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Abstract
Adaptive cruise control (ACC) systems are standard equipment in many commercially available vehicles. They are considered
the first step of automation, and their market penetration rate is expected to rise, along with the interest of researchers
worldwide to assess their impact in relation to traffic flow and stability. These properties are currently discussed mainly
through microsimulation studies and empirical observations, with the first being the most common. Experimental observations can draw safer conclusions about the behavior of such systems, but the literature is limited. In this work, an experimental campaign with five vehicles equipped with ACC was conducted at the proving ground of AstaZero in Sweden to improve
understanding on the properties of ACC systems and their functionality under real driving conditions. The main parameters
under investigation are the response time of controllers, the available time headway settings, and the stability of the car-platoon. The results show that the response time range for the controllers is between 1.7 and 2.5 s, significantly longer than the
values reported in the literature. The range of the time headway settings was found to be quite broad. Finally, a dataset of
perturbations on a variety of equilibrium speeds of the car-platoon and of variable magnitudes was created. Results clearly
highlight the instability of the car-platoon. Instability is also displayed even for slight perturbations derived by variability in the
road gradient. Numerical differentiation on the altitude shows a negative correlation with the speed trajectory of the leading
vehicle.

Vehicle automation is attracting great interest both commercially and research-wise, and it is expected to bring
disruption in transportation in the years to come (1).
Currently, an increasing number of commercially available vehicles offer advanced driver-assistance functionalities. Adaptive cruise control (ACC) system is the first
widely offered automated functionality that regulates the
longitudinal movement of the vehicle. ACC can control
the throttle and brake to keep constant speed and adjust
the speed in case of a slower leader vehicle (2). The market penetration of ACCs is increasing along with the
interest of researchers worldwide to assess their impact
in relation to traffic flow and stability, which is the main
topic of this paper.
In many studies in the literature, the anticipated
impact of ACC systems on traffic flow and stability is
considered positive. Davis (3) showed that ACC can suppress wide moving jams by making the flow string stable.
Treiber and Helbing found that the introduction of just
20% of vehicles equipped with driver-assistance systems

can eliminate congestion almost completely (4). Kesting
et al. (5) found that just 10% of ACC-equipped cars led
to drastic reductions in traffic congestion. According to
Ioannou and Stefanovic (6), ACC systems were found to
have beneficial effects on the environment and traffic
flow characteristics by acting as filters of a wide class of
traffic disturbances. Davis (7) found that ACC is string
stable because of linear modeling and any perturbation
in the velocity of the leader of an ACC car-platoon will
not result in a traffic jam. Car-platoons controlled by
ACC systems promise to reduce frustrating phantom
traffic jams (8), reduce fuel consumption (9), and
improve traffic stability and the dynamic road capacity
(10). As stated by Xiao and Gao, ‘‘People deserve safer,
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more comfortable and more efficient vehicles and they
will get [them]’’ (11). Although such a bold statement
may possibly be proved correct in the long-term future,
this work argues that the impact of automated driverassistance systems (ADAS) in the short-term, with mixed
traffic on the roads, is not yet clear and it should be carefully studied. The two prevalent approaches used to try
to shed some light on the problem are simulation studies
and empirical observations.
Simulation studies incorporate much stochasticity
because of modeling assumptions and limitations. In
most studies, ACC models are used for the simulation of
the autonomous vehicles’ longitudinal movement. More
and more microsimulation-based studies on the topic
have sought to find answers regarding the impact of
automated vehicles’ longitudinal movement on traffic
flow, stability, and safety.
Regarding the general impact of vehicle automation in
future transport systems, Li and Wagner (12) conducted
a comprehensive evaluation of automated vehicles (AVs)
based on simulation with the open source microscopic
traffic simualtion package, SUMO, and the Krauß model
over a 5.3 km section of motorway in Auckland and traffic data provided by the New Zealand Traffic Agency.
Mattas et al. (13) conducted a simulation study for AVs
using the model proposed by Shladover et al. (14) on a
realistic network. Their results showed that, depending
on the traffic demand, AVs can have a negative impact
on the traffic flow, while connectivity is the key to higher
network capacity.
Analytical study of stability has also attracted much
interest in the literature. Wilson and Ward (15) proposed
a general framework for car-following models to study
linear stability properties analytically. Similarly, Sun et al.
(16) reviewed major methods regarding analysis of the
local and string stability of car-following models. The
consistency and applicability of the stability criteria
obtained using analytical methods were compared with
numerical simulations, and among the key factors for
inconsistencies were: the perturbation disturbance (intensity, duration, and magnitude), the length of the car-platoon, the response time, and the delay in the connectivity
between the vehicles. Wang et al. (17) investigated the
influence of driving behavior on stability in car-following.
Analytical and numerical simulation results showed that
careful driving can improve the stability of the traffic flow
and that system stability can be maintained by adjusting
the acceleration and deceleration control parameters,
increasing the safety margin, or decreasing the response
time for the ACC or vehicular platoon control system.
A few studies have investigated traffic safety through
simulation tests. Tu et al. (18) studied the safety implications of the car-platoon, with absence of communication
between the vehicles showing high collision risks for
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several scenarios through simulation. Han et al. (19) proposed a safe- and eco-driving control system for connected vehicles and AVs to accelerate or decelerate
optimally while guaranteeing vehicle safety constraints.
The proposed system was evaluated through simulation
for various driving scenarios of the preceding vehicle.
Field tests provide more reliable conclusions since the
results are based on observations under real-world conditions, but, on the other hand, field tests demand more
resources and they are difficult to organize and conduct
correctly. In the literature, a few studies present empirical observations. Milanés and Shladover (20) studied the
stability of AVs, comparing the performance of three different controllers: a production ACC, the Intelligent
Driver Model (IDM) and a proposed Cooperative-ACC
controller using test results from production vehicles.
The results showed that string stability is not achievable
for multiple consecutive vehicles using ACC when the
leading vehicle’s speed varies, even under mild speed variations. The instability can be solved through vehicle-tovehicle communication, which is the key to the highest
possible gain from AVs, as stated by Shladover (21).
Stability is also studied in the work of Knoop et al. (22),
describing an experiment with seven SAE level-2 vehicles
driven as a platoon for a trip of almost 500 km. The traffic dynamics in this experiment showed that the platoon
becomes unstable when all vehicles have ACC activated.
There are (sometimes severe) variations in speed which
lead to discomfort and even risks of rear-end collisions.
The most dangerous situations occurred when the lead
vehicle had to oscillate its speed (i.e., deceleration followed by acceleration and deceleration). However, these
tests were performed on public roads, with external interference from other network users. In addition, the data
acquisition was performed using devices (Ublox) that
have inferior accuracy compared with differential GPS.
In the most recent work regarding the behavior of a carplatoon, Gunter et al. (23) assessed the string stability of
seven 2018 model vehicles of two makes equipped with
ACC. Ublox devices were again used for the data acquisition. All the vehicles under all the following settings
were found to be string unstable.
Although response time is a parameter with a clear
physical meaning in many car-following models, few
works in the literature on the topic are based on field
tests. Makridis et al. (24, 25) showed through experiments with commercially available ACC systems that the
reaction time of the controller is greater than l.ls, with
values similar to or greater than the reaction time
observed in human-driven vehicles, which is reported in
the literature to be more than 1 s (10, 26, 27). Milanés
and Shladover (20) confirmed that delays were observed
in the response of the ACC systems but did not provide
quantifiable results. Nonetheless, understanding of
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vehicles’ reaction times is very important also for safety
reasons. As an example, Shladover et al. (28) highlighted
the danger of instability in cases of ACC platoons with
significant delays in the ACC systems’ reactions.
Time gap is another parameter with physical meaning,
for which simulation tests result in values quite different
from those observed empirically. In commercial vehicles
equipped with ACC, users selected from a discrete list of
time gap levels (i.e., small, medium, large, etc.) from the
vehicle ahead. Nowakowski et al. (29) presented the following time gap distributions based on a field test with
ACC: 2.2 s (31.1%), 1.6 s (18.5%) and 1.1 s (50.4%).
Similarly Makridis et al. (24) found prevalent time gap
values for a commercial vehicle were around 1.5 s and
2 s.
The present paper focuses on understanding how five
current state of the art ACC systems function and how
their properties can affect the traffic flow. Moreover, it
opens a discussion on the proper design of commercial
controllers to ensure traffic safety and facilitate traffic
flows. The main parameters under investigation are: the
response time of controllers, the available time headway
settings, and the stability of a car-platoon consisting of
consecutive ACC systems under real driving conditions.
The observed response time of the ACC is a parameter
used as input for the microsimulation of the contemporary market available systems and it can have substantial
traffic safety consequences. Likewise, the available time
gap settings have a direct effect on traffic flow and the
capacity of the network. Finally, the string stability of an
ACC platoon will be imperative when market penetration of ACC capable vehicles is high. If not, traffic flow
and safety can be undermined. Although there are studies
investigating simultaneously one or two of the above
dimensions, to the authors’ knowledge, there is no work
based on empirical data that covers all the dimensions
together. Consequently, an experimental campaign was
organized using five commercial vehicle models from
four makes and two different powertrains. Regarding the
limitations of this study, it is worth noting that the results
presented here are bounded by the design of the experimental campaign and they cannot be considered as proof
of the entire operational domain of each controller individually or as a proxy for all commercially available systems on the market.
The experimental setup involves car-platoon tests during which the individual ACC systems control the vehicles’ longitudinal movement. The driving patterns
involve car-following at a constant speed to understand
the time headways used by the controllers and injection
of perturbations by the leading vehicle to see their
impact on the car-platoon’s stability and to study the
response time of the controllers. The campaign took
place at the proving ground of AstaZero in Sweden
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within a controlled environment to ensure safety and
avoid interactions with other vehicles that could distort
the conclusions. The results show that under normal
driving car-following conditions the response time for
the controllers of the four following vehicles was significantly higher than values that have been reported in the
literature (10, 14, 26, 30–32). Additionally, the minimum
time headway was found to be close to those reported by
Nowakowski et al. (29). Finally, visual inspection of the
propagation of perturbations upstream shows clear
instability for the car-platoon, while instability appears
even with mild perturbations because of change in the
road gradient.
The main contributions of the proposed study can be
briefly summarized as follows:








Different commercially available vehicle models
of different brands were tested in a protected environment (test track) with a high precision data
acquisition system.
Response time and time headway estimates of the
present work can be used as inputs in microsimulation modeling.
This study provides quantified results on stability
with a variety of perturbations with different magnitudes and at different speeds.
The effect of road gradient variation on string stability is introduced and discussed.

The rest of the paper continues with description of the
experimental campaign followed by generation of the
dataset and description of the applied methodology. The
results are then presented and the final section includes
further discussion, conclusions, and future work.

Experimental Campaign
The experimental campaign took place in the AstaZero
proving ground in Sweden. AstaZero is a full-scale independent test environment comprising different tracks
and designed to test advanced safety systems and their
functions for all kinds of traffic situations. The results
included in this paper refer to car-platoon experiments
performed on the 5.7 km long ‘‘rural road’’ track illustrated in Figure 1.
The experiment involved five high-end vehicles, from
four different makes, all different models. The system
used for trajectory data acquisition was the RT-Range S
multiple target ADAS measurements solution by Oxford
Technical Solutions, with a differential GPS accuracy.
Analysis of the three dimensions (response time, time
headway, and stability) was based on the instantaneous
positions of the vehicles. Regarding some qualitative
characteristics of the campaign, the heading accuracy
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Table 1. Basic Information on Vehicles Used in the Tests
Vehicle
VL (leader)
V1
V2
V3
V4

Brand

Engine

Power (kW)

B3
B1
B2
B3
B4

3L diesel
Electric/battery
2L diesel
3L diesel
2L petrol

210
258
195
210
165

Table 2. Classification of the Perturbations Presented in the
Results per Equilibrium Speed and Perturbation Magnitude
Equilibrium speed (m/s)
(#number of
perturbation events)
15–20 m/s (#62)
21–25 m/s (#19)
26–30 m/s (#21)

Perturbation magnitude
(#number of
perturbation events)
0–5 m/s (#41)
5–10 m/s (#44)
11–15 m/s (#17)

deceleration patterns on different perturbations and
resembles the way that vehicles with ACC enabled
behave. For safety reasons in each lap the desired speed
was fixed to 13.9–16.7 m/s on the curves and to 25–
27.8 m/s on the straight parts.
In the perturbation dataset that is presented in this
work the equilibrium speeds were between 16.7 m/s and
27.8 m/s. Furthermore, the perturbation magnitudes were
between 2.8 m/s and 13.9 m/s. A summary of the number
of detected perturbation events per equilibrium speed
and perturbation magnitude is given in Table 2.

Figure 1. AstaZero proving ground test track showing ‘‘rural
road’’ used in this study.

was around 0.1 degrees, the speed horizontal accuracy
around 0.01 m/s, and the horizontal accuracy around
0.02 m. Table 1 shows the basic characteristics of the
vehicles, while the same notation is used in the rest of the
paper for each vehicle. The first one, VL, is always the
leader, while vehicle 2 (V2) is always placed in the middle
of the car-platoon (hunter mode in the OXTS software)
because of requirements for optimal data acquisition.
The experiments were organized in laps, where one lap
corresponds to the path shown in Figure 1. In all the
tests, VL was driven with the ACC enabled to avoid
noisy fluctuations around the desired speed because of
manual driving. In general, two different car-following
patterns were applied for the following vehicles, (a) carplatoon with constant speed and (b) car-platoon with
perturbations (deceleration to a new desired speed) from
an equilibrium point. For the second pattern, communication between VL and the last follower in the platoon
ensured that the speed of the last vehicle was stable at the
desired speed and therefore the car-platoon was close to
equilibrium prior to applying a new perturbation. When
the driver of VL wished to apply a new perturbation, he
set the desired speed of the ACC system to a new lower
value, the vehicle decelerated using the ACC system, and
then the driver reset the desired speed to the previous setting. This procedure was selected to avoid different

Data Processing and Methodology
Following the data acquisition, post-processing was performed on the Global Navigation Satellite System
(GNSS) and inertial data using the OXTS software and
Python scripting for data filtering, subsampling, and segmentation purposes. The response time and time gap
study was performed based on the methodology proposed by Makridis et al. (24).

Response Time
The response time estimations refer to normal (non-critical) driving conditions. In this work, the response time is
called observable response time, which is the response
that a normal observer would understand under stable
and safe conditions. The observable response time has a
direct impact on traffic flow. Each response time estimation in this work refers to a specific vehicle and lap. All
vehicles drive with their ACC system on and all perturbations were imposed from the controller of VL by lowering the desired speed.
For each lap, the response time for the ACC controller
is estimated by correlation between the speed difference
of two sequential vehicles and the follower’s acceleration.
The idea is based on the assumption that when two vehicles are driven by their ACC controllers under stable carfollowing conditions, the ACC system of the follower
keeps a constant time headway value according to the
driver’s desired setting. Under stable conditions, both
vehicles ideally have the same speed. At some point in
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time, VL performs an action that can be either acceleration or deceleration, this action creates a speed difference
between the two vehicles and thus changes the time headway of the follower. Since the follower aims to keep a
constant time headway, at some later point in time it performs a reaction, which is either acceleration or deceleration, respectively. The time difference between the action
of the VL and the response of the follower is defined as
the observable response time (response time). In this
work, the response time is estimated for each of the four
leader-follower pairs of the car-platoon.
In more detail, given the two stationary signals Dvlf , t
and af , t , we apply a time delay T on the acceleration of
the follower and compute the cross-covariance function
between these two signals as follows:
sDv, af ðT Þ =

N 
X



1
Dvlf , t  mDv af , tT  ma ð1Þ
N  1 t=1

where mDv and ma are the means of each time series and
N is the number of measurements. The Pearson correlation coefficient which measures the linear correlation
between A and B derives from the following
normalization:
sDv, af ðTÞ
ﬃ
rDv, af ðT Þ = qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sDv, Dv ð0Þsaf , af ð0Þ

ð2Þ

where sDv, Dv ð0Þ = s2Dv and saf , af ð0Þ = s2af are the variances of each signal. The peak frequency corresponds to
the estimated delay, that is, response time for the corresponding test lap. In other words, the response time of
the controller is derived by the following:


argmax rDv, af ðT Þ
tdelay =
T = f0, 0:1, . . . , Tmax g

ð3Þ

where Tmax is the maximum response time assumed in
the analysis. In the present work it was assumed that the
maximum response time is 4 s. Laps that do not involve
perturbations (vehicles driving with constant speed) have
low correlation and they are excluded from the results.
For this work, results with correlation coefficient value
below 0.7 were discarded. For more information, the
reader is referred to Makridis et al. (24).

hf ðtÞ =

x l ðt Þ  x f ðt Þ
v f ðt Þ

ð4Þ

where hf is the headway, vf ðtÞ is the speed of the follower
and xl ðtÞ and xf ðtÞ are the leader’s and follower’s position
at time t respectively. For each lap, the desired time gap
is estimated by the median value of the instantaneous
time gaps:
hf , lap = hg
f ðtÞ, 8t 2 lap

ð5Þ

The time headway is estimated for all the following vehicles in the car-platoon.

Stability of the Car-Platoon
The speed trajectories are segmented in perturbation
events. Each perturbation event is characterized by (a)
the equilibrium speed of all the vehicles before the disturbance takes place, and (b) the perturbation magnitude,
which is the difference between the minimum speed of
the VL during the perturbation and the equilibrium
speed of the vehicles before the perturbation. Every perturbation was imposed by lowering the desired speed in
the ACC settings of the VL to ensure homogenous behavior during deceleration. In this work, each perturbation
event is simplistically characterized by the speed trajectories of all vehicles, fvL ðtÞ, v1 ðtÞ, v2 ðtÞ, v3 ðtÞ, v4 ðtÞg, and
the perturbation magnitudes which are defined as
follows:
mVi = argmaxðvL ðtÞÞ  argminðvi ðtÞÞ for i 2 fL, 1, 2, 3, 4g
ð6Þ
Table 3 summarizes the dataset of empirical measurements used for each of the three dimensions highlighted
above.
It should be noted that the stability here is quantified
on the basis of each individual perturbation magnitude,
while frequency and variation are outside the scope of
the present study. Multiple perturbations are not studied
together, so the impact of different frequencies is not discussed. Although the acceleration/deceleration patterns
during perturbations, as well as the jerk, are parameters
that are expected to have a significant impact on traffic
flow stability, here, all perturbations are imposed by the

Time Headway
The time headway is estimated based on laps where all
vehicles drive with constant speed and their ACC systems
enabled. VL has a constant desired speed and imposes no
perturbation. The results were repeated for the maximum
and minimum ACC time headway settings.
The instantaneous time gap is computed as follows:

Table 3. Summary of the Dataset Generated for all Vehicles
Used in the Results
Dimension
Response time
Time headway
Stability

Distance (m)

Time (s)

Dataset

85,326
72,158
36,348

4,393
3,920
1,961

72 laps
24 partial laps
39 perturbations
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Figure 2. Two examples illustrating the procedure for estimation of response time: (a) high correlation coefficient value and (b) an
example with low correlation which was eventually filtered out.

ACC controllers and not the human drivers and variation is outside the scope of this work.

Results
This section presents the results along the three main
dimensions that can characterize the behavior of an
ACC controller: the response time in non-critical conditions, the time headway settings, and the stability of a
car-platoon when all vehicles drive with ACC system
enabled.

Response Time
In empirical observations, it is clear that the response
time is not a crisp value, but rather a distribution of values. This distribution depends on the controller’s logic,
the instantaneous conditions during the experiment, and
possibly other reasons. Consequently, this study divides
the vehicles’ trajectories in laps and provides an estimation of their response time per lap, rather than focusing
on finding a unique value per vehicle. There are cases
where the correlation of the two signals (speed difference
and follower’s acceleration) is low.
Figure 2 illustrates two examples from the correlation
procedure. The top subfigures show the two signals, the
speed difference (gray), and the acceleration of the follower (black). The middle subfigures show the correlation signal, where the peak corresponds to the maximum

correlation position (response time). Finally, the bottom
subfigure plots the speed difference signal and the follower’s acceleration, translated for a time equal to the
estimated response time. Figure 2a is a successful correlation example. It is clear that the three small perturbations during this lap help the procedure to compute
successfully the vehicle’s response time. The correlation
coefficient is quite high, 0.86, and the estimated response
time has been found equal to 2.5 s. Figure 2b is a discarded lap. The correlation coefficient value is low, 0.63,
which means that there is low confidence in the estimated response time. Even visually, it can be observed
that both signals are quite steady and no clear correlation between them can be detected. Laps like this one
that do not involve perturbations have low correlation
and result in unrealistic response times. For this work,
results with correlation coefficient values below 0.7 were
discarded. The threshold was set in a heuristic way after
manual inspection of the results.
The summary of the response time estimates per vehicles is illustrated in Figure 3. Each point in the scatter
plot corresponds to the estimated response time of the
vehicle for a distance equal to one lap (around 5.7 km).
In total, this work presents the response time of 72 laps
(17 for V1, 15 for V2, 19 for V3 and 21 for V4), while 11
laps were discarded because of low correlation coefficient
values. Furthermore, for two vehicles (V1 and V2) the
correlation seemed to be lower on higher response time
estimations. The correlation coefficient value is a
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delays in the systems’ reaction, pointing to possible
safety-critical issues, which are mentioned also in this
work in the stability section.

Time Headway

Figure 3. Estimated response times per vehicle per lap.

measure of trust for the estimation. Consequently, in
Figure 3, next to each vehicle there is the weighted
response time computed for the specific vehicle over all
its laps. The weighted average is computed using the
response time weighted by the correlation coefficient,
thus results with higher correlation contribute more to
the outputted overall response time.
It is interesting to note that the vehicle with the electric
powertrain, V1, has much faster response times than the
rest of the vehicles; it is not clear, however, if the powertrain is related to the lower response times. Moreover,
the order of the vehicles in the car-platoon is not constant
and no correlation was found between the follower position and the estimated response times. In the future, a
more systematic approach needs to be developed to
investigate these preliminary findings further. The
weighted response time for V1 is 1.7 s, for V2, 2.56 s, for
V3, 2.34 s, and for V4, 2.42 s.
Based on the results of the present study, it can be
safely assumed that under normal (non-critical) driving
car-following conditions the response time can be around
2 s, and this is something that models of ACC systems in
microsimulation environments usually do not take into
consideration. Consequently, in simulation studies the
physical meaning of the ACC system’s response time is
lower than the behavior empirically observed. In the literature, the ACC response time parameters take values
from the very low order of 0.1–0.2 s (10, 26), while other
works based on empirical observations, like Milanés and
Shladover (20) and Milanes et al. (33), confirm that
delays were observed in the response of the ACC systems
but without providing any quantifiable result.
Furthermore, Shladover et al. (28) highlight the danger
of instability in cases of ACC platoons with significant

Time headway results should refer to trajectory parts
where the vehicles drive at a constant speed without any
deliberately imposed perturbation. Minimal perturbations because of the road geometry and altitude are present, however, as will be discussed later in the section. A
visual summary of the results is illustrated in Figure 4.
This figure shows the time headway over time per lap per
individual vehicle. The notation of the vehicles (V1, V2,
V3, V4) is the same as indicated in Table 1 and next to
each label there is a number indicating the position of the
vehicle in the car-platoon. Furthermore, in parenthesis
there is the median time headway per vehicle for the specific trajectory as described by Equation 5. Figure 4, b, c,
d, e and f refer to minimum time headway settings for
the ACC controllers of the vehicles, while 4a refers to
maximum settings. It can inferred that the minimum time
headway for the vehicles is a little more than 1 s (1.09–
1.36 s) while the maximum value is around 2.5 s, except
for V3 for which is around 3.5 s. Furthermore, it seems
that the position of the vehicles in the platoon does not
play a significant role in the time headway estimations,
which are consistent per vehicle across all six laps.
Similar to the response time results, based on the
above observations, it can be safely assumed that under
normal driving car-following conditions the minimum
time headway of the vehicles can be around 1.2 s and
going up to 2.5 s for V1, V2, and V4 and 3.5 s for V3.
The minimum value is closer to the average values considered as parameters for microsimulation modeling of
ACC systems. In Ntousakis et al. (34), it was noticed
that the capacity could increase with ACC penetration
rate, as long as the time gap setting is less than 1.10–
1.20 s. The values found in this study are close to those
found empirically in the work of Nowakowski et al. (29).
Finally, it is worth noting that in Figure 3, the following vehicles towards the end of the car-platoon have significantly higher variation in the time headway than
those directly after the VL. Another observation is that
the vehicles’ behavior is very similar in Figure 3, d, e,
and f where the vehicles are in the same order in the carplatoon and all have the minimum time headway setting,
which shows high consistency of the controller over the
same path under similar conditions.

String Stability
The last dimension of the results is that concerning string
stability of the platoon. Figure 5 presents an overview of
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Figure 4. Visual representation of the time headway measurements. (a)-(f) Illustrate for six tests with different vehicle orders, the
instantaneous headway measurements for the four following vehicles over time.

Figure 5. Summary of the perturbation dataset: (a) magnitude of the perturbations over speed and (b) evolution of the perturbation
magnitude in the followers in the car-platoon.
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Figure 6. Visual representation of the instability in the car-platoon. (a)–(d) Illustrate four indicative events where the leading vehicle
initiates a perturbation. In all figures, the perturbation magnitude of each following vehicle upstream progressively increases.

the perturbation dataset, which contains 39 perturbation
events. Figure 5a shows the magnitude of each perturbation over the speed of the leader when the perturbation
started. Most of the events refer to starting speeds
between 25 m/s and 27.8 m/s and variable magnitudes
from 2.8 m/s to 13.9 m/s for the leading vehicle, VL.
Figure 5b compares the perturbation magnitude of the
four following vehicles to the magnitude of VL. This
graph shows explicitly that for most of the cases the perturbation magnitude grows upstream, up to 7 m/s. More
specifically, in all 39 events the magnitude of the first follower is always greater than that of the VL. Next, the
magnitude of the second follower is greater than that of
the first in 22 events. Interestingly, in 31 events, the magnitude of the third follower is greater than that of the
second and finally, in 23 events the magnitude of the
fourth follower is greater than that of the third. These
patterns show that the car-platoon is instable in all the
cases.
Additionally, Figure 6 shows four indicative perturbation events where the instability of the car-platoon is
obvious. Each subplot illustrates the speed trajectories of
the five vehicles in the car-platoon, while each title displays the magnitude of the perturbation for the leader
and the followers. The instability is quite consistent in all
the perturbation events but it has been observed that the

magnitude for the followers depends on several factors
such as the road gradient and curvature, and the vehicles’
order in the car-platoon, and thus the evolution of the
perturbation upstream cannot be described in a deterministic way.
It is interesting to note that the experimental campaign was designed to study the stability of the carplatoon based on perturbation events of different magnitudes and at various speeds. Before each test, the carplatoon performed a preparatory lap at the desired speed
set by the VL to reach a stable condition. In the data
post-processing phase, instability was observed during
these preparatory laps. Further investigation showed that
slight changes in the leader’s speed because of change of
the road gradient initiated small perturbations that eventually amplified upstream. In this work, these preliminary findings are presented and the authors plan to
investigate further in a structured way the impact of road
geometry on the stability of an ACC-controlled carplatoon.
Figure 7 illustrates a time headway trajectory (part of
the track), where the ACC controller of the VL was set
to a constant desired speed. The controllers of the following vehicles were set to a higher desired speed to perform
car-following. The drivers of the five vehicles were only
responsible for the steering; there was no intervention on
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Figure 7. Instability in the car-platoon imposed by change in the road gradient. Top: altitude profile of the rural road test track. Middle:
speed of VL and numerical differentiation of the altitude. Bottom: speed trajectories of the five vehicles in the car-platoon.

the acceleration of the vehicles. The top figure is the altitude of the rural road of the AstaZero proving ground.
The figure in the middle shows the negative correlation
(or anticorrelation) between the speed of the VL and the
numerical differentiation of the altitude. As the altitude
increases, the controller overshoots and the vehicle
reaches a speed greater than the desired one, while trying
to compensate for the additional work needed because of

the increased slope. Similarly, as the altitude decreases,
the controller undershoots and the vehicle reaches a
speed lower than the desired one. In short, the controller
tries to counter-balance the effect of the slope, which
eventually leads to oscillations around the desired speed.
Finally, the figure at the bottom shows the speed trajectories for all the vehicles in the car-platoon, illustrating
how the small oscillation in the speed of the VL affects

Makridis et al
the four following vehicles. As can be seen, the magnitude of the oscillation of the VL grows as it travels
upstream to the followers. More specifically, the (roughly
estimated) 1 m/s width of the VL’s speed trajectory grows
to 4 m/s for the fifth vehicle in the car-platoon. In a very
large car-platoon this instability could theoretically grow
to the point that stop-and-go waves could be created by
only a slight variation in the gradient of the road. It is
also interesting to note that road slope does not always
lead to growing perturbations, but this depends on the
instantaneous conditions. When the vehicle speed is
greater than the desired one (overshooting) and the altitude of the road at that location is increasing, the road
slope facilitates the controller to decelerate towards the
desired goal speed. Respectively, when the vehicle undershoots and the altitude is decreasing, the road slope facilitates the controller to accelerate towards the desired
goal speed.
The speed trajectory parts used to study the instability
at a constant desired speed correspond to the partial laps
studied in the time headway analysis above. In addition,
it is worth mentioning that the conclusions discussed
here, based on Figure 7, still hold and remain consistent
for all 24 partial laps.

Discussion and Conclusions
Vehicle automation is attracting a great deal of interest
in both the market and the research community. The
ACC system is the first widely offered automated functionality that regulates the longitudinal movement of the
vehicle. As the market penetration of ACC-equipped
vehicles is increasing, so too is the interest in understanding the impact of such controllers in relation to traffic
flow, stability, and safety. This is the contribution made
by the present paper. This work provides insights on
three dimensions of vehicles being driven by their ACC
systems: the response time of the controller, available
time headway settings, and stability in car-platoons.
An experimental campaign using five commercial vehicle models took place at the proving ground of AstaZero
in Sweden. The experimental setup involved car-platoon
tests. The leading vehicle (VL), which is always driven by
ACC, is followed by four other vehicles (manually or
ACC driven). The VL drives either at constant speed or
imposes regular perturbations from a speed equilibrium
point. The perturbations have different magnitudes to
study their impact on the car-platoon stability and understand the response times of the controllers.
Regarding response time estimates, the vehicle with
the electric powertrain, V1, showed much faster response
times than the others. Moreover, although the sample is
not sufficiently large to reach a general conclusion, the
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responses seem only slighted affected by the position of
the following vehicles in the car-platoon The weighted
average response time for V1 was found to be 1.7 s, for
V2, 2.56 s, for V3, 2.34 s and for V4, 2.42 s.
Time headway was estimated in laps where the desired
speed of VL’s ACC was set to a constant value, which
became the constant speed of the car-platoon. The minimum time headway for the vehicles was found to be a little more than 1 s (1.09–1.36 s) while the maximum value
was around 2.5 s, except for V3 for which it was around
3.5 s. Interestingly, the following vehicles towards the end
of the car-platoon had significantly higher variation in
the time headway than those directly after the VL.
Furthermore, the driving behavior of each vehicle
under similar driving conditions (car-platoon sequence,
path, weather, etc.) seems highly auto correlated, which
shows high consistency in the decision logic of the controller. Regarding stability, the car-platoon was found to
be unstable in all the cases. The instability is visible in all
the perturbation events.
Additionally, a correlation was observed between the
leader’s speed and the gradient of the road for the laps
where the vehicles traveled with constant desired speed.
When the altitude increased the controller tried to compensate for the additional work needed because of the
increased slope and accelerated, which in most of the
cases led to overshooting. When the altitude decreased,
the controller again tried to compensate for the extra
work produced by the vehicle’s mass and consequently
the speed of the vehicle decreased, which in most cases
led to undershooting. A small oscillation in the speed of
the VL had an effect on the four following vehicles. The
magnitude of the oscillation of the VL grows as it travels
upstream to the followers. For a very large car-platoon,
this instability could theoretically grow to the point of
causing stop-and-go waves created only by a slight variation in the slope of the road.
The three dimensions analyzed in this work show different behaviors of the commercially available ACC systems that can affect traffic congestion, traffic safety,
passenger comfort, and even energy consumption.
Higher response times combined with short time headways ensure better passenger comfort but when the penetration rate of such system increases they are also related
to string instability, creating traffic safety concerns.
Greater time headways decrease the nominal capacity of
the network. Short response times in normal driving conditions can create passenger discomfort. This work raises
awareness on the above aspects and shows that the
above-mentioned
dimensions
are
interrelated.
Manufacturers should ensure that the operation of heterogeneous ACC systems give a priority to traffic safety,
while at the same time facilitating traffic flow.
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Furthermore, the results of the present work give
input to microsimulation studies for a more precise
reproduction of ACC dynamics. The string instability
observed highlights the need for the design of advanced,
string stable controllers. The work of Wilson (35) is suggested to developers designing linearly string stable controllers. Moreover, the effect of altitude on the ACC
speeds showcases the need to develop predictive cruise
control that can anticipate changes in the road geometry
and respond to multiple leaders, such as in the work of
Brugnolli et al. (36).
The main contributions of the present work to the literature can be summarized as follows:










It conducts a car-platoon test with four following
vehicles of different brands with GNSS data
acquisition of high accuracy (differential GPS) on
a test track under controlled conditions without
disturbances from other road users.
It studies simultaneously how four commercial
ACC systems function in relation to response
time, time headway, and stability.
It provides quantified results on response times
and time headway values that can be used in
microsimulation modeling of ACC systems.
It highlights the anticorrelation between the road
gradient and the speed variation of the leading
ACC-enabled vehicle. Weak perturbations caused
by the road geometry create instability in the traffic flow, raising concerns about potential consequences when the penetration rate of the ACC
systems has increased significantly.
It analyzes empirically the string instability of the
car-platoon illustrating quantified results from
perturbations of variable magnitudes and at different speeds.

Future work will involve additional experiments with
more vehicles and even larger car-platoons to validate
further the observations discussed in this work. It will be
interesting also to understand whether the behavior of
ACC systems changes based on the powertrain of the
vehicle. Stability of the car-platoon with manual drivers
should be further investigated as well. Additionally,
results on the fuel and energy consumption of the vehicles in the car-platoon would be interesting to understand
the controllers’ energy efficiency. Finally, a comparison
between a human-driven car-platoon and an ACC-driven
one in relation to stability, time headway, and response
time could be investigated. However, it would be preferable to conduct such tests on road and not on a test track
where drivers are usually informed of the experiment and
therefore adapt their behavior to the test’s specifications,
anticipating perturbations.
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