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ARTICLE INFO ABSTRACT
Keywords: Connected and automated vehicles (CAVs) promise to significantly improve road traffic. To a
Adaptive cruise control certain extent, this situation is similar to the expectations at the end of the last century about the

Automated vehicles
Car-following experiments
Traffic string instability

positive effects that the introduction of Adaptive Cruise Control (ACC) systems would have had on
motorway traffic. The parallelism is interesting because ACC equipped vehicles represent the first
Traffic hysteresis level of vehicle automation and are now widely available on the market. In this light, studying
Energy consumption ACC impacts can help to anticipate potential problems related to its widespread application and
Vehicle safety to avoid that AVs and CAVs will lead to the same problems.

Only a few test-campaigns had been carried out studying the ACC impacts under real-world
driving conditions in quantitative terms. To bridge this gap, the Joint Research Centre of the
European Commission has organized a number of experimental campaigns involving several ACC-
equipped vehicles to study different implications of their widespread. In this context, the present
paper summarizes the outcomes of a test campaign involving 10 commercially available ACC-
equipped vehicles. The test campaign has been executed in two different test-tracks of the
ZalaZONE proving ground, in Hungary. The tests have been carried out at low-speeds (30-60 km/
h) and have involved platoons of vehicles of different brands and different powertrains, which
were tested in a variety of vehicle orders and with different settings of their ACC systems. Test
results have been used to derive information about the properties of the different ACC systems, to
study their string stability, to study the effect of ACC systems on traffic flow, and to draw
inference about the possible implications on energy consumption and traffic safety.

Results confirm the previous findings in terms of string instability of the ACC and highlight that
in the present form, ACC systems will possibly lead to higher energy consumption and introduce
new safety risks when their penetration in the fleet increases. However, they also highlight that
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the materialization of the above findings for AVs depends on the operational logic that manu-
facturers will adopt during the implementation phase. Therefore, results suggest that functional
requirements to guarantee string stability and in general to not disrupt the normal flow of traffic
should be introduced both for ACC and for any automated system that will be placed on the
market in the future.

1. Introduction

Vehicle automation and connectivity are expected to radically transform road transportation in the years to come (Alonso Raposo
and (Ed.), 2019). By accurately sensing the environment and continuously communicating with the surrounding vehicles and the
infrastructure, connected and automated vehicles (CAVs) will have the possibility to promptly adapt their driving operations to the
surrounding conditions. Many authors have already started to study the potential benefits in increasing road capacity, avoiding traffic
string instability, preventing shockwave formation, reducing fuel consumption and emissions as a result of smoother operations, and so
on, for different CAVs penetration levels. Unfortunately, most of these studies are based on hypothetical assumptions on the logic
governing future vehicles and on the performances of their sensing and communication systems. Alonso Raposo, 2019 have already
warned that these benefits may take significantly more time than expected to materialize and will very much depend on the functional
requirements vehicle manufacturers will have to fulfill in developing them. As the effect on traffic is usually not among the dimensions
considered in vehicle regulations, the risk that CAVs may not improve current traffic dynamics (or even worsen them) is significant.

To understand the likelihood that this will happen, the authors of the present paper have studied the effect on traffic flow dynamics
and some traffic externalities of one of the precursors of future automated driving systems, the Adaptive Cruise Control (ACC). ACC is
nowadays one of the most common Advanced Driving Assistance Systems (ADAS) available in market vehicles. As with CAVs today,
when they started to appear more than twenty years ago, many authors had indicated the potential benefits ACC could have brought to
motorway traffic. From this point of view, the lessons that we can learn from ACC can be very useful to understand what may happen in
the future with CAVs. It is worth mentioning here that in developing their ACC logics vehicle manufacturers had very limited re-
quirements to fulfill. Since it is considered a comfort feature and the driver is always deemed responsible for supervising its operations,
there are no legislative requirements for its market introduction. On the contrary, since CAVs will bear responsibility for driving
operations, ad hoc requirements and validation methods are currently being developed to assess their capability to safely drive in real
traffic conditions (UNECE, 2020a). If such requirements will not take into account the effect on traffic flow, CAVs’ positive effect on
traffic and related externalities will be even less likely than for ACC.

In this context, the present study analyzes the performances of the ACC system available in ten market vehicles of different brands,
vehicle segments, and powertrains (internal combustion engines, hybrid electric vehicles and battery electric vehicles). The analysis is
carried out by testing the ten vehicles for two days during October 2019 in two different testing environments of the ZalaZONE proving
ground (Szalay et al., 2019). The study reports i) the main characteristics of the different ACC systems in terms of acceleration/
deceleration distributions, response time, and time gap, ii) the string stability and iii) the hysteresis of the traffic flow they compose,
and their effect on two traffic externalities, namely iv) energy consumption and v) safety. Considering the variety and number of
vehicles involved, the type and number of tests carried out and the different dimensions assessed, the paper places a gravestone on any
hope that current market ACC-equipped vehicles may bring real benefits to motorway traffic. On the contrary, it raises significant
concern about their possible negative implications to road safety, road capacity, and energy consumption.

During the experiments, the vehicles form a platoon. In the text, the word platoon is continuously used. It is worth mentioning here
that this term only refers to the ten vehicles proceeding one after the other in car-following regime, and it has nothing to do with the
vehicle platooning use case related to connected and automated vehicles.

The paper is organized as follows. In Section 2, a literature review on the effects of ACC on traffic and related externalities is
provided, including reference to previous experimental campaigns. Section 3 describes the methodology adopted in the analysis.
Section 4 describes the experimental campaign and Section 5 the results achieved. Finally, Section 6 summarizes the main findings of
the study with the implications for the future development of connected and automated vehicles.

2. Background on the effect of ACC on traffic flow

The market penetration of ACC-equipped vehicles is constantly increasing along with the interest of researchers worldwide to
assess their impact in terms of traffic flow and stability, also because these vehicles are considered as the first proxy of future Auto-
mated and Autonomous Vehicles (ACC vehicles are classified as level 1 or 2 driving automation according to SAE International, 2018).

Initially, the expectations of ACC were high: it had to help drivers rest during long distances on highways, avoid rear-end collisions,
and decrease traffic jams by impeding hard braking due to harsh maneuvers of other cars on highways, all the while keeping a small,
constant time gap after the leading car. Over time, these expectations have been supported by simulation studies attempting to
quantify the potential benefits. Marsden et al. (2001), although identifying situations in which ACC vehicles could have led to traffic
problems (e.g. vehicles cutting in the ACC vehicle and leading to sudden strong decelerations) on average reported significant comfort
and environmental benefits connected to their widespread. Treiber and Helbing (2001) stated that if only 20% of vehicles are equipped
with driver-assistance systems, they can eliminate congestion almost completely. Vahidi and Eskandarian (2003), although identifying
a possible deterioration of road capacity in the case of large time headways applied to ACC vehicles, supported the idea of smoother
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traffic operations enabled by these systems. Davis (2004a, 2004b) showed that ACC can suppress wide moving jams by making the flow
string stable. Ioannou and Stefanovic (2005) found that ACC systems can benefit traffic flow and bring positive environmental impacts,
dampening traffic disturbances. As mentioned in the work by Xiao and Gao, “People deserve safer, more comfortable and more
efficient vehicles and they will get it” (Xiao and Gao, 2010). More recently, car-platoons of ACC systems have been found to reduce
frustrating phantom traffic jams (Ford, 2019) and reduce fuel consumption (Zhu et al. 2019).

Soon after the first studies, researchers started raising doubts about the benefits that actual commercial ACC controllers may bring
to traffic flow and started defining requirements and proposing alternative control schemes. Zhou and Peng (2005) for example defined
a methodology to design the proper range policy of an ACC controller, namely the selection of the desired following distance as a
function of the vehicle speed. The paper highlighted the fact that without a proper range policy, the ACC can produce string unstable
traffic flow. Martinez and Canudas-de-Wit (2007) defined conditions that guarantee safety and comfort as they realized that these two
parameters are very sensitive. Kesting et al. (2007, 2008) proposed an ACC logic able to improve traffic stability and road capacity.
Xiao and Gao (2011) highlighted the negative effect that parasitic time delays in ACC controllers have on string stability and
underlined the importance of string stability as one of the requirements in the ACC design. Similar recommendations are introduced by
Davis (2012), Ploeg et al. (2014), and Farnam and Sarlette (2019) in the design of both ACC and Cooperative ACC controllers (CACC).
Other authors have focused on achieving controllers able to guarantee safety and higher fuel efficiency (Han et al., 2018).

It is worth mentioning here that the cooperation enabled by Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I)
communication started to attract considerable attention among researchers as a way to cope with the limitations that researchers
started to identify in conventional ACC systems. Several papers on CACC systems have been published in the past years (van Arem
et al., 2006; Wang et al., 2018; Shladover et al. 2012; 2015; Dey et al., 2016; Stern et al., 2018; Ge et al., 2018; Ard et al., 2020 just to
mention a few), while an increasing number of papers is being published concerning the potential benefits in combining ACC with
traffic management strategies (see for example Goni-Ros et al., 2019; Manolis et al., 2020). Coupling communication with automation,
in general, is a widely acknowledged approach to increase the effectiveness of automated mobility systems. However, it adds a sig-
nificant additional complexity as it requires to exit the vehicle boundaries and define the rules of its interaction with the road transport
system. Although from a technical and technological point of view these systems may be almost ready for deployment, from an
implementation perspective they will certainly require still a few years.

In recent years, models of ACC and CACC controllers have been used to assess the impact of automated vehicles on motorway
traffic. Although AVs will not necessarily operate like ACC or CACC, the lack of data on AVs operations induced researchers to use them
as a proxy for AV longitudinal control (see for example Talebpour and Mahmassani, 2016; Mattas et al., 2018; Li and Wagner, 2019).
Results achieved are very different and are strongly dependent on the assumptions made to simulate both automated and human-
driven vehicles. In most of them, however, connectivity is considered a key requirement to increase road capacity and reduce the
string instability of the simulated traffic flow. Similar outcomes are also reported by Tu et al. (2019) which reported high collision risks
in car-platoon of automated vehicles lacking V2V communication.

Despite the large number of studies on requirements for ACC systems and their potential impacts, until a few years ago only a
minority of studies investigated the properties of systems that are on the market for several years now. Practical difficulties and re-
sources needed to carry out ad-hoc test campaigns are probably among the main reasons for this gap. Among the first studies of this
type, Milanés and Shladover (2014) compared the performance of three different controllers, a production ACC, the IDM model, and a
proposed CACC controller using test results on four vehicles. The results show that string stability is not achievable for multiple
consecutive vehicles using ACC when the leading vehicle speed varies, even under mild speed variations. The instability could be
solved through V2V communication, which, as already mentioned, has been suggested to be crucial to achieving the highest possible
gains from AVs (Shladover, 2018; Mattas et al. 2018). More recently, Knoop et al. (2019) describe an experiment with seven SAE level-
2 vehicles from four makes, driven as a platoon on public roads for a trip of almost 500 km. This experiment showed that the platoon
becomes unstable when all vehicles have ACC activated. The speed variations led to discomfort and even risks of rear-end collisions.
The most dangerous situations occurred when the leading vehicle had to oscillate its speed (i.e., deceleration followed by acceleration
and deceleration). Finally, Gunter et al. (2019) assessed the string stability of seven 2018 model year ACC-equipped vehicles from two
makes. All vehicles under all following settings were found to be string unstable.

To fill the lack of experimental data and contribute to clarify the impact of commercially available ACC systems on traffic flow, the
Joint Research Centre of the European Commission organized during 2018 and 2019 four test campaigns involving different ACC-
equipped vehicles. The campaigns were carried out in different configurations and using different settings to explore several pa-
rameters that could affect the ACC operations. Results have been summarized in several papers. In particular, Makridis et al. (2020a)
derived the response time and time gap distribution of a commercial ACC system operating at low speed (<60 km/h) and found that
both parameters were not significantly different from those commonly reported for human drivers, thus questioning the positive
impact of such a system on road capacity. He et al. (2020a, 2020b) reported the results of three tests involving four ACC vehicles driven
on public motorways both by the ACC and by human drivers in terms of positive energy demand. From the study, the experiments in
which the vehicles were driven by the ACC resulted in requiring more energy than the experiment in which the vehicles were driven by
a human driver, questioning the positive impact of ACC vehicles on energy/fuel consumption. Makridis et al. (2020b) investigated the
string stability of a platoon of five ACC-equipped vehicles, tested under different conditions in the AstaZero proving ground. Results
demonstrated that in all conditions, ACC was string unstable, confirming the findings of the other studies. The data collected in these
test campaigns have been used to also draw initial inferences about other implications of the ACC, namely safety and road capacity. To
allow the scientific community to further work on these data and to study other aspects of the ACC behavior, the entire database has
been made publicly available (Makridis et al., 2021). The authors had the impression that the few electric vehicles involved in the
different test campaigns performed comparatively better than vehicles with internal combustion engines, which could be explained by
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the faster response that an electric engine can provide. In addition, the behavior of ACC systems from different manufacturers may
differ significantly, and the string stability behavior for different speed and time gap settings could differ even for the same controller.
Moreover, in Makridis et al. (2020b) the vehicle speed profile was shown to be affected by the altitude changes in the test track without
clear indications if this influence could induce instability. Finally, almost all the available experimental campaigns refer to medium/
high-speed operations of the ACC, whereas these systems are now able the operate at any speed. To shed light on these additional
aspects and to carry out a comprehensive final investigation on the impact of commercially available ACC systems on motorway traffic
flow, the present paper summarizes the outcomes of a test campaign involving ten ACC equipped vehicles from different makes and
powertrains. Tests were carried out in two test-tracks of the ZalaZone proving ground, as detailed in the following sections.

3. Methodological framework

Before proceeding to describe the test campaign and the results achieved, the present section introduces the methodological
framework used in the study. Differently from other studies on the same subject, the results of the study are entirely based on the
analysis of the experimental data collected during the test campaign and as such are in principle limited to the adopted experimental
settings. The authors decided not to use the collected data to calibrate any model of an ACC system for the intrinsic complexity of this
task (Punzo et al., 2012) and not to introduce in the analysis the uncertainty linked to the capability of the model to reproduce the
actual ACC operating strategy.

3.1. Properties of the ACC controller

The core functionality of commercial ACCs is still only marginally understood due to intellectual property rights (He et al., 2019).
Four characteristics of the commercial ACC systems are investigated in the present work: the time gap settings, the response time to the
actions of the vehicle in front, and the rates of acceleration and deceleration allowed. The parametrization of the controllers based on
these four characteristics may directly impact several traffic-related phenomena, and it is of interest for microsimulation modeling and
impact assessment studies.

Acceleration and deceleration distributions are drawn using the data collected during the experimental campaign without the
application of additional smoothing. Although the existence of outliers is expected, the bulk of the distributions are considered
representative of the actual dynamics. Further filtering of the speed signal can affect those distributions and for this reason it was not
performed.

The methodology adopted to estimate the time gap values is described in Makridis et al. (2020a). In particular, the target time gap
for each vehicle is estimated based on the distributions of the instantaneous time gap values that each vehicle keeps during the ex-
periments. Since the controllers aim at keeping a constant gap, the hypothesis is that the target gap is the median of the observed
distribution for each vehicle.

For the estimation of the response time, the methodology described in Makridis et al. (2020a) was also used. The platoons start from
steady-state conditions, and a change in the speed of the leading vehicle is the initial input. The corresponding output is on the ac-
celeration of the investigated ACC controller. Consequently, the cross-correlation coefficient between the relative speed and the ac-
celeration of the follower is calculated, while shifting in time one of the two signals. The time shift for which the correlation is
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Fig. 1. Example of observable response time estimation for an ACC system based on experimental observations. The top figure shows the two series
under study (the speed change of the leader vehicle and the acceleration of the follower), the middle figure illustrates the correlation between them
and the bottom figure shows the shifted series.
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maximum is considered a good approximation of the controller’s observed response time. An illustrative example of this procedure is
shown in Fig. 1. The two series shown in the top subfigure represent the speed difference between the follower and the leader. Their
correlation (middle subfigure) provides a clear peak value, which according to the employed methodology is the estimated observable
response time of the controller. The final shifted series are shown in the bottom figure.

3.2. String stability

As emerging from the literature review, one of the main motivations of the current work is to investigate the behavior of com-
mercial ACC controllers regarding string stability. String stability is relevant to the introduction and amplification of stop-and-go
waves in congested traffic.

There is a vast literature on the string stability of a platoon of vehicles. Significant efforts have been made in investigating the string
stability of car-following models (Wilson and Ward, 2011). Understanding the behavior of mathematical constructions like car-
following models is important for microscopic traffic simulation and possibly for the design of automated controllers that are bene-
ficial for the traffic flow, as in the work of Wang et al. (2018). Different approaches using the characteristic equation, Lyapunov
stability, the direct transfer function-based method, and more have been developed, and a review can be found in the work of Sun et al.
(2018). More recently, Montanino and Punzo (2021) showed the equivalence of previous approaches from the traffic flow theory and
the control theory domains, and proposed an unfying analysis framework.

In general, after a perturbation in the velocity of a vehicle in a platoon, the perturbation travels upstream, with the following
vehicles adjusting their velocity. This deviation from the equilibrium conditions can be measured in the velocity or inter-vehicle
distance, using p-norms, which is at the basis of the so-called L, stability (Feng et al., 2019; Montanino et al., 2021). For any vec-
tor y in R, its p-norm can be calculated as in Eq. (1).
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Fig. 2. Example of traffic hysteresis in a speed-flow diagram (a), a density-flow diagram (b), and a time-space diagram (c). Deceleration and
acceleration phases of the traffic oscillation are highlighted in both charts.
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In common applications, 2- and co-norms are usually used to perform L, and L, string stability analysis. In particular L, is related to
energy demand, as it refers to the distance between the car-following state and the steady-state conditions for the complete duration of
the perturbation scenario. On the contrary, L, considers only the maximum magnitude of the perturbation traveling upstream. This
latter relationship is easily demonstrated since the infinity norm of a vector is defined as the maximum of the absolute values of its
components:
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By raising to the infinite power, the smaller elements of the vector become negligible compared to the maximum one. Therefore, we
get:
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In the present work, the L, stability is calculated because it is related to the appearance of stop-and-go waves and vehicle safety.
The vector of the disturbance used in all cases is the difference between the velocity of the stable platoon and the actual velocity of each
vehicle. If for a platoon the norm of the speed disturbance is for each vehicle smaller than that of the vehicle ahead, there is strict string
stability. If instead, the norm of the disturbance of the vehicle after the perturbed vehicle is smaller than that of the last vehicle there is
weak string stability (Monteil et al., 2019; Montanino et al., 2021).

A number of perturbation events have been isolated from the data collected, starting and ending with all vehicles having similar
velocity. Following the definition of weak and strict string stability and the definition of L, the magnitude of the perturbation of each
vehicle is evaluated, and it is compared to that of the second vehicle of the platoon and to that of the vehicle directly ahead. The ratio of
the magnitude of the perturbation of a vehicle over the vehicle upstream is calculated in both cases. When the value of the ratio is less
than 1, the perturbation of the vehicle downstream is smaller, implying string stability. The two ratios will be referred to as weak string
stability indicator and strict string stability indicator, respectively.

3.3. Traffic hysteresis

String unstable platoon behavior can be experienced in today’s traffic under congested conditions. Stop-and-go waves are formed
and travel upstream with increasing magnitude. In these cases, the traffic hysteresis phenomenon is often observed as it is closely
correlated to the traffic oscillation (Laval and Leclercq, 2010). For these traffic oscillations, the speed and flow recovery are often
delayed, resulting in parts of the platoon with decreased traffic flow. One of the common assumptions for the causation of hysteresis is
an asymmetry between the acceleration and deceleration part of the car following behavior (Chen et al., 2014). An example of hys-
teresis is presented in Fig. 2a, a diagram of the harmonic average speed and the flow, and in Fig. 2b, a density to flow diagram of a
platoon of vehicles during an oscillation. The blue line represents the deceleration part and the red one represents the acceleration part
of the oscillation. While the vehicles accelerate to recover their platoon speed, the inter-vehicle distances are larger, so the flow of the
platoon is decreased for this time.

Some of the key factors in determining the magnitude of traffic hysteresis have been proposed to be the difference in driver
aggressiveness, heterogeneity in driving style, or even possible driver distractions (Laval and Leclercq, 2010; Chen et al., 2014; Sai-
fuzzaman et al., 2017). Using the data from the experiment, it is possible to investigate the existence and magnitude of traffic hysteresis
generated by an ACC traffic flow to understand the possible impact of ACC-driven vehicles on road capacity and traffic flow stability.

Laval (2011) has developed a method for measuring the magnitude of traffic hysteresis using trajectory data and macroscopic
characteristics of the traffic flow, and Ahn et al. (2013) developed a method for measuring it using microscopic characteristics of the
traffic flow. The method of Laval (2011) is adopted in this study to quantify the traffic hysteresis and estimate the loss in traffic flow.
The traffic variables are evaluated using Edie’s generalized definitions (Edie, 1961). For a platoon of n vehicles in a time-space region
A so that

n
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where the k is the density, q is the flow, and u the speed. |A| is the area of A, t; the travel time and x; the traveled distance inside A, as
proposed in Laval (2011). The area A is a parallelogram with a slope equal to a wave speed of 15 km/h in the time-space diagram.
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The deceleration and acceleration parts of the traffic oscillations were divided based on the change in the average speed of the
platoon. An example is presented in Fig. 2c where a platoon of six vehicles is represented in the time-space domain. Each line rep-
resents the space traveled over time by a vehicle. The first and last vehicles are represented by a black line, while the intermediate
vehicles are represented by a grey line. The time—space areas of the deceleration and acceleration phase are denoted with light blue and
light red colors, respectively. The leading vehicle is not considered in the calculations of density, flow, and speed. Its behavior is
controlled, so it is not considered to be a vehicle in the platoon, but an obstacle for the first follower vehicle, to study the behavior of
the ACC driven vehicles.

The different perturbations are identified manually in the data, from the velocity profiles of the vehicles, using the relevant notes
that the authors kept during the experiments. Then, identifying the areas of deceleration and acceleration and using Eq. (5), the
average flow during the deceleration and acceleration phases are calculated. The difference in the average flow is the magnitude of the
hysteresis for each perturbation in the experiment. The focus of the present section is on the hysteresis magnitude, which directly
estimates the decrease in traffic flow, and not on secondary characteristics that can be interesting for other research purposes, as the
duration and intensity of the oscillation (Zheng et al., 2011).

3.4. Energy consumption

When approaching the energy impact of ACC driving behavior, the tractive energy consumption is a suitable assessment indicator
from a transport engineering perspective (Ciuffo et al., 2018). Although it does not directly reflect the engine fuel consumption or the
battery charge depletion, this metric can rule out the energy effect of heterogeneous propulsion systems in the traffic network (He
et al., 2020a). In addition, the auxiliary loads are not considered in the computation of tractive energy consumption, but all test
vehicles are supposed to use the same auxiliary functions during the test campaign in this study. Specifically, the vehicle’s tractive
energy consumption (E;, kJ) is calculated by integrating the tractive power demands (P;, W) at the wheels over time (He et al., 2020b),
without considering the negative power components from the regenerative braking, as described by:

Py(t) = max{0, fyscosd(t) e ve (1) + i Ve () + £ 0V (1)’ 4 1.03 emea (t) sve (t) + megesind(t) s v, (1) 1, @

T
E(t) :/O P,(t) x 10734, (8)

where fo, f1 and f, are road load coefficients (N, kg/s, and kg/m, respectively); m is the vehicle mass (kg); v. and a, are speed (m/s) and
acceleration (m/s?) of the ego vehicle, respectively; 6 is the road gradient (rad); g is the gravitational acceleration (9.81 m/s?); dt is the
time interval (s) between consecutive measurement points; T denotes the total duration (s) of the travel period.

In a platoon consisting of ACC-driven vehicles, the tractive energy consumption of following vehicles is usually larger than that of
the leading one because ACC followers, using only local sensors, can lead to string instability and therefore amplify speed perturbations
propagating upstream in the platoon. At the individual level, the intra-platoon tractive energy increase (Ej /1> %0) of each following
vehicle relative to the leading one is defined as:

i Ei
SE),, = <E—571) x 100%, 9
where i is the vehicle index that increases towards the upstream direction of the platoon; E! and E! are the tractive energy consumption
(kJ) of the first (leading) and ith (following) vehicles in the platoon.

To further evaluate energy impacts of speed perturbations on the whole platoon (namely, at the platoon level), the average intra-
platoon tractive energy increase (AEp,;, %) is described as:

_ 1 n .
AEp =— > 6E,, (10)
i=2

where n is the number of vehicles in the platoon.

On the other hand, this study evaluates the energy performance of different platoons. For example, the tractive energy consumption
of platoons with all vehicles set to maintain the shortest time-gap (referred to as S-ACC platoons) is compared with that of platoons in
which vehicles may have been set to maintain either the shortest or the longest time gap (SL-ACC platoons) to highlight the energy
benefits of mixing short and long time gap ACC systems in the platoon. In this comparison, the inter-platoon tractive energy difference
(6EL, /s> %), between two vehicles in different platoons but occupying the same position within the platoon, is presented as:

. Ei
OEk, s = <E’—SSL— 1) x 100%, (an
1,

In addition, the total inter-platoon tractive energy difference (AEg s, %) between these two platoons (S-ACC and SL-ACC) is
calculated as:
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AEg s = <ZE§‘SL/ZE§‘S 1) x 100%, (12)
i=1 i=1

3.5. Safety implications

Since ACC-driven vehicles already represent a first level of driving automation, it would be expected that they could already
contribute to increasing road safety in motorway driving. Indeed, it is argued that ACC can also reduce the frequency of rear-end
collisions by keeping a safe distance, quickly reacting to leader vehicle actions, and dampening traffic shock-waves (Li et al., 2017).

As already pointed out, vehicle manufacturers do not have to fulfill any explicit safety requirement in developing their ACC systems
(nor demonstrating that ACC vehicles have to dampen traffic oscillations), which are considered systems aimed at increasing driving
comfort and requiring constant supervision by the driver. At the same time, several studies have shown that over time drivers tend to
increasingly trust the robustness of the ACC systems and start to divert their attention towards secondary, non-driving related tasks
(see for example De Winter et al. 2014). This has recently reached the attention of the general public due to the crashes caused by
improper use of different level 2 automated vehicles (BBC news, 2020). Furthermore, Makridis et al. (2020b, 2020c) have shown
potential safety issues in platoons of ACC-drive vehicles due to their capability to amplify the magnitude of traffic oscillations. As an
increasing number of ACC vehicles is in the fleet, the probability of having platoons of ACC-driven vehicles on the road is increasing
accordingly and it is, therefore, worth investigating the possible negative effects on safety.

In the experiments carried out for the present study, there have been no crashes. However, in several cases, either the drivers or the
automated emergency braking had to intervene to prevent possible crashes. However, the decision to intervene can be an excessive
caution by the driver or a conservative setting in the AEB system, hence, it cannot be a useful basis for comparison. To assess
objectively whether the experiments generated actual collision risks, traffic conflict techniques are used (Laureshyn et al., 2010). In
particular, one of the most widely used surrogate safety metrics, the Time To Collision (TTC), is adopted in the present paper (Lau-
reshyn et al., 2016; Mahmud et al., 2019). The value of TTC for a pair of vehicles, a leader and a follower, can be calculated only when
the velocity of the follower is larger than that of the leader. Otherwise, the situation is regarded as safe. When the follower is faster, the
TTC calculates the time left until a collision occurs, in the hypothesis that both vehicles continue with constant velocities (Eq. (13)):

TTC = d

e (13)
Viottower — Vieader

In the equation, d is the inter-vehicle distance, Vjyower and Vieqqer the velocity of the follower and leader vehicle, respectively. The
smaller the TTC value, the shorter the time the following vehicle has to react, and the bigger the risk of an actual collision. The
threshold values of TTC proposed in the literature to discriminate between safe and unsafe traffic situations vary from 1.5 to 4 s
(Mahmud et al., 2019).

4. Case study

The present section describes the experimental campaign carried out for this study. This involves a description of the proving
ground, including the track segments where the experiments took place, of the test vehicles, the testing conditions, and introduces the
data collection and post-processing of the measurement data.

4.1. ZalaZONE proving ground

The experimental campaign has been carried out on the Dynamic Platform and the Handling Course of the ZalaZONE proving
ground, in Hungary. Three parts can be identified within the Dynamic Platform: the acceleration section, the circular plate where
measurements are carried out, and the connected return road. The diameter of the test area is 300 m and the surface has a maximal 1%
inclination. The Handling Course, on the other side, includes curves and inclinations, providing a diverse test environment. A detailed
description of the proving ground and the two different test tracks used are provided in Annex 1 reported in the Supplementary
Material.

4.2. Experimental campaign

4.2.1. Vehicles

The experimental campaign involved 10 vehicles moving in platoon formation behind a leader programmed to follow a specific
speed profile. The platoon is a combination of distributed driving systems, in which each vehicle can be operated by either a human
driver (HD) or an ACC system. Furthermore, the ACC system can adopt different time gap settings such as short, medium, and long.
Consequently, the platoons examined in this paper have the following different configurations of driving systems:

e HD platoon: all following vehicles are human-driven.

e L-ACC platoon: all following vehicles adopt long time gap ACC systems.

e M—ACC platoon: all following vehicles adopt medium time gap ACC systems.
e S-ACC platoon: all following vehicles adopt short time gap ACC systems.



Table 1
Basic specifications of vehicles used in the tests with indication of the corresponding code and color notation used in the paper’s Figures.
Brand Model Max power Drive- Engine displacement Propulsion Battery capacity Top speed ADAS Function Model Code  Color
&kw) Fuel (cc) type (kWh) (km/h) year notation
Tesla X 386 electricity - BEV* 90 250 ACC + AEB + SAS + 2016 V1
LSS*
Tesla 3 250 electricity - BEV 79 250 ACC + AEB + SAS + 2019 V2
LSS
Tesla S 244 electricity - BEV 75 225 ACC + AEB + SAS + 2018 V3
LSS
Mercedes- GLE 450 270 gasoline 2999 HEV* 31.2 250 ACC + AEB + SAS + 2019 \Z
Benz 4Matic LSS
Jaguar I-Pace 294 electricity - BEV 90 200 ACC + AEB 2019 V5
BMW 13s 135 gasoline 647 HEV 33.2 160 ACC + AEB 2018 \%9
Audi E-tron 300 electricity - BEV 83.6 200 ACC + AEB + SAS + 2019 v7
LSS
Toyota Rav 4 115 gasoline 2487 HEV 41.8 180 ACC + AEB 2019 V8
Mazda 3 96 gasoline 1998 ICE* - 197 ACC + AEB 2019 \'%
Audi A4 Avant 140 gasoline 1984 HEV 0.69 238 ACC + AEB 2019 V10

*BEV: Battery Electric Vehicle, HEV: Hybrid Electric Vehicle, ICE: Internal Combustion Engine, ACC: Adaptive Cruise Control, AEB: Automatic Emergency Braking, SAS: Substation Automation System,

LSS: Lane Support Systems.
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e SL-ACC platoon: following vehicles adopt short or long (mixed) time gap ACC systems.

The 10 vehicles have been rented for this experimental campaign. They are all market vehicles with the highest equipment level of
ADAS systems. Table 1 reports the specifications of all the vehicles involved in the campaign along with their code names and color
scheme used in the figures of the paper. In addition to them, two target vehicles have been used, namely a robotized Smart (BME ADdv)
in the Dynamic Platform and a Skoda Octavia in the Handling Course. In the Figures, they are indicated with black color. In the
remainder of the paper, each vehicle will be referred to with the corresponding code according to Table 1.

Experiments carried out in the Dynamic Platform involved a specific speed profile for the target vehicle. This Target vehicle was
developed by the Budapest University of Technology and Economics (BME) with the capability to fulfill the dynamic and accuracy
requirements of such measurements with its longitudinal control algorithm based on fuzzy systems (Bogya et al., 2019). More in-
formation can be found in Annex 1 reported in the Supplementary Material.

All vehicles in the platoon applied the same target speed to their ACC system (100 km/h) and all the drivers were instructed not to
disengage the ACC unless a safety—critical situation required it. In cases of malfunctioning of the ACC systems or on the data collection
system of a specific vehicle, the affected vehicles were instructed to leave the platoon formation. The experiment would continue
without the vehicle, and the vehicle could not join until the end of the ongoing experiment. Therefore, in the results section, it can be
observed that the number of vehicles in the platoon varies for different experiments. In addition, human-driven (HD) platoons only
serve as a benchmark against various types of ACC platoons. To avoid complicating the comparisons, human drivers in HD platoons
were instructed to follow their typical driving pattern (to be neither aggressive nor passive) in urban areas and attempt to close any
widening gaps in front of their vehicle. In addition, the drivers would be warned via radio communication when there are possible
safety—critical situations at downstream locations, which to some extend can homogenize the driving behaviours of less and more
experienced drivers.

The trajectories of the vehicles under test were collected using 2 independent GNSS systems for redundancy. Further technical
details on the campaign design and the data processing are presented in Annex 2 reported in the Supplementary Material.

It is worth mentioning that the final version of the dataset is part of the JRC openACC database (Makridis et al., 2021) reporting the
results of several experimental campaigns involving ACC vehicles.

4.2.2. Day 1 - dynamic platform

As already mentioned, in the Dynamic Platform, the leading vehicle was the BME ADdv. The vehicle was programmed to follow a
specific speed profile, while the other vehicles followed the leader in predefined orders using the ACC. Starting for quasi steady-state
conditions, where all vehicles had almost the same constant velocity, the Target vehicle decelerates at a target deceleration of —3m/s?,
reaches a predefined lower speed, and then accelerates with an acceleration value of 1m/s? until it reaches the initial speed again.
Fig. 3a illustrates an example test sequence, with three different target equilibrium speeds of 40, 50, and 60 km/h and several per-
turbations of different magnitude.

Several test runs were carried out with 4 different vehicle orders using short, medium, and long time gap settings. Table 2 presents a
general overview of the tests performed in the Dynamic Platform. Unfortunately, the tests could be carried out only with a target speed
of 30 and 40 km/h and could not reach 60 km/h as originally planned. For higher speed, the lateral forces jeopardized a correct
execution of the tests with several vehicles deactivating the ACC system after a few minutes of testing. A picture taken from the test
performed on the Dynamic Platform is reported in Fig. 3b. More details on the test execution can be found in Annex 2 reported in the
Supplementary Material.

4.2.3. Day 2 - Handling course

In the Handling Course, the leader vehicle was the Skoda (Target), using the cruise control system to keep a constant target velocity.
Fluctuations of the Target vehicle velocity shown in Fig. 4a are only caused by the road geometry and the capability of the CC to
maintain the constant desired velocity. A picture taken during the experiment is presented in Fig. 4b. Tests were carried out for 30, 50

Equilibrium speed
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o o

sequence

10 —Vehicle speed
0 iy | | —Speed demand
0 50 100 150 200 250 300 350 400
Time [s]
(a) (b)

Fig. 3. Experiment settings on the Dynamic Platform. Target speed profile (and actual speed) for the leader vehicle in a test-sequence (a) and a
picture of the entire platoon during the tests (b).
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Table 2

Overview of the parameter variations in the experiments carried out on the Dynamic Platform.
Equilibrium Speed (km/h) Perturbation- final speed (km/h) Time gap settings Number of vehicle orders
30 25, 20, 15 Long, short, medium 4
40 35, 30, 25, 20, 15, 10 Long, short, medium 4

‘\/««/‘”\‘/MWW\JM‘

|

Velocity [km/h]

Time [s] = v < I
(@) (b)

Fig. 4. Experiment settings on the Handling Course. Speed profile of the leader vehicle in a test-sequence (a) and a picture of the entire platoon
during the tests (b).

and 60 km/h and using both the longest and shortest time gap setting. In addition, experiments were also performed with a mix of
different time gap settings, with the whole platoon using under the shortest time gap, with the exception of the two central vehicles
that used the longest. Experiments with manual driving were carried out as well. An overview is presented in Table 3.

5. Results

The present section summarizes the results from the experimental campaign following the methodology described in Section 3. In
addition to them, a section dedicated to the lessons learned during the experimental campaign is also reported in the Supplementary
Material (Annex 2) for the reader’s convenience. From those insights, the difficulty of achieving steady-state conditions, even in the
Dynamic Platform, is considered to be significant for properly understanding the paper’s results and is described in the next subsection.

5.1. Steady-state conditions on the dynamic platform

It was extremely difficult and time-consuming to stabilize the platoon before applying a perturbation in all tests on the dynamic
platform. Fig. 5(a) shows an example of the platoon speed profile between two perturbations, where continuous oscillations of the
vehicle speed can be observed. The legend refers to the vehicles, according to Table 1.

Fig. 6 shows the root mean square deviation (RMSE) between the target speed (in the case of the figure it was 30 km/h) and the
actual speed achieved by each vehicle in the platoon for two time gap settings. The RMSE is calculated both considering the whole
measurement (thus including the perturbation) and the portion of the speed profile where the platoon is supposedly in steady-state
(thus labeled as RMSE steady-state). The average deviation increases with the position of the vehicle in the platoon, which is
already an indication of what will be discussed in the remainder of the text about the string stability of the ACC controller.

From what the authors could observe, the reason for these continuous oscillations may be related to two factors. First of all, the
drivers had to apply small continuous manual corrections to the steering wheel. Small deviations in the steering angle can initiate small
speed oscillations. Another presumable factor is the inclination of the Dynamic Platform (in the order of 1% to limit the accumulation
of water on the surface). The altitude variation over the dynamic platform translates into a variable force applied to the vehicles while
completing the circle, which, considering the low speed of the experiments, s comparable with the rolling and aerodynamic resistance
and is, therefore, able to disturb their motion. Indeed, the sinusoidal shape of the slope experienced by the vehicles, as showed in Fig. 5
(b), is compatible with the periodicity of the oscillations in the speed profile of the target vehicle.

Table 3
Overview of the parameter variations in the experiments carried out on the Handling Course.
Constant Speed (km/h) Settings Number of laps Number of vehicle orders
30 Long, short, mixed time gap, manual driving 2 3
50 Long, short, mixed time gap, manual driving 2 3
60 Long, short, mixed time gap, manual driving 2 3

11
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Fig. 5. (a) Example of speed profile for the vehicles involved in the tests on the dynamic platform (platoon with vehicle set to keep a long time gap)
without speed perturbations by the leader. (b) Speed profile of the Target Vehicle and Altitude change.
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Fig. 6. Root mean square deviation (RMSE) of the vehicle speed from the target speed for a whole experiment with target speed of 30 km/h both
with the vehicles operating with the longest time gap (a) and with the shortest one (b). Different bars refer to the RMSE calculated using the whole
measurement or the speed profile of the platoon before the perturbation.

5.2. Properties of the ACC controller

The results presented in this section provide an overview of the main properties of the commercial ACC systems under test. The
main goal is to provide deeper insights on how these systems operate and estimate two important parameters, the time gap setting and
the response time, as they are crucial in understanding the potential impact on traffic flow, safety, and capacity of these systems.

The dataset has been divided into 340 partial car-following trajectories of at least 10 s duration each. Each of these trajectories
refers to a pair of vehicles in car-following. Additionally, the analysis takes into account the test track where the test has taken place
(since the two tracks have different characteristics), the position of the vehicles in the car-platoon (2nd to 11th), the desired gap setting
by the driver (i.e. small, medium or large), the model/brand of the vehicle and whether the ACC was enabled or not.

The first investigation regards the acceleration and deceleration distributions of HD and ACC platoons. The results suggest that for
ACC, the average acceleration and deceleration values are smaller in absolute value, suggesting that for steady-state, there is less
variation in speed when the ACC is on. However, outliers are quite consistently higher for the ACC case, especially for the deceleration
values. This can be attributed to the behavior of the ACC during perturbations, that provokes harder decelerations as in many cases
safety—critical situations arise. This assumption is further supported by the results of the string stability and safety investigations that
will be presented in the next sub-sections. More information is reported in Annex 3 of the Supplementary Material.

Fig. 7 shows the main results of the time gap study. According to the literature (He et al., 2019), the control logic in commercial

12
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Fig. 7. Distributions of the estimated time gap for the vehicles involved in the experiments. Chart (a) shows the measured time gap over different
speeds per different time gap settings, while chart (b) shows the time gap distribution per each settings accross the whole experimental campaign.

ACC systems is designed based on the time gap with the vehicle immediately in front. The user sets a desired distance setting (usually
noted abstractly, i.e. 1-4 or low, medium, large) and a maximum desired speed. The controller reflects these choices to a time gap
strategy from the leading vehicle or a free-flow strategy close to the desired speed in its absence. Consequently, Fig. 7a reflects the
prevalent (filtered based on median values) time gap operational values for the systems. The prevalent time gap values refer to large
trajectory parts on stable speed conditions (ideally equilibrium conditions). From the speeds (y-axis) and the time gap values (x-axis)
one can easily derive the corresponding distances in meters. The variance within the same time gap cluster are due to the different
vehicle brands and models. The vehicle order in the platoon did not appear to play an essential role although it is possible that some
ACC system could use the information of more vehicles ahead and thus adapt the distance to the vehicle in front accordingly. Finally,
Fig. 7b illustrates the unfiltered instantaneous time gap values as they are observed in the measurements. This latter thus gives an
illustrative representation of the operational time gap domain when the ACC system is enabled.

Fig. 7a is the scatter plot of the time gap from the 340 partial trajectories. The x-axis corresponds to the estimated time gap, while
the y-axis to the median speed of the partial trajectory, aiming to show if any correlation between the behavior of the controller and the
actual speed of the vehicle exists. The experiments refer to four main speeds, 30 km/h, 40 km/h, 50 km/h, and 60 km/h, as it is obvious
from the horizontal layout of the points.

Each time gap setting is colored differently. As already mentioned, unfortunately, only a few points refer to the medium setting in
the dataset. Interestingly, the operational domain for the gap of the vehicles changes with the speed. At 30 km/h the short time gap
setting (blue dots) can have gap values of more than 2 s, and the large time gap setting can reach values over 4 s. As the speed increases,

Estimated response times (188 trajectories)
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Fig. 8. The estimated observed response times for the 10 following vehicles involved in the campaign (independently of the vehicle order inside the
platoon). Colors depend on the target speed of the experiment (expressed in km/h).
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the variation in the measured time gap is reduced accordingly. Fig. 7b shows the distributions for each of the three settings, showing
that the large time gap setting has a much wider distribution than the other two. More details on the acceleration and time gap
characteristics can be found in Annex 3 of the Supplementary Material.

Finally, the response time estimations are shown in Fig. 8 per vehicle. The estimation is performed based on the methodology
proposed in Makridis et al. (2020a) and briefly described in Section 3.2. This is a correlation-based methodology, which assumes that
the trajectories under study refer to (initially) stable conditions. Each estimated response time per pair of trajectories is associated with
a correlation value that can be considered as a degree of confidence for the estimation. As it can be inferred, not all estimations can be
considered reliable. Therefore, a final post-processing stage took place in order to filter out possible outliers. The estimated observed
response times are filtered based on the heuristically-defined correlation threshold of 0.7, where 1 indicates absolute correlation.
Specifically, for this study, further visual inspection on the correlated trajectories was performed before the presentation of the final
outputs.

Consequently, after the post-processing workflow described above, 152 of the extracted 340 partial trajectories have been dis-
carded since they did not include enough interactions between the two vehicles (follower and leader) in order to provide a good
correlation coefficient value and accurate estimation for the response time. In the figure, the different dots are colored on the basis of
the experiment target speed. It can be observed that there is no correlation between the different response times and the desired speed
(points appear randomly along the y-axis). Vehicles employ different strategies, and it can be assumed that a response time between 1 s
and 1.5 s can be representative for commercial ACC systems

5.3. String stability
The experiments in the dynamic platform have a conventional structure, similar to the simulation experiments in the work of Sun
et al. (2018). From the data, 33 distinct perturbations have been identified and isolated. Each perturbation starts with the platoon in

quasi steady-state, as the oscillations in the vehicles’ velocities are small compared to the induced perturbation (as mentioned in the
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Fig. 9. Speed profile of the platoon resulting from four different perturbations during the experiments on the dynamic platform. Charts a) and b)
refer to experiments with 30 km/h target speed, while charts c¢) and d) refer to 40 km/h target speed. Charts a) and c) refer to experiments with
vehicles adopting a short time gap for their ACC, while charts b) and d) to long time gap.
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previous section achieving a true steady-state was difficult).

The experiments in the handling course are instead different. There is no induced perturbation in the leader vehicle’s speed. The
external input to the platoon is the effect of the road geometry on the leader’s ACC. It has already been presented in previous work that
the ACC controllers can be affected by the slope and curvature of the road (Makridis et al., 2020b). Hence, the road geometry in-
fluences the velocity of the leader vehicle creating a small speed oscillation. Thus, the ACC controllers of the follower vehicles react to
this oscillation. At the same time, road geometry affects the movement of the follower vehicles as well. Hence, there is a continuous
external influence that directly affects all vehicles in the platoon, while each one reacts to the perturbation of its leader’s velocity as
well. This is different from the experiments in the dynamic platform where there is one measured input to the velocity of the leader
vehicle and no direct external influence on the movement of the follower vehicles. One of the main motivations to carry out this
experiment was to show that road geometry alone, combined with string instability of the platoon can induce stop-and-go waves. 43
road-geometry induced perturbations have been identified and isolated from the handling course data.

In the next sections, results are reported per test-track used in the experiment.

5.3.1. Dynamic platform

Following the methodological framework presented in Section 3 to study the string stability of the platoon, dynamic platform
experiments have shown that the platoon of 10 ACC vehicles can either be string stable or string unstable (using the weak string
stability definition) depending on the time gap setting applied by the vehicles. Fig. 9 shows examples of the effect of different per-
turbations on the platoon’s speed profile. The labeling in the legend refers to the vehicle model, according to table 1. The leading
vehicle is always the TV. For the rest, the further upstream a vehicle is, the later it is affected by the perturbation. Hence, the order can
be deduced. For example, in Fig. 9a, it starts with TV, V4, V5, V6, V1, etc. When the vehicles’ ACC adopt a short time gap (Fig. 9a, c),
the magnitude of the perturbation increases over the platoon. On the contrary, for most cases with the long time gap setting (Fig. 9b,d),
the magnitude of the perturbation is attenuated over the platoon. This is consistently experienced independently from the target speed
and the vehicles’ order in the platoon.

Considering the effect of the time gap setting on the string stability of the platoon, a series of tests with a medium time gap was also
carried out. Results of these tests confirm that for the specific type of experiment there must be a critical time gap for which the
perturbation magnitude moves unchanged over the platoon. Fig. 10 shows the results of a test with the medium time gap for which
indeed the magnitude of the perturbation is only slowly attenuated along the platoon.

To summarize the results of all the experiments carried out, Fig. 11 shows the evolution over the platoon of the median of the
distribution of the weak stability indicator presented in Section 3.3 resulting from the experiments carried out in the dynamic platform.
Results are shown for the different time gap settings adopted by the ACC systems. The figure confirms the aforementioned correlation
between the time gap setting and the string stability of the ACC. In particular, the median value monotonically increases over the
platoon for the short time gap, it monotonically decreases over the platoon for the long time gap and remains fairly constant for the
medium time gap. It is interesting to notice that the median value of the weak stability indicator for the last vehicle in the long time gap
setting is close to 0.5, indicating that the magnitude of the perturbation has decreased almost to half from the second vehicle to the last
vehicle. On the contrary, for the shortest time gap setting, the magnitude of the perturbation has more than doubled, moving from the
second vehicle to the last in the platoon.

It is also very important to notice that the above results do not depend on the specific vehicle or ACC logic as the results for each
position in the platoon are a combination of the outcomes for all the vehicles tested in that position. In this light, the results can be
considered general of the ACC logic used in the vehicles on the market and not related to the implementation choices by the different
vehicle manufacturers.

60
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Fig. 10. Speed profile of a platoon adopting a medium time gap setting for the ACC as resulting from a 20 km/h perturbation from an initial speed of
40 km/h.
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Fig. 11. Median weak stability indicator and interquartile range aggregated over time gap selection and position of the vehicle in the platoon in the
dynamic platform.

5.3.2. Handling course

In the handling course experiments, the source of the perturbations is the road geometry. The shape of the test track is presented in
Fig. 12, with each section colored according to the average speed of the first following vehicle in Fig. 12(a) and the last vehicle in
Fig. 12(b) during one specific experiment with 30 km/h target speed. The direction of the platoon is counterclockwise, as shown by the
blue arrow indicator. While there have been some instabilities throughout the track, the most significant point of concern is a point
marked with an “x” which is also the end of a downhill slope and the beginning of an uphill slope. The change in slope generates a
deceleration followed by an acceleration to approach the target speed again. This speed variation propagates and amplifies over the
platoon. As a result, the last follower has a more turbulent speed profile, increasing to higher speeds and decreasing to lower speeds.
Moreover, the point of deceleration and the point of acceleration have moved upstream for the last follower, showcasing standard
traffic shockwave characteristics.

Experiment results in the proximity of this perturbation are reported in Fig. 13. In particular, the figure shows speed profiles,
space-time diagrams, and oblique space-time diagrams from two experiments, one with the ACC set to the maximum time gap (the
three charts on the left) and one to the minimum time gap (the three charts on the right). The oblique plots represent the trajectory of
the vehicles, subtracting the average speed, for better readability. The speed profiles (Fig. 13a,b) show that even before the pertur-
bation induced by the slope change, the platoon was not in steady-state conditions as a result of the other, minor perturbations induced
by the road geometry (mainly due to the curves). The black line indicates the speed profile of the platoon leader, which uses the cruise
control system to keep a constant speed. The velocity of the target vehicle is remarkably stable, showing that the slope change has no
significant effects on a single-vehicle velocity. Hence, the observed dynamics are the result of the combined effect of road geometry and

string instability.
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Fig. 12. Average speed in the test track for the second (a) and the last vehicle (b).
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Before proceeding with the discussion of the results achieved, it is worth noticing that, for the long time gap scenario, it is observed
that from the fifth vehicle on, the vehicles accelerate to very high speed. Given the long distance between the vehicles in this scenario,
indeed, since the point of slope change is followed by a curve, the last vehicles in the platoon started to lose their leader vehicle, thus
accelerating to reach their own target speed (set higher than the experimental speed). This was clear from the vehicle’s dashboard
indicating the absence of a vehicle ahead during this strong acceleration phase. Since this is not an attribute of the ACC but is due to a
combination of the sensor range and the road geometry, the authors have chosen not to take those accelerations into account and to
limit the string stability analysis to the deceleration phase only.
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The perturbation is amplified for the first vehicles in the platoon in both the long time gap and short time gap scenarios. Only for the
last vehicles in the long time gap scenario, the magnitude of the perturbation is attenuated. For the short time gap case, the final vehicle
had to decelerate to almost 10 km/h when the first vehicle decelerated only to 26 km/h. The evolution of the perturbation is also
apparent from the trajectory and the oblique trajectory plots. The effect on the inter-vehicle distance is also shown in the oblique plots,
with the last two vehicles of the short time gap platoon coming very close during the initial deceleration.

The aggregated results of the weak stability indicator for the handling course are presented in Fig. 14. The figure shows the results
for the three experimental settings, namely all the ACCs with the minimum time gap, all the ACCs with the longest time gap, and a
mixed scenario in which the two central vehicles (position 5 and 6 in the figure) use the longest and the rest use the shortest time gap.
The results are different from the experiments in the dynamic platform. For the handling course, the perturbation is induced by road
geometry and it directly influences all the vehicles in the platoon. The median of the weak stability indication is always greater than 1.
Hence, the magnitude of the perturbation is increasing when traveling downstream and there is no string stability, even for the case of
the longest time gap. However, the long time gap platoons in the handling course were less unstable than the other configurations and
after the first vehicles in the platoon that showed comparable instability than the vehicles with the short time gap, the remaining
vehicles showed that the ACC did not amplify the perturbation’s magnitude.

Keeping one or two vehicles with the longest time gap setting in the middle of a platoon of vehicles using the shortest time gap
setting showed some slight benefit, especially for the vehicles that are close to those who use the long time gap.

The shortest time gap selection produced the most unstable platoons again. The value of the weak stability indicator is, on average,
larger than in the dynamic platform experiments, even for the first vehicles in the platoon. Therefore, the platoons are detected to be
more unstable in the handling course part of the experiment.

In the long time gap experiments, it is observed that the magnitude of the perturbation is sharply increasing for the first vehicles in
the platoon. For the second half of the platoon, the perturbation does not increase as consistently, as shown in Fig. 13(a) and 14. A
possible explanation is that the perturbation is traveling upstream in space so that the vehicles at the end of the platoon are confronted
with the perturbation in a different position, thus the effect of the road geometry is different. To further show this point, the long time
gap case of Fig. 13(a) has been further investigated. The speed profiles of the vehicles are presented in Fig. 15. This time, however, the
speed profile is related to the distance and not to time, as in Fig. 13(a). Also, in the figure, the altitude of each point is indicated by the
dotted grey line.

The part of the altitude that affects the speed of the leader vehicle is immediately after position 300 m, where the slope of the road
changes from downhill to uphill. However, the last vehicles in the platoon are affected by this perturbation before they reach this part
of the test track. In particular, V5 is the first vehicle in which the perturbation is entirely in the downhill part and for the vehicle
upstream, the magnitude of the perturbation is significantly attenuated. This observation supports the intuition that for the long time
gap case, the instability rises as a combination of the effect of the leader’s speed perturbation and the geometry of the road in the
position in which each vehicle encounters the propagated perturbation. Further experiments would, however, be needed to study this
aspect in more detail.

5.3.3. Discussion

Given the potential implications of the results from the string-stability analysis, the present section provides a first discussion.
Results indeed leave no doubts on the string-stability of commercial ACC controllers. It confirms the finding of Makridis et al. (2020b,
2020c) and other literature studies. Electric vehicles did not show differences in terms of string-stability as originally considered in
preparing the test-campaign and the fact that in conditions closer to real-life, all time gap settings show string-instability and provide a
final proof about the properties of the ACC controllers. It has to be said that differently from the existing literature, large time gap
platoons tested in a flat test track with constant curvature showed weak string stability, suggesting that by defining a lower bound to
the time gap of ACC controllers, traffic shockwaves can be dampened by these systems. One may wonder though, which is the effect on
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Fig. 14. Median weak stability indicator and interquartile range aggregated over time gap selection and position of the vehicle in the platoon during
the handling course experiments.
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road capacity of a larger minimum time gap and this will be further investigated in the next section on traffic hysteresis.

The experiments on the handling course show instead that shockwaves can be induced and amplified just from the road geometry.
Most of the traffic micro-simulation experiments carried out to estimate the impact of ACC and CACC on traffic do not explicitly
consider the effect of road slopes or curves. Secondary impacts on traffic, due to instability may be important and new bottleneck
locations may appear. In this case, also long time gap platoons have proved to be string-unstable, although first evidence would suggest
a stronger dependency from the specific ACC controller logic. For this reason, an attempt to identify the string-stability of the different
vehicles was also carried out, although this can only give an indication. A comprehensive analysis would require having the results
either of all the possible vehicle combinations in the platoon or the independent tests of each vehicle, which is not the case in the
present study.

In Fig. 16 (a) and (b) the average strict string stability indicators in the dynamic platform and handling course are presented,
aggregated per vehicle and time gap setting. The vehicle labeling is according to Table 1. In this case, the maximum perturbation
magnitude of each vehicle is compared to that of the vehicle directly in front of it. This shows how each vehicle affected the overall
stability or instability of the platoon. Results confirm that both time gap and road geometry influence string-stability. For all vehicles,
in both experiments, the string-stability indicator takes lower values for larger time gap settings. Concerning the difference between
the two experiments, the string stability indicator is consistently higher in the handling course than in the dynamic platform, con-
firming the negative effect of road geometry on the controller string-stability. Results from individual vehicles seem to suggest that the
V8 controller is able to achieve string-stability in all cases, while V4 and V9 seem to be the controllers responsible for the string
instability in the handling course experiments with the long time gap setting. As already said, this may well be due to their position in
the platoon during the experiments and therefore these results should not be considered as general. It would be interesting to perform
more experiments with V8. If confirmed by other tests, it would provide an example of an ACC controller able to improve traffic flow by
dampening traffic oscillations.
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Fig. 16. Median strict stability indicator and interquartile range aggregated over the time gap selection and specific vehicle of the platoon in (a) the
dynamic platform and (b) the handling course.
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5.4. Traffic hysteresis

If the string stability analysis, on the one hand, sheds light on the properties of a traffic flow composed by ACC vehicles in terms of
shock-wave formation and propagation, on the other hand, it does not say much about the capacity of such a resulting traffic flow.
Studying traffic hysteresis adds important elements in this direction.

5.4.1. Dynamic platform

In the dynamic platform experiments, 34 perturbations have been traced and used to evaluate the magnitude of hysteresis, defined
as the difference between the average flow during the deceleration and during the acceleration phase. The average hysteresis
magnitude for all 34 cases was a 147 veh/hour drop of flow during the acceleration phase. However, the magnitude of hysteresis
depends on factors such as the perturbation magnitude and the time gap setting. The maximum drop observed was 458 veh/hour. Four
cases of negative hysteresis, for which the acceleration branch averaged a higher flow than the deceleration branch, have also been
observed. However, the range of the magnitude of positive hysteresis measured was from 4 to 25 veh/hour, thus very small and within
the uncertainty of the experimental data.

As an example of how the different factors may affect the hysteresis magnitude, Fig. 17 shows the speed-flow diagram of 6 per-
turbations. In particular, Fig. 17(a) shows three 20 km/h perturbations from a target speed of 40 km/hour. The three different cases
refer to different time gap settings. The green line represents the short time gap setting, the blue line the medium time gap setting, and
the red line the long one. The continuous lines represent the deceleration phase, while the dashed lines represent the acceleration
phase. The figure shows that for medium and long time gap settings, the average platoon speed doesn’t drop to 20 km/h, while for the
short time gap it drops further. This is relevant to the instability of short time gap platoons that have been already discussed. The
magnitude of hysteresis is 407 veh/hour for the short time gap, 106 veh/hour for the medium, and 4 veh/hour for the long time gap
setting. The short time gap platoon is the only one that produced a flow comparable to that of a platoon of human drivers during the
stable phase, around 2000 veh/hour. However, due to considerable hysteresis, the observed flow during the acceleration phase is
comparable to the flow produced by the medium time gap platoon. In practice, the string-instability of the short time gap setting
platoon jeopardizes the possibility to achieve higher capacity than that achieved by the medium time gap platoon. This would reinforce
the aforementioned suggestion to introduce as a requirement for ACC, a minimum time gap able to preserve string-stability.

Fig. 17 (b) also refers to an experiment with a target speed of 40 km/h. However, the three cases all represent platoons with a short
time gap setting. The difference is in the perturbation magnitude, which is 10, 15, and 20 km/hour for the green, blue, and red lines
respectively. The hysteresis magnitude, in these cases, is 78, 171, and 349 veh/hour respectively, showing that the magnitude of the
perturbation can influence hysteresis significantly.

The 34 perturbations were grouped according to the time gap setting and the perturbation magnitude. The median hysteresis and
flow during the acceleration phase are then presented in Fig. 18 (a) and (b), together with the first and third quartile values. For the
short time gap settings, the hysteresis magnitude is significantly larger than in the other two cases, and it seems to be increasing with
the magnitude of the leader’s perturbation. This doesn’t seem to be the case for the medium and long time gap experiments. Especially
for the long time gap, the dampening of the perturbation while it is traveling upstream seems to be more significant for the larger
perturbations and the magnitude of hysteresis seems to be decreasing, to even positive hysteresis for perturbations of 25 km/hour. In
terms of flow, for small perturbations, the flow during the acceleration phase is still higher for short time gap platoons. For pertur-
bations of higher amplitude, the medium time gap platoons achieved the higher flow during the acceleration phase. The long time gap
platoons, while stable and not affected so much by hysteresis, have been consistently achieving the smallest outflow.
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Fig. 17. Speed-flow diagrams for platoons with 40 km/h target speed. Chart (a) refers to the case of three platoons with different time gap settings,
while chart (b) refers to the case of short time gap platoons subject to three different perturbation magnitudes.
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5.4.2. Handling course

The oscillations identified in the experiments in the handling course have been 46. There are three different cases of time gap
setting: all vehicles keeping the shortest time gap, all vehicles keeping the longest time gap, shortest time gap for all vehicles except one
or two vehicles in the middle that used the longest time gap. There is no induced perturbation, and the oscillations are resulting from
the road geometry. The average magnitude of hysteresis for all cases is a drop of 215 veh/hour in the flow during the acceleration
phase. As in the dynamic platform experiment, there is much variation, this time attributed to the time gap setting and the speed of the
leader, which was one of the variables for the experiment. The maximum value observed has been 573 veh/hour and there has been
only one case with positive hysteresis of 74 veh/hour.

The perturbations have been grouped according to the desired speed of the leader and the time gap setting. The median hysteresis
magnitude and flow during the acceleration phase are presented in Fig. 19 (a) and (b), together with the first and third quartile values.
Again, the magnitude of hysteresis is larger for the short time gap platoons. An interesting outcome is that with only one or two
vehicles using the longest time gap in the middle of the platoon, the hysteresis was significantly cut down. The long time gap platoons
have suffered the least from the hysteresis phenomenon, however, the flow during the acceleration phase is still smaller than the other
two cases. The leader’s desired speed affects both hysteresis and discharge flow. For the higher speeds, the mixed time gap platoons
achieved the highest discharge flow. This result is very sensitive to the specific road geometry of the test track. Hence, it cannot be
generalized for different road geometries. However, it is interesting to notice that increasing the time gap of specific vehicles in a
platoon can increase the overall traffic efficiency in bottlenecks.

In Fig. 19 (c) the median flow during the steady-state is presented. It is shown that only the shortest time gap setting platoons
produced steady-state flow close to that of human drivers, achieving 2000 veh/hour/lane. This result of course is constrained by the
available speed range, as the steady-state flow may increase for larger velocity. Moreover, for 60 km/h the variation is increased for the
short time gap platoons, decreasing the average flow. This is due to the inability to achieve a true steady-state, which is more prevalent
at higher speeds. Again, this is related to the specific geometry and slope of the test site and cannot be generalized. For smoother curves
and slopes, the steady state flow could increase with larger platoon speed.

5.5. Energy consumption

The desired ACC system targets not only driving safety and traffic stability but also enhanced energy efficiency. This section
empirically investigates the energy impacts of current commercial ACC systems in vehicle platoons. The tractive energy consumption
(E¢, kJ) of vehicles is calculated by using the trajectory data from a set of car-following experiments, which are carried out on both the
dynamic platform and the handling course. The findings have revealed several factors (such as the time gap setting, the desired speed,
the magnitude of the speed perturbation, and the road slope) that are responsible for energy differences in the ACC platooning.

5.5.1. Dynamic platform

The leading vehicle’s speed perturbations may be attenuated or amplified when propagating upstream in the platoon, leading to
intra-platoon energy differences between the leader and its followers. On the dynamic platform, different speed perturbations are
performed by the leading vehicle to uncover their energy impacts on the upstream followers in the platoon.
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Fig. 20. Energy and power results of the leading vehicle in platoons tested on the dynamic platform: (a) Distributions of tractive energy con-
sumption (Etl) in six different speed perturbation scenarios (Vp, AV); and (b) and (c) speed, tractive power, and altitude profiles of the leading
vehicle in two cases of (40, —20) km/h and (30, —15) km/h, respectively.
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Fig. 20 (a) shows distributions of the leading vehicle’s tractive energy consumption (E}) in six different speed perturbation sce-
narios (Vp, AV), in which Vj is the desired speed (km/h) and AV is the magnitude of the speed perturbation (km/h). In tick labels of
this box plot, T denotes the duration (s) of the trip for tractive energy computation, which is set as 110 s and 80 s for scenarios with the
desired speed (Vp) of 30 km/h and 40 km/h, respectively. The reason for these settings is that the trips can approximately cover the
complete circular test track with a diameter of 300 m and therefore to minimize the energy impacts of the varying road slope.

In this graph, the box indicates the interquartile range (IQR), which is derived from 3 to 7 independent repetitions of platoon tests
and can capture the uncertainty surrounding these experiments. Whiskers extend to 1.5 times IQR. The band inside the box is the
median (with a data label next to the box). While crosses beyond the whiskers represent outliers. The data suggests that the median
estimated E} is 222.1 kJ (IQR = 4.2 KkJ) in the scenario of (Vp, AV) = (30, —10) km/h and 229.4 kJ (IQR = 3.6 kJ) in (30, —15) km/h.
For the other 4 scenarios with the desired speed of V, = 40 km/h, when increasing the magnitude of the speed perturbation (AV) from
—10 km/h to —25 km/h, every —5 km/h increment in AV leads to an increase of ~17.0 kJ in the median estimated E}; while the
corresponding IQR values lie between 3.5 kJ and 10.0 kJ. Generally, IQR values of E} distributions in different scenarios remain small,
indicating satisfactorily representativeness of the results. The median estimated E! is found to increase with an increased magnitude of
speed perturbation (AV).

Fig. 20 (b) and (c) provide speed, tractive power, and altitude profiles of the leading vehicle in two cases of (40, —20) km/h and (30,
—15) km/h, respectively. In both cases, the tractive power reaches a peak (~23.5 kW) at the vehicle acceleration phase. In addition,
point A (B) annotated in blue is the minimum (maximum) tractive power during steady-speed driving downslope (upslope). These two
points exhibit that the varying road slope of the dynamic platform can lead to tractive power differences no greater than 4.6 kW and
3.7 kW in Case 1 and Case 2, respectively. In both subplots, small positive spikes in tractive power are observed at the onset of braking.
They are caused by a temporary and small speed oscillation between the constant-speed and deceleration phases. A plausible
explanation for this phenomenon is that varying road slope introduces disturbances during the transition between two phases.
Although magnitudes of these speed oscillations are limited, the corresponding acceleration can change moderately, and therefore,
according to Equation (7), lead to obvious and high-frequent oscillations of tractive power. Since negative components are not
considered, these tractive power oscillations are shown as small positive spikes.

Fig. 21 (a)-(f) display following vehicles’ intra-platoon tractive energy increase (5E /1> %0) relative to the leading one in six different
speed perturbation scenarios (Vp, AV), respectively. Different platoons (L-ACC, M—ACC, and S-ACC) are color-coded and marked with
different symbols (see legend). The marked lines with standard-deviation error bars denote an average of at least two technical
replicates. The results demonstrate that S-ACC platoons in six speed perturbation scenarios show a rapid and continuing growth in
SEL, /1, along the upstream direction. In Scenario 1 and 2 that have the same desired speed (Vp) of 30 km/h, S-ACC platoons reach similar

peak values of (SEjlc L (39.1 % and 35.1 %, respectively) at the last vehicle (i = 6). In Scenario 3-6 with the same V}, of 40 km/h, S-ACC
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Fig. 21. Following vehicles’ intra-platoon tractive energy increase (SEL /1> %) in six different speed perturbation scenarios (Vp, AV) on the dynamic
platform: (a) Scenario 1, (30, —10) km/h; (b) Scenario 2, (30, —15) km/h; (c) Scenario 3, (40, —10) km/h; (d) Scenario 4, (40, —15) km/h; (e)
Scenario 5, (40, —20) km/h; and (f) Scenario 6, (40, —25) km/h.
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platoons reach even higher peak values of 6EL /1> Tanging from 53.6 % to 71.1 %. On the other hand, both L-ACC and M—ACC platoons
in each subplot show no clear trend in JE, s, values along the upstream direction. These findings provide strong evidence that the
leading vehicle’s speed perturbations are amplified when propagating upstream in S-ACC platoons, but remain constant or even
attenuated in M—ACC or L-ACC platoons. Therefore, ACC platoons with different time gap configurations have different responses to
the leading vehicle’s speed perturbations.

Instead of individually assessing each follower’s energy increase as shown in Fig. 21, Table 4 summarizes the average intra-platoon
tractive energy increase (AEg,;, %) of five following vehicles to evaluate energy impacts of speed perturbations on the whole platoon.
The results of M—ACC platoons are not included because of insufficient data. The findings in this table suggest that AEg/;, values of L-
ACC platoons lie between —3.8 % to 8.5 %, indicating small differences in tractive energy between the leading vehicle and its followers
in the platoon. S-ACC platoons, on the contrary, result in much larger AE"F/L values, in which the desired speed (Vp) had the most
pronounced effect. Specifically, S-ACC platoons have AEz/;, values between 32.1 % and 37.1 % in scenarios of Vp = 40 km/h, nearly
doubling those of S-ACC platoons in scenarios of Vp = 30 km/h.

5.5.2. Handling course

On the handling course with varying road curvature and slope, different platoons perform constant-speed cruising tests to evaluate
the overall energy performance of platoons under external disturbances.

Fig. 22 (a)-(c) demonstrate the following vehicles’ intra-platoon tractive energy increase (EE; /L) relative to the leading one. Four
different platoons (HD, L-ACC, S-ACC, and SL-ACC) are compared in three cruising scenarios on the handling course. Although
standard deviation error bars for the four platoons easily overlap, both S-ACC and SL-ACC platoons exhibit an increasing trend in SEL, /L
along the upstream direction in each plot, but the former increases more rapidly.

Table 5 summarizes the average intra-platoon tractive energy increase (AEg,;) of five following vehicles in platoons tested on the
handling course. The data suggest that the HD platoon, human drivers of which were instructed to follow their typical driving pattern
(to be neither aggressive nor passive), leads to AEp,; values ranging from 10.8 % to 16.7 %. The L-ACC platoon results in lower AEp;;
values of 9.6 % and 2.4% in scenarios of Vp = 30 km/h and Vp, = 60 km/h, respectively. In each scenario, however, the S-ACC platoon
leads to the largest AEF/L value lying between 24.0 % and 28.9 %. As for the SL-ACC platoon, its AEy /1 values are between 19.4 % and
21.5 %, much smaller than their S-ACC platoon counterparts.

5.5.2.1. Energy analysis of mixed time gap ACC platoons. To examine energy impacts of long time gap ACC vehicles on SL-ACC (short/
long time gap mixed) platoons, Fig. 23. presents four cases for comparing the tractive energy consumption (E;) between the SL-ACC
and S-ACC platoons in cruising scenarios of Vp = 30 km/h and Vp = 60 km/h on the handling course. In each subplot, the SL-ACC and
S-ACC platoons have the same vehicle order. The changing indexes, namely, vehicle indexes where the SL-ACC and S-ACC platoons
adopt different ACC time gap settings, are indicated by a green rectangle. The vehicle indexes smaller (or larger) than the changing
indexes are denoted as downstream (or upstream) indexes. Moreover, the inter-platoon tractive energy difference (5E§L /s> %), between
two corresponding vehicles in the SL-ACC and S-ACC platoons, is represented by blue bars above the marked lines.

The results in four cases suggest that, at downstream indexes, the 5E%; /s values are between —0.9 % and 4.6 %, implying negligible
energy differences between corresponding vehicles in the SL-ACC and S-ACC platoons. At changing indexes, however, the 6Ej; /s values
lie between —4.2 % and —18.4 %, indicating that long time gap ACC vehicles in SL-ACC platoons are more energy-efficient than their
counterparts in S-ACC platoons. The reason for this is that long time gap ACC vehicles can attenuate speed perturbations propagating
from the platoon leader. Benefiting from this, vehicles at upstream indexes in SL-ACC platoons exhibit significant energy savings as
well, the values of which ranges from —8.0 % and -22.5 %.

Table 6. compares the total tractive energy consumption between the SL-ACC and S-ACC platoons in the four cases shown in Fig. 23.
The AEg /s values, between —6.1 % and —9.8 %, represent the overall energy savings of SL-ACC platoons relative to their S-ACC
counterparts. These results provide definitive evidence that long time gap ACC vehicles can contribute considerably to the platoon
energy efficiency.

5.6. Safety implications

The same perturbations that have been isolated for the hysteresis analysis are also used to analyze the safety impact of ACC

Table 4

Following vehicles’ average intra-platoon tractive energy increase (AEp /1> %) in six speed perturbation scenarios.
Vp(km/h) 30 40
AV(km/h) -10 -15 -10 -15 -20 —-25
L-ACC platoon -3.8 -0.9 -19 1.6 8.5 -0.4
S-ACC platoon 18.9 21.2 33.5 37.1 321 36.1

Note: Vp = desired speed; AV = magnitude of the speed perturbation; L/S-ACC = long, medium, or short time gap adaptive cruise control.
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Fig. 22. Following vehicles’ intra-platoon tractive energy increase (SEL /1> %) in three cruising scenarios on the handling course: (a) Scenario 1, Vp
= 30 km/h; (b) Scenario 2, Vp = 50 km/h; and (c) Scenario 3, Vp = 60 km/h.

Table 5
Following vehicles’ average intra-platoon tractive energy increase (AEp,, %, relative to that of the platoon
leader) in three cruising scenarios.

Vp(km/h) 30 50 60

HD platoon 13.6 16.7 10.8
L-ACC platoon 9.6 21.9 2.4
S-ACC platoon 28.9 29.2 24.0
SL-ACC platoon 20.0 21.5 19.4

Note: Vp = desired speed; HD = Human-driven; L/S/SL-ACC = long, short, or (short/long) mixed time gap
adaptive cruise control.

vehicles. In each experiment and for each vehicle, the TTC has been calculated. In Fig. 24 we present the cumulative distributions of the
TTC during the perturbations for the experiments in the dynamic platform using the short time gap (a) and the long time gap (b), and
for the experiments in the handling course using the short time gap (c) and the long time gap (d), for each vehicle. The distributions
only consider the cases with TTC values lower than 100 and the plots focus on the part of the distribution that is related to the smallest
TTC values (lower than 7 which account for a maximum probability of 10% in the four charts).

The color of the lines indicates the position of the vehicle in the platoon, with the reddish lines indicating the last vehicles and the
greenish lines indicating the first ones. The figure confirms that vehicles with the shortest time gap setting experienced lower safety
than those with the longest time gap. In the handling course experiments, even in the case of small perturbations in the leader’s speed
generated by the road geometry the last vehicles in the platoon experienced a significant number of cases with TTC lower than 4 (and
also some cases with TTC lower than 1.5 which is a very strict safety threshold used for TTC), thus highlighting the potential safety
threats that platoons of ACC vehicles may trigger in the real world.
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Fig. 23. The comparison of tractive energy consumption between S-ACC and SL-ACC platoons tested on the handling course. Charts (a) and (b) refer
to Case 1 and 2 in the cruising scenario of Vp = 30 km/h; charts (c) and (d) refer to Case 3 and 4 in the cruising scenario of Vp = 60 km/h.

Table 6
Comparison of total tractive energy between SL-ACC and S-ACC platoons on the handling course.
Vp = 30 km/h Vp = 60 km/h
Case 1 Case 2 Case 3 Case 4
S-ACC platoon (MJ) 9.2 9.2 15.7 14.0
SL-ACC platoon (MJ) 8.3 8.7 14.2 13.1
AEg; 5(%) -9.8 -6.1 —9.2 71

Note: Vp = desired speed; AEg ;s = total inter-platoon tractive energy difference.

Linked to the string stability results, safety deteriorates moving backward in the platoon for the experiment with the short time gap,
while it improves for the experiments on the dynamic platform with the long time gap.

It is worth mentioning here that the last vehicles in the platoon experienced safety—critical situations even with fairly mild de-
celerations imposed by the leading vehicles. In case that stronger perturbations would have been applied, the authors, who were inside
the vehicles during the tests, are not confident that crashes could be avoided, even by the expert drivers.

6. Discussion and policy implications

Results achieved in the present study have important policy implications. In spite of the introduction of new and more advanced
technologies, in the years to come ACC technology is indeed expected to further widespread within the fleet of existing vehicles, and
thus to represent the main source of driving automation on motorways for some time ahead. As their number increases, the probability
that platoons of ACC driven vehicles form on motorways will also increase, and thus, the appearance of the dynamics identified in the
present paper. If left unregulated, the effect of their string unstable behavior will indeed start to emerge, along with a reduction in
roads’ nominal capacity, increase in vehicles’ energy consumption, and possible additional safety risks to drivers. As proposed in the
literature, the cooperation between ACC systems enabled by vehicle connectivity can certainly help to address the aforementioned
problems, but, in most countries around the world, vehicles’ connectivity suffers from regulatory uncertainty, especially for what
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Fig. 24. Cumulative distribution of TTC values during perturbations. Charts (a) and (b) refer to the experiments in the dynamic platform while
charts (c) and (d) refer to the experiments in the handling course. Charts (a) and (c) refer to experiments with vehicles adopting a short time gap for
their ACC, while charts (b) and (d) to long time gap.

concerns the use that vehicles can make of it to cooperate.

A possible solution to mitigate this problem is to introduce string stability in the functional requirements of these systems. At that
point, vehicle manufacturers will have different strategies to fulfill this requirement, for example, the increase in the minimum time
gap (results from the dynamic platform experiments suggest the existence of a critical time gap able to guarantee both string stability
and an acceptable traffic flow), the reduction in the system’s response time or the adoption of multi-anticipative behaviors with the
system responding not just to the actions of the vehicle immediately in front but also to that of several vehicles ahead (which is also the
strategy naturally adopted by attentive human drivers within dense traffic flow). Introducing such functional requirements is not a
simple process both because ACC, being considered a comfort system operating under the responsibility of the human driver, escapes
international regulation related to vehicle safety and for the intrinsic difficulty to verifying its fulfillment in all possible driving
conditions. Further research on this latter aspect is certainly necessary. Unfortunately, this is the only way to avoid that motorway
traffic conditions will worsen in the years to come before the introduction of more advanced technologies.

On this latter point, however, additional considerations must be made. In 2020, the first UN regulation on the provisions con-
cerning the approval of automated vehicles had been adopted (UNECE, 2020b). The system considered by the regulation is the
Automated Lane Keeping System (ALKS) able to operate without the intervention of the driver on motorways up to a speed of 60 km/h
and without changing lane. The regulation refers to the need to respect traffic rules and defines requirements for vehicle safety and the
tests to verify that the vehicle fulfills them. The regulation makes no reference to requirements and tests related to vehicles’ string
stability. However, it defines a minimum time gap that the vehicle will have to respect for different operating speeds. The minimum
time gap proposed is however not significantly different from what was observed in the vehicles tested in the present paper (reported in
Annex 3). For this reason, there is no guarantee that the first AVs will achieve string stability and address the problems highlighted
here. Additional regulations for the approval of more advanced automated driving systems are currently being discussed under the
UNECE Working Party on Automated/Autonomous and Connected Vehicles (GRVA). It is interesting to notice that the informal
working group focusing on the functional requirements of automated and autonomous vehicles (FRAV) includes among the conceptual
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requirements, the need to ensure that automated driving systems will not disrupt the normal flow of traffic (UNECE, 2020c). The
translation of this in practical provisions will be the subject of future discussions and the present paper aims at suggesting the
introduction of explicit requirements related to the string stability of future automated and autonomous systems. If this will not be
achieved, there will be a significant risk that, as in the case of ACC, also for AVs, the promises for higher capacity and stable and smooth
traffic flow will be broken.

7. Conclusions

The present paper reports the results of a comprehensive test campaign involving 10 market vehicles equipped with ACC. The test
campaign has been carried out in two different test-tracks of the ZalaZONE proving ground in Hungary. The tests have been executed at
low-speeds (30-60 km/h) with the objective to simulate the behavior of traffic jam assistant systems. The vehicles involved in the
experiments had various types of powertrains (internal combustion engine, hybrid electric, and full electric) and were tested with
different time gap settings of the ACC systems. The vehicle orders have also been changed to test the effect of different possible
experimental variations.

Test results have been analyzed to derive information about the properties of the various ACC systems, to study their string sta-
bility, to study the effect of ACC on traffic flow, and to draw inference about the possible implications on energy consumption and
vehicle/traffic safety.

In general, results confirm the previous findings in terms of string instability of the ACC. However, they also show that this is strictly
dependent on the ACC time gap settings used in the vehicle. Indeed, with a long time gap, vehicles have shown in several experiments a
string stable behavior with the magnitude of the perturbation absorbed by the platoon. This has not been a consistent result throughout
the whole test campaign and in particular, this was not the case for the experiments in the Handling Course in which the vehicles only
showed to be more string stable than with a shorter time gap. This variable behavior suggests that the string instability is not an
intrinsic feature of the ACC systems, but it depends on the algorithmic implementation by the vehicle manufacturer. Therefore, the
introduction of technical regulations or standards to mandate string stability in the ACC design would contribute towards addressing
some of the downsides mentioned in this work. This is particularly important because we have observed that in the presence of string
unstable behavior, the ACC also activates hysteresis in the traffic flow, while as soon as the string instability is reduced, the magnitude
of the hysteresis is reduced accordingly.

For what concerns energy consumption and safety, results have shown that string unstable behavior has a negative effect on both
dimensions. This is certainly another reason to mandate string stability in ACC operations. Indeed, as the number of ACC vehicles on
the road increases, the likelihood of having ACC platoons also increases and as such, also the potential risks for drivers and transport
networks.

Beyond ACC vehicles, to avoid that in the future similar findings may also concern AVs, string stability should be introduced as a
requirement for future automated and autonomous vehicles. This is especially important in the case where the vehicles’ cooperation
potentially enabled by connectivity will not materialize. Since international regulation on the approval of these technologies is
currently being discussed, we believe that this paper may provide important elements to proceed in this direction.

Finally, the paper has shown that road geometry may play a very important role in activating traffic disturbances, especially in the
case of string unstable vehicles. Even tests at low speeds have shown that slope (and curvature) variations may induce strong per-
turbations in the vehicle platoon leading to also considerable safety risks. String unstable vehicles indeed amplify the small variations
in the vehicles’ speed caused by the delay of the actuator to react to the slope variation. As the length of the platoon increases, also the
magnitude of this perturbation increases. In addition, results suggest that road slope may have a reinforcement effect on string
instability as the magnitude of the amplification has always been higher in the test track with road slope variation than in the other
with almost constant road slope. Among other things, this suggests that traffic models have to progressively embody some elements of
the vehicle dynamics that can allow capturing the effect of vehicle technologies and their interaction with the road. Further studies on
this aspect will follow.
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