway settings increases, higher speeds and
throughputs and lower delays can be achieved.
The results show that the throughput, delay, and speed

can deteriorate by up to 20%, 110% and 24% respectively
if all ACC users on the road adopt the default 2.0 sec
headway recommended by automanufacturers. Such huge
deteriorations were also observed in the IDM-based ACC
performance results presented in Fig. 2. This implies that
adopting such a conservative headway setting will lead to
performance degradation, since human drivers can gener-
ally achieve shorter headways on average [30]. While when
users pick a headway setting randomly from the range of
the admissible headways the throughput, delay and speed
improve by up to 2%, 16% and 6% respectively. Moreover,
the average throughput, delay and speed could be improved
by up to 3%, 34% and 18% respectively, if the ACC vehi-
cles adopt a 0.8 sec time headway. The main difference
between Shladover-based ACC and IDM-based ACC results
as illustrated in Figs. 5 and 2, respectively, is the potential
improvement in the network performance when adopting
shorter headway settings, i.e., 0.8 sec and the range head-
way setting, with Shladover’s model. This is due to the faster
response of Shladover’s model compared to IDM resulting in
a stricter materialization of the desired headways in addition
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FIGURE 5. (a) Average throughput (b) Average delay and (c) Average speed differences compared to the base case for Shladover-based ACC systems.

to offering a better chance to reap the anticipated benefits
from the implementation of headway control strategies [24].
It is also worth mentioning that the network improvements

achieved when adopting the short and the range headways
taper off and sometimes even slow down at high penetration
rates. This is mainly attributed to the ACC vehicles being
more strictly compliant to the speed limit of the road than
the manually driven vehicles. Speed acceptance for manu-
ally driven vehicles is set to 1.1 in this study indicating
that they can drive at speeds 1.1 times the speed limit,
as opposed to ACC vehicles that have a speed acceptance
of 1.0. This may explain the slightly higher improvements
achieved in throughput, delay and speed of ACC vehi-
cles with a headway range at 50% penetration as opposed
to 100% penetration. This was similarly reported by the
authors in [31] concluding their study by the observation
that AVs appear to provide more benefits in congested situ-
ations than in free flow situations as a result of lower speed
acceptance.
Speed Profiles (Space mean speed Vs Time mean speed):

Commonly in the literature, testing the impact of ACC is
often performed on short road sections. In this work, we
argue that there is value in examining the impacts of ACC on
a long freeway where bottleneck dynamics can be observed.
Therefore, in addition to the average performance results, we
examine the spatiotemporal profile of congestion, i.e., where
the bottlenecks are, how they form and dissipate over space
and time which is crucial to complete the quantification of
the impacts of automation and determine the necessary con-
trol. Average speeds (calculated every 15 minutes) at each
detector location along the freeway stretch are collected and
plotted as speed profiles for the entire simulation period.
Figs. 6a, 6b, 6c and 6d show a map of the QEW freeway
outlining the flow direction and the corresponding speed pro-
files the for the worst-case scenario, i.e., ACC users adopting
a 2.0 sec headway, the more realistic scenario, i.e., ACC users
choosing from a range of admissible headways, and the best-
case scenario, i.e., ACC users adopting the minimum 0.8 sec
headway, respectively.

In the base case speed profile, there are two major con-
gestion areas: one in the west, and one to the east which
both last for almost the whole length of the simulation.
It can be observed from Fig. 6b where ACC users adopt a
2.0 sec headway that the speed profile deteriorates even with
the smallest introduction of ACC vehicles and the deteriora-
tion increases further as the penetration rate increases with
the eastern and western congestion spots propagating further
upstream. However, as the vehicle population becomes more
homogenous, i.e., almost all vehicles are ACC-equipped, the
network performance does not deteriorate further. Fig. 6c
shows the speed profiles of the QEW freeway stretch for the
ACC-equipped vehicles with the randomly-distributed head-
way setting [0.8, 2.0], which is considered a more realistic
scenario as it captures the different driving styles and behav-
ior of ACC system users. Speed improvements are observed
with this headway setting and as the percentage of ACC
vehicles increases improvements increase further such that
partial dissipation of the two western and eastern congestion
hotspots has been observed at 100% penetration of ACC
vehicles. The 0.8 sec speed profiles illustrated in Fig. 6d
show the highest improvement in speeds compared to the
range and the long headway scenarios and such improve-
ments are found to increase with the penetration rate in line
with the range headway speed profiles shown in Fig. 6c.
Note that all previous performance metrics are network-

wide metrics, hence, the average network speed results in
Fig. 5c is calculated using the mean journey speed for each
vehicle which is a representation of the space mean speed.
On the other hand, we generate the speed profiles using
detectors data across the freeway which measure the average
speed of vehicles that have crossed the detector within a time
interval and is a representation of the time mean speed. It is
known that the time mean speed is always higher than the
space mean speed and it has been found in [32] that the dif-
ferences between the two speed becomes more significant in
low-speed regions, i.e., congested conditions, which explains
the different deterioration/improvement numbers observed in
both Fig. 5c and Fig. 6.
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FIGURE 6. Speed Profiles on (a) QEW freeway for Shladover-based ACC when ACC users adopt (b) 2.0 sec headway, (c) a random headway between [0.8, 2.0] sec,
and (d) 0.8 sec headway.

V. CONTROLLED ACC
Based on the ACC quantification results above as well as
in the published literature, ACC systems have the poten-
tial to improve the transportation network performance.
However, if conservative values are set for their parame-
ters, then the ACC systems may lead to a deterioration in
the transportation network performance. For example, most
ACC-equipped vehicles offer a desired headway range from
around 0.8 to 2.0 s with the recommended desired time
headway set to 2.0 s. Moreover, some drivers may prefer
to choose more conservative headways than those employed
in manual driving for safety concerns. Such headway set-
tings would lead to a significant reduction of the freeway
performance as shown earlier. This can be mitigated if
the settings of the ACC vehicles can be updated dynam-
ically in real time according to the traffic state through the
operation of an ACC-based control strategy. ACC control
strategies can be implemented to reduce the deteriorations
caused by adopting conservative system settings as well as
increase the improvements by exploiting the full capabilities
of such systems. For example, the authors in [33] study the
optimization of ACC system parameters, however, this study
is based on an off-line optimization technique which does
not cope well with the dynamically changing traffic condi-
tions. There are a few studies that address this limitation by
adjusting the ACC system settings adaptively in real time
according to dynamic traffic conditions such as in [27], [29],
and [34].

A. ACC CONTROL STRATEGY
After quantifying the impacts of ACC systems on one of
Ontario’s busiest freeways, the focus here is to examine the
effect of a simple ACC-based control strategy which aims
to adjust in real time the ACC settings of equipped and con-
nected vehicles, in particular the headway parameter, based
on the prevailing traffic conditions. The main philosophy
behind the proposed concept is to: (i) leave the ACC-settings
untouched at their driver-selected values if the traffic flow is
under-critical to limit interventions only to situations that call
for efficiency increase; and (ii) change the ACC-settings to
improve the network performance when critical traffic states
are imminent which is dependent on real-time information
about the current traffic conditions. The proposed strategy
considers that the ACC-equipped vehicles communicate with
a traffic management center which suggests to the drivers
or imposes directly appropriate values for the time headway
parameter. The strategy requires real-time flow and speed
measurements for freeway sections, as a basis for the issued
ACC-settings recommendations in each section.
Our proposed control strategy is a simple on-off strategy

inspired by but simpler than the control strategy implemented
in [27] and [29] which calculates the suggested time head-
way as a decreasing function of the current section flow such
that the maximum headway, Tmax, is suggested when the
traffic flow is low, and as the flow increases the suggested
headway decreases, till it reaches the minimum headway
Tmin when the section flow is equal to a certain threshold
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FIGURE 7. Proposed ACC Control Strategy.

FIGURE 8. Proposed ACC Control Strategy.

which should be lower than the capacity, so that the headway
is reduced to the minimum value before the flow reaches
the nominal capacity of the section. Our proposed control
strategy aims for fewer interventions by imposing the min-
imum headway Tmin only in critical or near critical traffic
states and leaves the headway to the default user-selected
values otherwise. The imposed control strategy is shown
in Fig. 7 and outlined in equation (12) which shows that
the minimum headway is applied: (1) in congested traffic
conditions, i.e., vi < vcr where vcr is the critical speed, or
(2) when approaching the section capacity, i.e., qi > Q∗,
where Q∗ is just below the section capacity, while it leaves
the default settings set by the user in otherwise situations,
hence we refer to it as the On-Off control strategy. Our
freeway is divided into sections and the infrastructure-based
control strategy is applied via a traffic management center
at every section independently, as illustrated in Fig. 8.

Tapplied,i =
⎧⎨
⎩
Tmin if vi < vcr
Tmin if qi > Q∗
Tdefault else.

(12)

B. ACC CONTROL NETWORK-WIDE PERFORMANCE
RESULTS
We implement the On-Off Control strategy for the 2.0 sec
desired headway scenario where huge deteriorations were
observed in the uncontrolled ACC case aiming at reduc-
ing them with control. We also implement control for
the [0.8, 2.0] desired headway scenario, being one of the

possible headway scenarios adopted by ACC users, aim-
ing at increasing the improvements achieved and preventing
any bottlenecks from being activated. The control strat-
egy is updated every Tc = 5 mins, receiving real-time
measurements of flow and speed for every section of the
freeway.
ACC-Equipped Vehicles With Long Desired Headways:

Significant deteriorations have been observed when the
desired headway used is equal to 2.0 sec which corresponds
to the ACC users abiding by the default recommended head-
way settings and representing a worst-case scenario in which
control is deemed more essential to reduce the magnitude of
such deteriorations. Average throughput, delay and speed dif-
ferences compared to the base case with and without control
are presented in Fig. 9. With ACC control it is observed that
throughput, delay, and speed deteriorations without control
turned to improvements with control with the magnitude of
improvements increasing as the penetration rate increases.
It is worth mentioning that improvements were achieved
despite the huge deteriorations observed without control for
this desired headway setting, i.e., average throughput, delay
and speed deteriorated by around 20%, 110% and 24%,
respectively, at 100% penetration of ACC-equipped vehi-
cles without control which then turned to improvements by
applying control since they improved by 2%, 15% and 12%,
respectively, compared to the base case. This emphasizes the
importance of ACC control especially in the early adoption
stage of such systems when users are more likely to go
with manufacturers recommendations for safety and comfort
concerns.
ACC-Equipped Vehicles With a Desired Headway Range:

For the case when the headway ranges between the minimum
and maximum values offered by ACC system manufacturers,
i.e., 0.8 sec to 2.0 sec used in this work, no deteriorations
were observed, and some slight improvements were even
possible without control. In this scenario, we wanted to
investigate the effect of control aiming at achieving more
improvements by fully exploiting the capabilities of ACC
systems and preventing traffic breakdown to the extent pos-
sible through headway control. Throughput, delay, and speed
differences compared to the base case with and without
control for this headway setting are presented in Fig. 10.
It is observed that throughput, delay, and speed improve-
ments without control are further improved by applying
control with the magnitude of improvements increasing as
the penetration rate increases. For example, average through-
put, delay, and speed improved by around 2%, 4% and 2%
respectively, at 100% penetration of ACC-equipped vehi-
cles without control which is further improved by applying
control to 3%, 28%, 17% respectively, compared to the
base case. Despite achieving improvements without con-
trol for this headway setting, ACC control here will allow
the maximization of these improvements by fully utilizing
the available road capacities in critical and near critical
traffic situations aiming at preventing traffic breakdown to
the extent possible.
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FIGURE 9. (a) Average throughput (b) Average delay and (c) Average speed differences compared to the base case before and after control for Shladover-based ACC systems
when ACC users adopt a 2.0 sec headway.

FIGURE 10. (a) Average throughput (b) Average delay and (c) Average speed differences compared to the base case before and after control for Shladover-based ACC systems
when ACC users adopt different headways ranging between [0.8, 2.0] sec.

Speed Profiles of the QEW: Fig. 11a shows the speed
profiles of the QEW freeway stretch for the ACC-equipped
vehicles with the long-desired headway setting when ACC
control is applied. By applying headway control we notice
that speed deteriorations observed without control shown
previously in the speed profiles in Fig. 6b turned to improve-
ments which increase as the penetration rate increases. Such
improvements result in partial dissipation of the two west-
ern and eastern congestion hotspots at high penetration rates.
Fig. 11b shows the speed profiles of the QEW freeway stretch
for the ACC-equipped vehicles with the randomly distributed
headway setting between [0.8, 2.0] sec when applying ACC
control. It can be observed that the speed improvements
achieved with this headway setting without control shown
in Fig. 6c further increase by applying headway control.
Applying ACC control resulted in partial dissipation of the
two western and eastern congestion hotspots at low penetra-
tion rates and full dissipation at moderate to high penetration

rates as observed in Fig. 11b as opposed to Fig. 11a where
partial dissipation of congestion hotspots was noticed only
at high penetration rates due to the initially adopted longer
headways.
This emphasizes the need to implement ACC control

to reduce the deteriorations caused if users adopt conser-
vative ACC system parameters in addition to preventing
traffic breakdowns resulting in an overall improvement in
the network performance. It is worth mentioning that the
improvements achieved with the 0.8 sec headway presented
in Fig. 6d seem to be lower than the improvements achieved
with the controlled 2.0 sec and range headway scenarios
shown in Fig. 11a and 11b, respectively. The reason for
that is the lesser number of vehicles that were waiting out-
side the network with the 0.8 sec headway setting compared
to the other headway settings in the controlled and uncon-
trolled scenarios thereby more vehicles were being served
with the 0.8 sec headway. Moreover, the number of vehicles
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FIGURE 11. Speed Profiles on QEW freeway for Shladover-based ACC after applying headway control when ACC users adopt (a) 2.0 sec headway and (b) a random headway
between [0.8, 2.0] sec.

waiting to enter didn’t change between the controlled and
uncontrolled range and 2.0 sec headway scenarios, hence
the improvement achieved is only contributable to the con-
trol strategy applied. Note that there were vehicles waiting
to enter in the base case (Gipps scenario), those vehicles
decreased with the range headway and decreased further with
the 0.8 sec headway but increased with the 2.0 sec head-
way. Even though the ACC scenario with the range headway
setting served more vehicles than the Gipps scenario (human-
driven) tangible improvements were achievable. On the other
hand, the ACC scenario with the 2.0 sec headway set-
ting served less vehicles than the Gipps scenario, and the
deteriorations were significant. While, with the 0.8 sec head-
way setting most of the vehicles were being served and
improvements were significant.

VI. KEY FINDINGS AND RECOMMENDATIONS
Based on the research presented in this paper, we provide
the following key findings and recommendations:

a) The IDM model produces a smooth ACC car following
behavior, but with a slow response leading to headway
errors: It has been reported in the literature according
to the experimental field studies in [23], [24], using
a few ACC cars in an uncongested regime, that the
IDM has a delay in responding to the speed changes
by the leading car. This was confirmed in our simu-
lations as well. The troubling behavior of the IDM is
mainly reflected in the headway error which is the dif-
ference between the achieved headway and the desired

headway. This headway error will result in an inac-
curate quantification of the impact of such systems in
addition to the inability to fully exploit the benefits
from implementing headway control strategies since
the short headways will not be strictly imposed.

b) Our ACC quantification results act as a first approxi-
mation of the impact of such systems on the congested
transportation network: The exact representation of the
complex real driving process by a car following equa-
tion is a challenging task, and different models have
been adopted in the simulation investigations of the
ACC-related studies in the literature. Therefore, we
picked the two most widely used ACC car following
models in the literature, i.e., the IDM and Shladover’s
model, and we moved forward with Shladover’s model
since it was found to have a faster response and a
lower headway error [24], hence a better representation
of ACC systems and a more accurate quantifica-
tion of their impacts on the transportation network
performance.

c) The common default time headway setting of 2.0 sec-
onds causes performance degradation while shorter
time headway settings improve performance: The
results of this study provide evidence that if the
time headway of ACC vehicles is to be left to its
default recommended value of 2.0 seconds, the free-
way performance will deteriorate. As the percentage
of ACC vehicles with a 2.0 sec headway increases
such deteriorations were found to increase as well.
On the other hand, the results of the 0.8 sec and
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[0.8, 2.0] sec headway settings show an improvement
in performance, and the improvements increase as the
penetration rate of ACC vehicle increases.

d) ACC Control had a significant effect on performance:
The result of implementing ACC control that varies
the time headway according to the traffic situation
has been proven as a promising solution to enhance
the performance of ACC systems. Implementing this
headway control strategy has been found to turn dete-
riorations to improvements when long headways are
adopted by users or further increase the improvements
when users select their desired headways from the
range of the admissible headways.

e) Aiming for fewer interventions with ACC Control: Our
proposed On-Off control strategy imposes the mini-
mum headway only when needed, i.e., in critical and
near critical traffic situations, first to maximize the road
capacities and avoid traffic breakdown. The reason for
limiting interventions to when needed is for safety con-
cerns such that the minimum 0.8 sec headway is not
imposed for the whole speed range but rather when
the speed is around or less than the congestion speed,
i.e., in our case vcr = 50 km/hr, which is considered
a reasonably low speed at which small headways can
be imposed without jeopardizing safety. It has also
been reported in the literature [35] that there should
be a threshold time headway setting above which an
ACC car platoon can be string stable and below which
the platoon can be string unstable which is subject to
further research. In our future work we aim to explic-
itly take the safety and stability into consideration and
quantitatively investigate the impact of short headways
on surrogate safety measures such as time to collision
as well as on string stability.

VII. SUMMARY AND CONCLUSION
The first target of this study is to quantify the potential effects
of ACC, being one of the most mature and widely spread-
ing systems in today’s cars. The effects of ACC systems
are investigated on the performance of a congested freeway
stretch in Ontario, Canada. The assessment was conducted
in Aimsun, in which a model of a 45-kilometer stretch of
the QEW was constructed and calibrated for the morning
peak period. The car following models adopted to represent
the behavior of ACC in this study were the IDM model
and Shladover’s model and we moved forward with the lat-
ter, first, to overcome the IDM headway error drawback
observed in our simulations and reported in the literature,
and second, since Shladover’s model was formulated based
on field experiments and was proven to have a faster response
than IDM. The network performance was assessed under dif-
ferent time headway settings and varying market penetration
rates. The results show that the desired time headway setting
has a direct impact on the network performance, the smaller
the time headway setting is, the greater the improvements
become. While adopting long headways lead to performance

deterioration which gets worse with the penetration rate
increase. Therefore, if auto manufacturers recommend long
time headways, for comfort and convenience reasons, and
users abide by such default settings, then the performance
will significantly deteriorate. This highlights the need for
implementing proper control strategies that could guide road
authorities for the optimal usage of ACC systems, with
regards to traffic management.
Consequently, the second target of this study is to inves-

tigate the effect of ACC control on enhancing the system
performance. For this, we proposed a simple on-off ACC-
based traffic control strategy by imposing the minimum
headway in critical and near critical traffic situations which
was found to improve the freeway traffic performance signifi-
cantly. The improvements resulting from adopting a headway
ranging between the minimum and maximum admissible
headways were found to further increase with ACC control.
Moreover, the significant deteriorations caused by adopting
the recommended conservative headway settings, turned to
improvements by implementing the proposed control strategy
which emphasizes the importance of ACC control especially
in the early adoption stages when we are not certain about
how users will adopt such systems and what will be their
exact effect on the traffic performance. Lastly, it is impor-
tant to note that ACC systems may vary considerably from
one manufacturer to the other and they are mostly propri-
etary. It is also anticipated that ACC controllers may change
in the coming years as auto manufacturers improve their
systems to act faster especially in relation to the desired
following distances. However, it is not the scope of this
paper to produce better ACC systems or address the intri-
cate details of such systems, but rather to demonstrate their
impact of urban traffic based on a generally accepted and uti-
lized car following model reproducing the basic car following
behavior. Our results do provide useful quantitative insights
which could be considered as a first good approximation to
understand the effect of ACC systems on congested traffic
environments.

REFERENCES
[1] R. Rajamani, D. Levinson, P. Michalopoulos, J. Wang,

K. Santhanakrishnan, and X. Zou, “Adaptive cruise control
system design and its impact on traffic flow,” Center Transp. Stud.,
Univ. Minnesota, Minneapolis, MN, USA, Rep. CTS 05-01, 2005.

[2] S. E. Shladover, C. Nowakowski, X.-Y. Lu, and R. Ferlis, “Cooperative
adaptive cruise control: Definitions and operating concepts,” Transp.
Res. Rec. J. Transp. Res. Board, vol. 2489, no. 1, pp. 145–152,
Jan. 2015, doi: 10.3141/2489-17.

[3] N. Dragutinovic, K. A. Brookhuis, M. P. Hagenzieker, and
A. W. J. Vincent, “Behavioural effects of advanced cruise control
use—A meta-analytic approach,” Eur. J. Transp. Infrastruct. Res.,
vol. 5, no. 4, pp. 267–280, 2005.

[4] A. Talebpour and H. S. Mahmassani, “Influence of connected and
autonomous vehicles on traffic flow stability and throughput,” Transp.
Res. C, Emerg. Technol., vol. 71, pp. 143–163, Oct. 2016. [Online].
Available: https://doi.org/10.1016/j.trc.2016.07.007

[5] P. Ioannou and M. Stefanovic, “Evaluation of ACC vehicles in
mixed traffic: Lane change effects and sensitivity analysis,” IEEE
Trans. Intell. Transp. Syst., vol. 6, no. 1, pp. 79–89, Mar. 2005,
doi: 10.1109/TITS.2005.844226.

300 VOLUME 3, 2022

http://dx.doi.org/10.3141/2489-17
http://dx.doi.org/10.1109/TITS.2005.844226


[6] B. van Arem, C. J. G. van Driel, and R. Visser, “The impact of coop-
erative adaptive cruise control on traffic-flow characteristics,” IEEE
Trans. Intell. Transp. Syst., vol. 7, no. 4, pp. 429–436, Dec. 2006,
doi: 10.1109/TITS.2006.884615.

[7] J. VanderWerf, S. Shladover, N. Kourjanskaia, M. Miller, and
H. Krishnan, “Modeling effects of driver control assistance systems
on traffic,” Transp. Res. Rec. J. Transp. Res. Board, vol. 1748,
pp. 167–174, Jan. 2001, doi: 10.3141/1748-21.

[8] S. E. Shladover et al., “Effects of cooperative adaptive cruise con-
trol on traffic flow: Testing drivers’ choices of following distances,”
California PATH Res. Rep., Inst. Transp. Stud., Univ. California,
Berkeley, CA, USA, Rep. UCB-ITS-PRR-2009-23, 2009.

[9] H. Suzuki and T. Nakatsuji, “Effect of adaptive cruise con-
trol (ACC) on traffic throughout: Numerical example on actual
free corridor-,” JSAE Rev., vol. 24, pp. 403–410, Oct. 2003,
doi: 10.1016/S0389-4304(03)00074-2.

[10] I. A. Ntousakis, I. K. Nikolos, and M. Papageorgiou, “On microscopic
modelling of adaptive cruise control systems,” Transp. Res. Procedia,
vol. 6, pp. 111–127, 2015, doi: 10.1016/j.trpro.2015.03.010.

[11] M. Makridis, K. Mattas, B. Ciuffo, M. Alonso, T. Toledo, and C. Thiel,
“Connected and automated vehicles on a freeway scenario. Effect on
traffic congestion and network capacity,” in Proc. 7th Transp. Res.
Arena TRA, 2018.

[12] K. Mattas et al., “Simulating deployment of connectivity and
automation on the Antwerp ring road,” IET Intell. Transp. Syst.,
vol. 12, no. 9, pp. 1036–1044, Nov. 2018. [Online]. Available:
https://doi.org/10.1049/iet-its.2018.5287

[13] S. E. Shladover, D. Su, and X.-Y. Lu, “Impacts of cooperative
adaptive cruise control on freeway traffic flow,” Transp. Res. Rec.
J. Transp. Res. Board, vol. 2324, no. 1, pp. 63–70, Jan. 2012,
doi: 10.3141/2324-08.

[14] Aimsun 8 Users’ Manual; c© 2005-2014 TSS-Transport Simulation
Systems, Aimsun, Jul. 2015.

[15] M. Makridis, K. Mattas, and B. Ciuffo, “Response time and
time headway of an adaptive cruise control. An empirical char-
acterization and potential impacts on road capacity,” IEEE Trans.
Intell. Transp. Syst., vol. 21, no. 4, pp. 1677–1686, Apr. 2020,
doi: 10.1109/TITS.2019.2948646.

[16] M. Makridis, K. Mattas, D. Borio, R. Giuliani, and B. Ciuffo,
“Estimating reaction time in adaptive cruise control system,”
in Proc. IEEE Intell. Veh. Symp., 2018, pp. 1312–1317,
doi: 10.1109/IVS.2018.8500490.

[17] S. Narayanan, E. Chaniotakis, and C. Antoniou, “Chapter one—
Factors affecting traffic flow efficiency implications of connected
and autonomous vehicles: A review and policy recommendations,”
in Policy Implications of Autonomous Vehicles, vol. 5, D. Milakis,
N. Thomopoulos, and B. van Wee, Eds. Cambridge, MA, USA:
Academic, 2020, pp. 1–50.

[18] Traffic Modelling Guidelines V3, Trans. London, London, U.K., 2010.
[19] M. Hosseini, H. Mahmassani, and D. Hale, “Calibration framework for

simulation tools to manage uncertain future conditions,” Transp. Res.
Rec. J. Transp. Res. Board, vol. 2674, no. 12, pp. 348–359, Oct. 2020,
doi: 10.1177/0361198120957323.

[20] Aimsun 8 MicroSDK Manual: c© 2005-2014 TSS-Transport Simulation
Systems, Aimsun, Jun. 2014.

[21] P. G. Gipps, “A behavioural car-following model for computer simu-
lation,” Transp. Res. B, Methodol., vol. 15, no. 2, pp. 105–111, 1981.
[Online]. Available: https://doi.org/10.1016/0191-2615(81)90037-0

[22] P. G. Gipps, “A model for the structure of lane-changing decisions,”
Transp. Res. B, Methodol., vol. 20, no. 5, pp. 403–414, 1986. [Online].
Available: https://doi.org/10.1016/0191-2615(86)90012-3

[23] G. Gunter, R. Stern, and D. B. Work, “Modeling adaptive cruise
control vehicles from experimental data: Model comparison,” in
Proc. IEEE Intell. Transp. Syst. Conf. (ITSC), 2019, pp. 3049–3054,
doi: 10.1109/ITSC.2019.8917347.

[24] V. Milanés and S. E. Shladover, “Modeling cooperative
and autonomous adaptive cruise control dynamic responses
using experimental data,” Transp. Res. C, Emerg. Technol.,
vol. 48, pp. 285–300, Nov. 2014. [Online]. Available:
https://doi.org/10.1016/j.trc.2014.09.001

[25] M. Treiber and A. Kesting, “Car-following models based on driving
strategies,” in Chapter 11 in Traffic Flow Dynamics, M. Treiber and
A. Kesting, Eds. Berlin, Germany: Springer, 2013, pp. 181–204.

[26] A. Kesting, M. Treiber, M. Schönhof, and D. Helbing, “Extending
adaptive cruise control to adaptive driving strategies,” Transp. Res.
Rec. J. Transp. Res. Board, vol. 2000, no. 1, pp. 16–24, 2007,
doi: 10.3141/2000-03.

[27] A. Spiliopoulou, G. Perraki, M. Papageorgiou, and C. Roncoli,
“Exploitation of ACC systems towards improved traf-
fic flow efficiency on motorways,” in Proc. IEEE Int.
Conf. Models Technol. Intell. Transp. Syst. (MT-ITS), 2017,
pp. 37–43.

[28] A. Kesting, M. Treiber, M. Scho¨nhof, and D. Helbing, “Adaptive
cruise control design for active congestion avoidance,” Transp.
Res. C, Emerg. Technol., vol. 16, pp. 668–683, Dec. 2008,
doi: 10.1016/j.trc.2007.12.004.

[29] A. Spiliopoulou, D. Manolis, F. Vandorou, and M. Papageorgiou,
“Adaptive cruise control operation for improved motor-
way traffic flow,” Transp. Res. Rec. J. Transp. Res.
Board, vol. 2672, no. 22, pp. 24–35, Sep. 2018,
doi: 10.1177/0361198118796020.

[30] M. Brackstone and M. McDonald, “Driver headway: How close is too
close on a motorway?” Ergonomics, vol. 50, no. 8, pp. 1183–1195,
Aug. 2007, doi: 10.1080/00140130701318665.

[31] G. Mesionis, M. Brackstone, and N. Gravett, “Microscopic modeling
of the effects of autonomous vehicles on motorway performance,”
Transp. Res. Rec. J. Transp. Res. Board, vol. 2674, no. 11,
pp. 697–707, 2020, doi: 10.1177/0361198120949243.

[32] V. Knoop, S. P. Hoogendoorn, and H. van Zuylen, “Empirical dif-
ferences between time mean speed and space mean speed,” in
Traffic and Granular Flow’07. Berlin, Germany: Springer, 2009,
pp. 351–356. [Online]. Available: https://doi.org/10.1007/978-3-540-
77074-9_36

[33] H. Liu, H. Wei, T. Zuo, Z. Li, and Y. J. Yang, “Fine-tuning
ADAS algorithm parameters for optimizing traffic safety and mobil-
ity in connected vehicle environment,” Transp. Res. C, Emerg.
Technol., vol. 76, pp. 132–149, Mar. 2017. [Online]. Available:
https://doi.org/10.1016/j.trc.2017.01.003

[34] L. Das and M. Won, “D-ACC: Dynamic adaptive cruise control
for highways with on-ramps based on deep Q-learning,” 2020,
arXiv:2006.01411.

[35] M. Makridis, K. Mattas, A. Anesiadou, and B. Ciuffo, “OpenACC. An
open database of car-following experiments to study the prop-
erties of commercial ACC systems,” Transp. Res. C, Emerg.
Technol., vol. 125, Apr. 2021, Art. no. 103047. [Online]. Available:
https://doi.org/10.1016/j.trc.2021.103047

VOLUME 3, 2022 301

http://dx.doi.org/10.1109/TITS.2006.884615
http://dx.doi.org/10.3141/1748-21
http://dx.doi.org/10.1016/S0389-4304(03)00074-2
http://dx.doi.org/10.1016/j.trpro.2015.03.010
http://dx.doi.org/10.3141/2324-08
http://dx.doi.org/10.1109/TITS.2019.2948646
http://dx.doi.org/10.1109/IVS.2018.8500490
http://dx.doi.org/10.1177/0361198120957323
http://dx.doi.org/10.1109/ITSC.2019.8917347
http://dx.doi.org/10.3141/2000-03
http://dx.doi.org/10.1016/j.trc.2007.12.004
http://dx.doi.org/10.1177/0361198118796020
http://dx.doi.org/10.1080/00140130701318665
http://dx.doi.org/10.1177/0361198120949243


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


