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Abstract: There is increasing interest in connected and automated vehicles (CAVs), since their
implementation will transform the nature of transportation and promote social and economic change.
Transition toward cooperative driving still requires the understanding of some key questions to
assess the performances of CAVs and human-driven vehicles on roundabouts and to properly balance
road safety and traffic efficiency requirements. In this view, this paper proposes a simulation-based
methodological framework aiming to assess the presence of increasing proportions of CAVs on
roundabouts operating at a high-capacity utilization level. A roundabout was identified in Palermo
City, Italy, and built in Aimsun (version 20) to describe the stepwise methodology. The CAV-based
curves of capacity by entry mechanism were developed and then used as target capacities. To
calibrate the model parameters, the capacity curves were compared with the capacity data simulated
by Aimsun. The impact on the safety and performance efficiency of a lane dedicated to CAVs was
also examined using surrogate measures of safety. The paper ends with highlighting a general
improvement with CAVs on roundabouts, and with providing some insights to assess the advantages
of the automated and connected driving technologies in transitioning to smarter mobility.

Keywords: roundabout; microsimulation; surrogate safety measures; road safety; connected and
automated vehicles; traffic operations

1. Introduction

The technological breakthroughs in transportation systems are an integral part of the
transformations of cities [1]. To get increasingly smart cities, intelligent transportation
Systems and big data applications have been increasingly targeted over time to design
road traffic services truly geared toward increased road users’ safety, congestion reduction,
energy saving, and driving comfort. Furthermore, the potential of these technologies
is that vehicles, system users, and road infrastructures can be integrated to properly
improve mobility [2]. The technological development of transportation has also been
directed toward the vehicle’s automation and connectivity between the vehicles and road
infrastructures [3]. There are six levels of vehicular autonomy from fully manual to fully
autonomous driving which describe the human–machine shared interaction on roads [4].
Connectivity forges an inspiring environment for vehicle-to-infrastructure (V2I), vehicle-to-
pedestrian (V2P), vehicle-to-vehicle (V2V), vehicle-to-device (V2D), and vehicle-to-network
(V2N) communications [5]. Connected and automated vehicles (CAVs) are expected to
perform the driving tasks by using the cooperative adaptive cruise control (CACC) system
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based on vehicle-to-vehicle and infrastructure-to-vehicle communications, which facilitates
the exchange of information between vehicles and enhances connectivity [5–7]. In this
regard, Wang et al. [7] proposed a method to estimate the motion state of preceding vehicles
and surrounding vehicles to improve the safety control of intelligent connected vehicles;
simulation and real vehicle tests confirmed that the prediction approach properly balanced
the communication among vehicles and their performances. Despite the advantages of
cooperative driving, however, there are still many and not easy challenges to tackle [8]. In
this view, a novel practical application concerned the development of a machine-to-machine
(M2M)-based cooperative driving protocol, specifically focused on V2I communication
and tested on a real-world merging crossroad [9]. According to the results, there is the
potential to expand the application on different types of roads to make autonomous driving
experience safer.

Transition toward cooperative driving systems still requires understanding of the
key issues involved in adapting the geometry of road infrastructures to the kinematics of
CAVs in order to achieve the proper balance between road safety and traffic efficiency [10].
Although cooperative driving is expected to improve operating performances of road
infrastructures, it is not yet clear how connectivity may affect the car’s ability to move
through intersections and roundabouts in which users experience curvilinear trajectories
while entering, crossing the intersection area, and exiting [11]. To this day, CAVs are not
yet available to all users, and all levels of automation are not yet available on the market,
where their entry is expected to happen gradually also in relation to the physiological rate
of replacement of old cars with new ones [5].

In a responsible society perspective, which directs the road design choices toward
the use of materials and constructive ways sustainable, road engineers should know, in
advance, the response to the expected performance requirements of a given road infras-
tructure, where heterogenous fleets made of human-driven vehicles (HDVs) and CAVs
are simultaneously mixed in traffic [6,12,13]. In this regard, microscopic traffic simulation
models are already configured as valuable tools to model operational performances at a
single node or corridor level and to assess the expected benefits of increasingly high market
penetration rates of CAVs [14,15]. Although roundabouts are renowned among the road
infrastructures for their potential in making road traffic safer and in reducing delays, fuel
consumption, and construction and maintenance costs [16], microsimulation can be of great
interest to evaluate to what extent the curvilinear design of roundabouts affects traffic
patterns and operations in presence of high levels of automation and connectivity [16–18].

To fill the above gaps, the paper aims to propose a novel simulation-based methodolog-
ical framework aiming to assess the interactions between CAVs and HDVs on roundabout
systems operating at a high-capacity utilization rate, as well as their impacts on road safety
and performance efficiency. In this regard, the adjustment factors for roundabout systems
provided by [17] were applied to develop the CAV-based capacity curves in mixed traffic
situation. It should be also noted that the beforementioned factors were developed by
using microsimulation which considered all the high-reliability elements necessary to fully
implement cooperation among vehicles [17].

The framework in this paper consists of the following main sequential steps: (1) con-
ceptualizing the roundabout system; (2) identifying the mechanisms that regulate the entry
of vehicles on the circulatory roadway where circulating traffic moves around the central
island; (3) traffic data collection, processing, and mining to determine the capacity target
values for every entry mechanism and CAV penetration rate; (4) building the roundabout
network model and simulation from free-flowing traffic to capacity for calibration purposes;
(5) assessing the impact of CAVs on traffic throughput; (6) assessing the CAVs impact on
safety and performance efficiency for roundabouts with a dedicated lane to CAVs compared
to the traffic situation with CAVs and HDVs sharing the lanes. With a view to providing
an overview of the six sequential steps of the proposed methodological framework, a
roundabout was identified in the road network of Palermo City, Italy, and then built in
Aimsun Next (Aimsun from now on) [18] to model operations at capacity.
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Due to the current lack of high levels of automation and connectivity in traffic, the
CAV-based capacity curves corrected using the adjustment factors proposed by [17] for
different market penetration rates of CAVs were employed as an alternative source of
target capacity data [19]. To calibrate the model parameters, the CAV-based capacity curves
were then compared with the data simulated by Aimsun. The safety and performance
efficiency of roundabout dedicated lanes for CAVs were also compared to the mixed traffic
situation with HDVs and CAVs. For the safety assessment, surrogate measures were used
by combining Aimsun with the Surrogate Safety Assessment Model (SSAM) [20].

Results highlighted general improvements in roundabout performance with CAVs in
traffic compared to the scenario made only by human driven vehicles; moreover, they pro-
vided some insights to assess the advantages of the CAVs to consider in the cities’ successful
strategies aimed at improving mobility. The proposed stepwise approach can assist transporta-
tion engineers and decision makers in assessing the level-of-service of road infrastructures at
the design or implementation phase, in the transition toward cooperative driving.

This research includes the following scientific and public contributions:
Scientific: It identifies some parameters of cooperative driving on a roundabout model

that meets the geometry and traffic characteristics of a real-life counterpart in order to
examine the effects of the changes in design and driving behavior from a safety and
efficiency perspective in the transition to growing proportions of CAVs in traffic.

Public: It highlights a general performance improvement with CAVs on roundabouts
compared to the base case with HDVs only, and it provides some insights to assess the
expected safety and operational advantages of connected and automated driving to tackle
the future challenges in mobility.

The organization of the paper includes a brief overview of the related research on the
topic in Section 2; Section 3 presents the proposed framework, includes the materials and
methods applied to a roundabout case study, and describes the reasons behind the assump-
tions and choices made; Sections 4 and 5 present and discuss the results, respectively; the
final section presents the conclusions of the research and some future developments.

2. Related Research

The risks of crash events and significant losses in the economic and social dimension
have always been associated with increased road mobility. Since crash-related data show
that driver behavior is one of the main factors influencing road crashes, analysts are
currently questioning the entry of CAVs into full service in the near future and their
impact on road safety and performance efficiency [5,21]. The participation of CAVs in
road traffic will minimize or remove human factors during driving, since certain functions
will be carried out with limited human participation or automatically [21]. However, fully
autonomous driving will transfer the driving tasks to a computer system; as a consequence,
the classifications provided by the literature denote that full automation does not yet exist,
but currently requires specific human support [4].

The introduction of CAVs in traffic will change traffic conditions and transform safety
standards for road design, maintenance and infrastructure administration, and traffic mod-
eling and assessment tools for road management. In this view, Rahman and Abdel-Aty [22]
evaluated vehicle platooning on expressways by employing surrogate measures of safety;
the results provided useful information for different market penetration rates of connected
and automated vehicles in traffic. In turn, Rahman et al. [23] used VISSIM [24] to simulate
the implementation of V2V communication technologies and to assess the effectiveness
of CAVs in adverse visibility conditions on a US interstate; specifically, they simulated
both connected vehicles without platooning and connected vehicles with platooning, and
then employed surrogate measures of safety to assess the reduction in the crash risk. Their
results showed improved safety in fog conditions and improvements in average speed as
the market penetration rates of CAVs increased. Another study used microsimulation to
model a road network and to evaluate the contraflow evacuation operation in CAV envi-
ronment [25]. The study found improvements in the system performance for contraflow
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operations with CAVs in the evacuation traffic; the results showed reduced delay and
travel times for the evacuation route, as well as increased speeds with at least 30% of CAVs
in traffic.

In the transition toward cooperative driving, there is a need to examine the main
performance efficiency and safety issues with CAVs and HDVs simultaneously moving
in road traffic (see, e.g., [26]). In this regard, the literature reports some studies that have
examined how to improve the gap acceptance at roundabout entries [27,28]. Another
key aspect is to take into account the kinematic and dynamic needs of CAVs on curved
trajectories which can make the interpretation of the intentions of other vehicles difficult to
anticipate [29,30].

Most of the studies in this field of investigation, however, predominantly focused on
trajectory control optimization of CAVs to improve mobility in mixed traffic situations, and
speed optimization to minimize the total delay time [31,32]. In this regard, Wu et al. [32]
proposed a method to control vehicle cooperation and to generate collision-free trajectories
for CAVs at isolated roundabouts. The results showed improved throughput and average
speeds, as well as reduced total travel times. In turn, Jalil et al. [33] conceptualized a
novel holistic coordination system for CAVs at T-shaped roundabouts in order to opti-
mize the traffic states of each approaching vehicle and to minimize the total delay time;
the authors highlighted improvements in the average speed, traffic density, idling, and
fuel consumption of vehicles around the roundabout where speed optimization ensured
smooth crossing.

There is the further issue concerning the CAV ability to receive information from the
other vehicles, roadway infrastructure, and traffic control centers in order to anticipate the
driving actions of the preceding vehicles. Thus, a control system for the aware-situation
connected driving should take into account the specific features of path planning and
navigation at roundabouts that include entries, merging, turning maneuvers, lane chang-
ing, and exits [11,34]. In this regard, another study emulated a driverless vehicle in a
roundabout and tested a control lateral system in a 3D simulator [35]. Major conclusions
concerned the need to better optimize the automatic geometry recognition in terms of entry
radii and deviation from the reference circle; the authors found defects especially when the
vehicle used the greatest possible ability to maneuver. Another study simulated CAVs ne-
gotiating a roundabout which is used as a controller to implement vehicle-to-infrastructure
communication [29]. The authors tested different combinations of geometry and traffic
patterns in order to assess the operational performance of CAVs; however, they stressed
the need for further study to generalize the conclusions.

Referring to safety effects of CAVs on roundabouts, it is not yet known to what extent
people will be ready to accept smaller gaps when negotiating a roundabout. In this regard,
a study investigated the impacts of autonomous vehicles on roundabout safety using
VISSIM [36]. The results showed a 32% reduction in total conflicts by modeling CAVs with
defensive behavior on roundabouts, while the simulation of assertive behavior worsened
their performance efficiency. Similar results were provided by [37] that revealed increased
conflicts with automated vehicles in traffic.

Traffic microsimulation can be a useful approach to examine the performance response
of a given road infrastructure on corridor or network in the transitioning to a fully CAV fleet;
they can be useful tools both to evaluate changes in road safety and traffic operations with
CAVs and HVDs coexisting in traffic, and to develop novel tools to assess and to manage
road safety (see, e.g., [38]). In this view, the adjustment factors for CAVs on roundabouts
provided by the Highway Capacity Manual 7th Edition were the starting point of the
analysis we made [17].

3. Materials and Methods

This section presents the microsimulation-based methodological framework designed
for evaluating road infrastructure safety and performance efficiency with CAVs in traffic.
With a view to assessing whether cooperative driving is compatible with roundabout
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navigation, the structure of the stepwise approach included subsequent steps for identifying
a roundabout case study and the mechanisms of entry capacity, collecting traffic data
and developing the CAV-based capacity curves, simulating traffic scenarios from free-
flowing traffic to capacity for calibration purposes, and assessing the CAV impact on traffic
performances. On the basis of the above steps, the safety and performance efficiency of a
roundabout with a CAV dedicated lane has been evaluated compared to the mixed traffic
situation with HDVs and CAVs in traffic. Figure 1 shows an overview of the proposed
procedure applied to roundabouts.

Figure 1. Overview of the use of the methodological procedure applied to roundabouts.

3.1. Step 1: Conceptualization of the Roundabout System, Identification of the Roundabout in the
Road Network, and Characterization of Its Geometry

There was a need to identify a case study in the road network of Palermo City, Italy, in
order to conceptualize a roundabout system and to feed the network model in Aimsun (see
Section 3.4). A two-lane large diameter roundabout was selected to describe the proposed
methodology. The roundabout case study is installed in the suburban area that connects
the city center to the seaside town of Mondello at the intersection of F. Besta and L. Enaudi
neighborhood streets in the east–west direction and G. Lanza di Scalea arterial road in the
north–south direction (see Figure 2a for a view of the roundabout). The geometry of the
roundabout is consistent with Italian standards for road intersections [39]; the roundabout
has an inscribed circle radius of 35.50 m comprehending the non-traversable central island
and 8.00 m wide circulatory roadway with two lanes, 4.00 m wide entry and exit lanes, and
entry approaches with deflection angles greater than 43◦. The roundabout size allowed
designing an alternative configuration with a lane dedicated to CAVs in order to assess its
safety and performance efficiency compared to the roundabout where the CAVs and HDVs
share the entry and circulating lanes.

3.2. Step 2: Identification of the Mechanisms of Entry Capacity

Step 2 consisted of the identification of the mechanisms of entry capacity for each
traffic flow entering the roundabout conflicted by the circulating traffic on the circulatory
roadway. The roundabout driving rules apply to entering vehicles that must give way to
circulating vehicles proceeding counterclockwise around the central island; furthermore,
vehicles preselect the appropriate entry lane and enter the roundabout when a gap wide
enough occurs between subsequent vehicles in the circulatory roadway [16]. In other words,
the priority rules establish how to negotiate every point of potential conflict in which the
entering vehicles merge with the circulating vehicles before reaching their desired exit.
Since roundabouts work with yield conditions, the combination of the number of entry
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and circulating lanes affects the negotiation among interacting traffic streams and, thus, the
gap acceptance behavior on which entry capacity depends [16,28]. Moreover, the driving
behavior depends on the type of vehicle given that shorter gaps may occur only where the
leader vehicle and the follower vehicle are both CAVs [5]. The roundabout case study is
devoid of any raised lane divisors on the entry approaches and the circulatory roadway.
On the basis of observations in the field at entries, two mechanisms of entry capacity were
identified; thus, it was assumed that both the left lane and the right lane at entries were
conflicted by two circulating lanes (i.e., the outer lane and inner lane of the circulatory
roadway). The real-life roundabout was the starting point to build the theoretical layout
that met the geometric and operating characteristics of the case study. For each mechanism
of entry capacity (i.e., the left lane and the right lane at entries), a fleet made only by human
driven vehicles was used to model the target curves of capacity in the base situation; in
turn, the target curves with CAVs were built using market penetration rates equal to 20%,
40%, 60%, 80%, and 100% CAVs, and corrected using the factors proposed by [17]. The
identified mechanisms of entry capacity were then used in the subsequent simulation with
Aimsun to define the right-of-way among conflicting movements and to simulate the gap
acceptance behavior (see Section 3.4).

Figure 2. The roundabout case study: (a) the south entry view (latitude 38.177443 and longitude
13.309095 in decimal degrees); (b) the roundabout network model built in Aimsun and visualization
of the centroids used as the origin and destination of the trips in the case study.

3.3. Step 3: Traffic Data Collection, Processing and Mining, and Determination of the Capacity
Target Values for Every Entry Mechanism and CAV Penetration Rate

In Step 3, traffic surveys were carried out during 5 min time intervals in the peaks
from 7:00 to 8:30 a.m. and from 6:30 to 8:00 p.m. on Tuesday to Thursday in November 2022.
Survey data considered an entry traffic flow of 3422 vehicles per hour; 11% of trucks were
collected in the field. Since the roundabout is installed in the suburban area, the pedestrian
and bicycle traffic resulted irrelevant. There were balanced traffic flows from all the legs.

The general equation used to determine the CAV-based capacity curves reflecting the
presence of different proportions of CAVs is as follows:

Ce,CAVs = fa·a·e−fb·b·Qc , (1)

where Ce,CAVs is the CAV-based capacity curve by entry lane, adjusted also for heavy
vehicles (pc/h), a and b define the intercept and slope parameters, respectively, and fa and
fb are the planning-level adjustment factors of the parameters a and b, respectively. The
CAV-based capacity curves were corrected with the adjustment factors given by [17] for
different market penetration rates of CAVs and adapted to the case study in Figure 2b; in
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the absence of high levels of automation and connectivity in traffic, they were employed as
an alternative source of target capacity values [19]. Figure 3 shows the surface functions for
each interaction mechanism at entries for the roundabout in Figure 2b. A fleet made only
by human driven vehicles was considered to develop the capacity function for the base
traffic situation; the curves for CAVs were developed using percentages of CAVs (0%, 20%,
40%, 60%, 80%, and 100% with increments of 20%).

It is well known that roundabout capacity depends on the yielding process at entries,
the distribution of gaps in the circulating traffic streams, the driver’s decision to enter
whether enough space occurs to complete the entry maneuvers, and the follow-up times re-
quired by drivers in a queue [16]. Moreover, the CAV behavior specifies the gap-acceptance
process at entries. A CAV activates the CACC system where the conflicting vehicle is a CAV
in order to have information on the kinematics (i.e., position and speed) of the conflicting
CAV. Furthermore, a CAV may activate the adaptive cruise control (ACC) to enter whether
a human driven vehicle is the conflicting vehicle [17]. In this view, CAVs are expected to
provide greater increases in capacity because they have the potential to accept smaller gaps
safely than HDVs [17,26]. The lane change maneuvers and the differences in driving skills
among vehicles may make the negotiation of two-lane roundabouts more complicated than
the single-lane counterparts [16]. According to [17], the surface functions in Figure 3 show
improved capacity as the percentages of CAVs increase; thus, more vehicles can accept
smaller gaps safely. From this, it would follow that the benefits of cooperative driving may
be reached more easily.

Figure 3. Surface functions of entry capacity under different proportion of CAVs in traffic for the case
study in Figure 2b: (a) left lane; (b) right lane.

3.4. Step 4: Building the Roundabout Network Model and Simulation from Free-Flowing Traffic to
Capacity for Calibration Purposes

In Step 4, the roundabout network model was built in Aimsun (see Figure 2b) to
simulate operating conditions from free-flowing traffic to capacity for the two mechanisms
of entry capacity (i.e., the right entry lane or the left entry lane) identified in Section 3.2. Dif-
ferent market penetration rates of CAVs were set to simulate the traffic scenarios (i.e., from
base to 5); each mixed traffic situation included a percentage x of CAVs varying from 0%
to 100% and the corresponding (1 − x) percentage of HDVs; percentage increases of 20%
were applied. In each traffic scenario, we also assumed that 100% of CAVs were equipped
with the CACC system and only 30% of HDVs were equipped with the adaptive cruise
control (ACC) system. However, there was the awareness that ACC systems provide
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minimum gap times that are similar to, or longer than, the gaps used by human drivers,
thus contributing to decreased entry capacity when in use [17,18]. Moreover, the required
vehicle-to-vehicle communication abilities were considered to be in operation at a high
degree of system reliability. Before simulations ran, the coded roundabout network model
and traffic demand data were reviewed using the matrices derived from traffic counts.
Ten simulations, each of them lasting 60 min, were performed and included the time to
load traffic and to reach steady state for initializing the roundabout network model. This
phase was necessary for avoiding potential coding errors before calibration. The results
confirmed the capability of Aimsun to reproduce the traffic observed in throughout 5 min
sampling intervals in peak hours; the GEH index was found to be less than five (about
more than 95% of the cases) in each simulation [19]. There was a need to split demand
data into two O/D matrices, each with x percentage of CAVs and (1 − x) percentage of
HDVs according to the abovementioned scenarios. To simulate saturated traffic conditions
and the reaching of capacity, nine subsequent O/D matrices were derived and assigned
to the subject entry lane so that it reached the saturated condition, while the circulating
traffic was increasing (i.e., 0 to 1800 veh/h with an increase of 200). The simulation from
free-flowing traffic to capacity ran so that the number of vehicles reasonably expected to
enter the roundabout reflected the entry capacity values as returned by detectors on the
roundabout network model. For calibration purposes, the model parameters were manu-
ally fine-tuned to improve the match between the simulated data with the target capacity
curves for each entry mechanism and each proportion of CAVs. A global calibration was
first performed, followed by link-tuning of the network model [19]. According to [19,40],
few model parameters were identified, individually examining them and adjusting them in
Aimsun in order to obtain simulation output close to the CAV-based curves (see the results
in Table 1).

Calibration of HDVs included the speed limit acceptance and the time gap. The speed
limit acceptance is the degree of acceptance of the speed limit by the drivers [18]. Typically,
if the speed limit acceptance is higher than one, the maximum speed on a road link can be
higher than the speed limit, otherwise, when setting the speed limit acceptance lower than
one, the maximum speed can be lower than the speed limit. Furthermore, the time gap
measured from the rear to the front bumper of subsequent vehicles is calibrated to override
the time headway between the front bumpers of subsequent vehicles. The default value of
this car-following parameter of 0 s means that the time headway can be used instead of the
gap, whereas other values can cause wider headways and can affect the follower vehicle’s
deceleration in relation to the leader vehicle’s kinematics [18].

The calibration also regarded the reaction time that drivers use to adapt their speed to
the speed variation of the next vehicle (see also [41]). A higher capacity may result with
lower reaction time since the driver can be able to find and to accept smaller gaps safely
before entering the roundabout. It should be noted that this car-following parameter of
Aimsun can be set to the same value for all vehicles and is equal to the timestep of Aimsun.
However, the reaction times of CAVs are shorter than HDVs; thus, the reaction time value
under mixed traffic was set equal to a weighted average of the values of each vehicle class
in relation to their percentage by scenario.

According to the sensitivity analysis and manual calibration, the maximum accel-
eration that a vehicle can reach in any circumstance, the safety margin factor, and the
sensitivity factor were fine-tuned only for CAVs. Higher values of the maximum accelera-
tion compared to the default ones returned improved vehicle performances [42]. The safety
margin factor, in turn, explains whether the vehicles can negotiate an intersection; values
higher than the default ones correspond to larger headways that are usually performed by
cautious drivers, while values lower than the default ones correspond to a more assertive
driving behavior. The fine-tuned values of the safety margin in Table 1 resulted consistent
with what Aimsun recommends to reflect the effect of a given geometry on the maneuvers
to be performed [18]. At last, the sensitivity factor concerns the follower behavior when
the deceleration of the leader should be estimated. According to [18], a sensitivity factor
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below one matches assertive behavior, while a sensitivity factor greater than one matches
cautious behavior during driving. Further parameters, such as the longitudinal and lateral
spacing between two vehicles, tested in the simulations, turned out to be quite insignificant
since all the simulated vehicles were similarly sized.

Table 1. Results of the fine-tuning parameter process by entry mechanism.

Parameters Default
Values

Fine-Tuned Values

Entry Mechanism Penetration Rate of CAVs (%)

0 20 40 60 80 100

Left entry lane

Speed acceptance 1 1.10 0.97 0.97 0.97 0.97 0.97 0.97
Time gap 1 0.00 1.33 1.33 1.33 1.33 1.33 1.33

Reaction time 2 0.80 0.95 0.89 0.84 0.78 0.73 0.67
Max acceleration 3 [m/s2] 3.00 4.00 4.00 4.00 4.00 4.00 4.00

Safety margin factor 3 1.00 0.50 0.50 0.50 0.50 0.50 0.50
Sensitivity factor 3 1.00 0.50 0.50 0.50 0.50 0.50 0.50

GEH 58.33 4 90.63 100 100 97.22 94.44 91.67

Right entry lane

Speed acceptance 1 1.10 0.95 0.95 0.95 0.95 0.95 0.95
Time gap 1 0.00 1.00 1.00 1.00 1.00 1.00 1.00

Reaction time 2 0.80 0.94 0.78 0.76 0.74 0.72 0.70
Max acceleration 3 [m/s2] 3.00 3.50 3.50 3.50 3.50 3.50 3.50

Safety margin factor 3 1.00 0.40 0.40 0.40 0.40 0.40 0.40
Sensitivity factor 3 1.00 0.50 0.50 0.50 0.50 0.50 0.50

GEH 60.40 4 100 100 100 100 100 100
1 The model parameter was calibrated only for HDVs; 2 the reaction time under mixed traffic was given by a
weighted average of the reaction time value for each vehicle class, where the weights were the percentage of CAVs
and HDVs by scenario; 3 the model parameter was calibrated only for CAVs; 4 the GEH index was employed as a
criterion for accepting the model.

It should be noted that the vehicle cooperation to create a gap was activated in order to
allow lane changes on the two-lane circulatory roadway and entries; this parameter ranges
from level 0.00 to 1.00 (where 1.00 means high aggressiveness); the value of 0.50 was set to
implement the speed limit of 50 km/h on the case study. According to [26], other model
parameters were excluded, not proving further benefits in the calibration process. At last,
the fine-tuned parameters in Table 1 supported the aim to provide a realistic tradeoff among
the different attributes of the cooperative driving on roundabouts in order to avoid too large
(or short) headways which could cause an unlikely reduction (or increase) of entry capacity.
Moreover, the table shows the GEH results by varying the CAV penetration rates in traffic.
According to [19], the fine-tuned model could be accepted since the deviation between the
CAV-based capacity curves used as target values and simulated data were smaller than 5 in
(at least) 85% of the cases. The two-sample t-test tested the null hypothesis, or the equality
of the means of two groups of CAV-based curves and simulated capacity data for each
entry mechanism; it also ensured that there was no statistical difference between them (at
the significance level α = 0.05) and, therefore, was likely due to chance. The F-test statistic
was also calculated to test the equality of the sample variances. As an example, Table 2
shows the results for the right lane. There is evidence to conclude that both the t-value and
the F-value should be larger than their respective critical values to reject the null hypothesis
at the significance level of 0.05. The table also shows the values of the root-mean-square
normalized error used to quantify the overall error of the microsimulator, and the mean
percentage error used to explain under- or over-prediction in Aimsun [19]. In turn, Figure 4
shows the comparison of the CAV-based capacity curves with the simulated data for the left
and right entry lanes in the mixed traffic with 60% CAVs and 40% HDVs; one can observe
the decrease in the entry capacity as the circulating flow increased. The same figure shows
the scattergram analysis for the mechanism of right-lane entry capacity; similar results
were also returned for the left entry lane but are not reported here for reasons of synthesis.
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Table 2. Statistics for right entry lane capacity target values and simulated data.

CAV Penetration Rate (%)

Entry Capacity
(pc/h) 0 20 40 60 80 100

µ1
1 (s.e.) 2 832.55 (65.62) 869.22 (67.20) 988.88 (66.88) 1055.11 (68.43) 1089.33 (71.09) 1149.00 (75.51)

µ2
1 (s.e.) 2 787.13 (56.07) 847.1 (57.63) 922.10 (60.95) 1020.18 (63.49) 1084.92 (66.95) 1161.48 (68.62)

95% c.i. 3 (−126.7; 217.6) (−154.4; 198.7) (−113.7; 247.3) (−151.3; 221.1) (−190.4; 199.2) (−216.0; 191.0)
t-value 4 0.53 0.25 0.73 0.37 0.05 −0.12

t-critical value 5 1.995 1.995 1.994 1.666 1.994 1.995
p(α)-value 6 0.60 0.80 0.50 0.71 0.96 0.90

F-value 7 1.37 1.36 1.20 1.16 1.13 1.21
F-critical value 8 1.757 1.757 1.757 1.757 1.757 1.757

F-prob 9 0.36 0.35 0.59 0.66 0.72 0.57
RMSNE

=

√
N·∑N

n=1(Ysim
n −Yobs

n )
2

∑N
n=1 Yobs

n

0.09 0.07 0.08 0.05 0.033 0.047

MPE =
1
N ·∑N

n=1

(
Ysim

n −Yobs
n

Yobs
n

) 0.034 0.002 0.07 0.03 −0.002 −0.023

1 µ1 and µ2 are the mean values of the two groups here compared; 2 s.e. is the standard error; 3 c.i. is the
confidence interval; 4 t-value is the t-test statistic; 5 t-critical value is the critical value of the distribution; 6

p(α) is the probability of obtaining test statistics values equal to or greater than the target ones (in absolute
value) at significance level α of 0.05; 7 F-value is the F-test statistic; 8 F-critical value is the value found in the
F-distribution; 9 F-prob is the probability that the samples have equal variances; RMSNE denotes the normalized
root-mean-square error and MPE denotes the mean percentage error, where N is the number of observations,
while Yobs

n and Ysim
n are the target capacity values and the corresponding simulated values.

Figure 4. The roundabout model built in Aimsun: (a) the comparisons between the CAV-based and
simulated capacities for the scenario with 60% CAVs and 40% HVDs; (b) scattergram analysis for the
mixed traffic with 60% CAVs and 40% HDVs (right lane).

3.5. Step 5: Assessing the CAV Impact on Traffic Throughput

To investigate the performance efficiency of the large diameter roundabout modeled in
Aimsun in the transitioning toward a fully CAV fleet, the CAV impact on traffic throughput
was assessed compared to the base scenario made of 100% HDVs. Since the expectation of
implementing CAVs in traffic is to achieve a larger throughput by creating incentives to
operate the entry mechanisms among vehicles at high levels of utilization, operations at
capacity were simulated (see previous section).

It should be noted that utilization can be expressed by the throughput (i.e., the vehi-
cles entering the roundabout) compared to capacity (i.e., the maximum flow of vehicles
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processed by lane) [16]. Furthermore, the delay time values (s/km) were also computed
since they represent the time lost by all the vehicles that the roundabout system can process
compared with free-flowing traffic without the intersection installed along their path.

Thus, to explain the entry mechanisms of vehicles coming from the entry lanes,
reference is made to the southbound entry in Figure 2b. On the basis of the fine-tuning
process of the model parameters, the percentage differences for the entry capacity values
(pc/h) and delay time values (s/km) were calculated compared to the scenario made only
by HDVs as the CAV penetration rates increased (see Figure 5).

There were similar results for both lanes compared to the 100% HDVs case, since high
penetration rates of CAVs improved their ability to accept smaller gaps, thus improving
entry capacity and reducing delay times. Given that the assumptions related to CAVs
were based on simulation and could not be calibrated to real operating conditions on the
roundabout under examination, we recommend to the reader that the results presented
in Figure 5 can be taken as a projection of future situations with CAVs widespread on the
road network. In order to assess benefits of cooperative driving (see next step), another
roundabout layout was designed by dedicating a lane to CAVs: CAVs coming from the
right lane entered the roundabout, used the outer lane of the ring, and exited the right lane,
thus moving on a lane reserved for them. To ensure the above behavior, the CAV dedicated
lane was physically separated from the inner lane for mixed traffic with interruptions that
corresponded to the entries and exits. As in the roundabout where CAVs and HDVs shared
the lanes, different market penetration rates of CAVs were simulated for the situation with
a lane dedicated to CAVs.

Figure 5. Traffic scenarios vs. the case made only by human driven vehicles: (a) capacity for left and
right entry lanes; (b) delay time for left and right entry lanes.

3.6. Step 6: Assessing the CAV Impact on Traffic Throughput and Safety for the Roundabout with a
CAV Dedicated Lane Compared to the Mixed Traffic Situation

Step 6 consisted of assessing the impact of the cooperative driving on the safety and
performance efficiency of the roundabout with a lane dedicated to CAVs compared to
the mixed traffic situation, as already investigated for turbo roundabouts in previous
research [43]. It should be noted that, for the roundabout where a dedicated lane was
designed, the parameters fine-tuned for the right lane were applied to the right-dedicated-
lane, whereas the model parameters fine-tuned for the left lane were set for the left lane
with HDVs only (see Table 1). The mean values of the parameters fine-tuned for HDVs and
CAVs in Table 1 were selected for the roundabout layout with the shared lanes. Balanced
flow patterns were assigned as described in Section 3.4. To analyze the safety performance,
the Surrogate Safety Assessment Model (SSAM) [20] was combined with Aimsun.
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It is well known that the surrogate measures of safety explain the safety performances of
the road facilities also using vehicle trajectories provided by traffic microsimulators [20,44,45].
Thus, the SSAM reads the trajectory files generated by Aimsun and, through surrogate mea-
sures of safety (e.g., time to collision or post encroachment time), can assess the probability
of occurrence of a conflict. According to the SSAM logic, all conflict events (i.e., conflicting
vehicle pairs) are listed step by step, but including all the conflicts from the previous step.
Ten trajectory files for each layout (i.e., the roundabout with shared lanes and the roundabout
with a dedicated lane for CAVs) were extracted from Aimsun and processed by the SSAM; the
number of conflicts was then drawn from the SSAM for each roundabout. In line with [46],
the filters were set to process each conflicting event and to provide output data as much as
possible independent from the micro-simulators. Consistent with [45], a filter was applied to
consider conflicts within 30 m of the entries as happened at the roundabout in order to avoid
recording of conflicts far from the line of entry.

According to a sensitive analysis, the parameters with the greatest influence on the
potential conflicts between the vehicular trajectories included the time-to-collision (TTC)
and the post-encroachment time (PET) [47]. In this regard, smaller values of the TTC and
PET are more likely to cause a conflict, while a TTC equal to zero represents a collision;
however, the TTC should be shorter than the PET [20]. The maximum threshold of the
TTC was set at the value of 1.5 s, or equal to the default value of the TTC, since other
threshold values reduced from the value of 1.5 s provided less overlap for the vehicle
pair in the projection timeline and returned a new maximum threshold of the TTC [46]. It
should be noted that the SSAM updates the TTC values of each pair of vehicles as long as
the projection timeline is without overlaps. However, a crash occurs when the projection
reaches zero but the vehicles overlap. The conflict can be considered after the TTC value
exceeds the threshold value again [20].

In turn, the threshold value of the PET, or the time gap between one vehicle leaving
and another vehicle entering the conflict area, was set to 2.50 s, whereas the default value is
5.00 s [20]. A PET is associated with a timestep by conflict; once a conflict has ended, the
final PET value can be recorded, but the TTC value can be less than its threshold value.
The minimum values of TTC and PET were set to 0.10 s since zero values were processing
errors to be deleted [47]. The SSAM also recorded the maximum speed of the vehicles
throughout the conflict; the trajectory files returned similar values of the surrogate safety
measure, however, consistent with the urban speed limit of 50 km/h. The angle (i.e., the
conflict angle) of hypothetical collision between the conflicting vehicles returned values
ranging from 0◦ (indicating a direct rear approach of the second vehicle) to around −135◦

(indicating an approach of the second vehicle from the left). The conflict type parameter
allowed classifying the conflicts: a rear-end conflict happened when the absolute value of
the conflict angle was less than 30◦; a crossing conflict happened when the absolute value
of the conflict angle was wider than 85◦; otherwise, a lane-changing conflict occurred. It
should be said that a rear-end conflict involves two vehicles in the same lane at the same
time, while lane changing involves two vehicles which have changed lane. In the cases in
which the vehicles enter or exit the roundabout during a conflict event, the SSAM logic
considered a rear-end or lane-changing conflict according to the conflict angle values and
the underlying roundabout configuration with a lane dedicated to CAVs or shared lanes.
Other surrogate safety measures concerning driving behavior remained at the default
values to avoid unrealistic maneuvers.

Figure 6 shows the percentage difference in travel time (s/km) compared to the
scenario with HDVs only, while Figure 7 shows the number of conflicts on the roundabout
where CAVs and HDVs share the same lanes or CAVs used a dedicated lane. Figure 8
shows the number of conflicts by type. It should be noted that the number of total conflicts
and conflicts by type were in both cases the average number of conflicts recorded by
10 trajectory files elaborated by the SSAM.

It should be noted that the analysis carried out in this study necessarily reflects the
assumptions underlying the conceptualization of the roundabout network model operating
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as an isolated node of the road network. In this regard, how accurately the simulated traffic
conflicts are consistent with measurable on-the-field conflicts relates to matters outside the
objectives of this research activity; among other things, this is still an open field of research
(see, e.g., [48]).

Figure 6. Travel time percentage differences in the roundabout layout with a dedicated lane for CAVs
compared to the roundabout layout with shared lanes.

Figure 7. Total conflicts in the roundabout with a lane dedicated to CAVs compared to the layout
with shared lanes.

Figure 8. Types of conflicts at the examined roundabouts: (a) case with a CAV dedicated lane; (b) case
with shared lanes.
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4. Results

Operational and safety performances improved by dedicating an exclusive lane to
CAVs compared to the roundabout where vehicles share the lanes and lane-changing
may occur (see Figures 6 and 7). The lane dedicated to CAVs separates the two classes of
vehicles here considered, thus ensuring platooning, and effectively drives the travel time
and number of total conflicts down [34,49]. Figure 6 shows a slightly higher reduction in
the travel times (i.e., the total possible routes of vehicles recorded by the control detectors)
on the roundabout with a lane dedicated to CAVs than the roundabout with the shared
lanes. The benefit of the lane dedicated to CAVs is evident in the scenario with 100% CAVs,
where the percentage reduction in travel time is equal to about 18% compared to the case
of all human-driven vehicles; the percentage reduction in travel time is equal to about 16%
where CAVs and HDVs share the lanes compared to the case of all human-driven vehicles.

Concerning the total conflicts, the percentage reduction is evident where the dedicated
lane is designed than the layout where the entry and circulating lanes are shared by the two
classes of vehicles (see Figure 7). Despite the decreasing trend, the expected safety benefits
of the cooperative driving than traditional driving systems tend to decrease in the scenario
with 100% CAVs. It should be noted that the assumptions of assertive driving behavior used
in the simulation runs (see Table 1) may have reduced the safety margin among the vehicles,
thus affecting the negotiation among CAVs at roundabouts. According to [34], high traffic
volumes made of 100% CAVs may compromise the safety benefits since shorter headways
between subsequent vehicles contribute to increasing rear-end conflicts (see Figure 8).
In this regard, the SSAM returned a percentage of about 85% rear-end conflicts where a
lane dedicated to CAVs is designed compared to the percentage of 95% where the shared
lanes are operating. In this regard, the SSAM considers the entry and exit maneuvers
as lane-changing events, whose number may depend on the behavioral assumptions
of the underlying simulation model and the assumed threshold values. Although the
SSAM filters were set in line with [46], where two microsimulators were used to avoid the
setting of software-dependent parameters, a comparison with other microsimulators may
be necessary to test further aspects of CAV driving on roundabouts. Together with the
hypotheses of assertive behavior used to simulate CAVs, the lane separation may also force
the trajectories of entry or exit performed by them and then increase the percentage of lane-
changing conflicts returned by the SSAM (see Figure 8). This type of conflict is, however,
expected in the mixed traffic situation, and it is more evident where the two classes of
vehicles are almost balanced (see the scenario with 60% CAVs and 40% HDVs in Figure 8b).
Thus, the different distribution by type of conflict can be also due to the different way to
select the driving lane up to the desired exit in the roundabout layouts here examined. At
last, although the results point to the promising effects of growing penetration rates of
CAVs, it should be noted that they show only a projection of what might happen if the
cooperative driving systems were fully widespread on the road network.

5. Discussion

The novel opportunities of cooperative driving can further increase road safety
and efficiency since vehicles can move in a coordinated manner also with harmonizing
effect on mixed traffic situations at different levels and scales of complexity [5,50]. Con-
nectivity will help road users to better anticipate upcoming events (e.g., the horizontal
and vertical alignment of the road routes, the traffic states, and neighboring vehicle
movements), future events, and situations that may be perceived as potentially haz-
ardous during driving; in turn, automation will allow vehicles to adjust their movements
more precisely to anticipate imminent events. However, the implementation of CAVs
in real traffic where they have to interact with nearby human-driven vehicles is still in
development and far from the full experimental validation [51]. While many studies
have shown a myriad of prominent applications on vehicle design requirements, V2V
or V2I communications, jam dynamics, CAV platooning, and reduced infrastructure
footprint on highways (e.g., [7,9,52–54]), only a few studies have been undertaken to
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determine how CAVs can negotiate intersections and roundabouts, a fact which also
clearly influences land-use and urban planning (e.g., [30,55,56]).

Assumptions have to be made to model the gap-acceptance behavior of CAVs entering
a roundabout; the types of conflicting vehicles, together with the entry mechanism and the
way in which the priority is negotiated, determine the critical and follow-up headways
on which the capacity depends [5,17]. Among the factors that affects the CAV ability to
improve capacity, a higher proportion of CAVs can realize the competitive advantages
of connectivity.

The simulation of free-flowing traffic to capacity allowed exploring the entire range of
operations for the entry mechanisms here examined (i.e., the right lane and the left lane).
In this regard, the CACC feature enabled by V2V communication allowed CAVs to accept
shorter gaps safely than traditional vehicles. Thus, Figure 4a shows the decrease in the
entry capacity as the circulating flow increased. The comparison of the CAV-based capacity
curves with the simulated data in the same figure for the scenario with 60% of CAVs and
40% of HDVs confirmed the ability of Aimsun to capture variations in driving behavior for
the vehicle classes within the dataset, and to return simulated data of capacity fitting well
with the corresponding target values (see Table 1). According to [34], the accuracy of the
results depended mainly on the accuracy of the calibration. The versatility of Aimsun was
also confirmed by the statistical tests (see Table 2 and Figure 4b).

The throughput of the roundabout improved with the presence of enough CAVs in
the network (see also [57]). The CACC systems when in use allowed the simulated vehicles
to accept shorter time gaps than human drivers and to increase the roadway capacity
(see Figure 5a). Slightly higher percentage differences for the left lane than the right lane
depended on a greater readiness to enter required to vehicles coming from the left lane;
they mainly needed to turn left or travel through the roundabout and, once entered, had to
move forward more quickly than vehicles coming from the right lane. It can be observed
that, in the highest CAV penetration rate, the percentage increase in starting capacity was
25% for the right lane; an additional percentage increase of 3% occurred for the left lane
compared to the case of human driven vehicles. Similar results were also shown in the
literature regarding the impact of automated driving on roundabout capacity [58] and
mixed traffic situations [59]. In turn, the delay time values tended to significantly reduce up
to the scenario made of 60% CAVs and 40% HDVs with percentage differences of about 11%
for the right lane and 13% for the left lane; the percentage reductions tended to stabilize for
higher penetration rates of CAVs (see Figure 5b).

The size of selected roundabout allowed designing a lane dedicated to CAVs, while the
suburban character of its context of installation made the traffic situation easily managed
by CAVs. Aimsun was employed to calibrate the model parameters and then coupled with
the SSAM to perform the safety analysis.

The results show that the travel times decreased in the roundabout designs under
examination as the CAV penetration rate increased. In the condition of low penetration
rate of CAVs (i.e., 20% CAVs and 80% HDVs), the percentage reduction in travel times was
about 3% compared to the case of all-human driven vehicles in both roundabout layouts
(see Figure 6); the benefits of the dedicated lane were evident at high penetration rates of
CAVs (i.e., from 60% to 100% CAVs). By way of example for the mixed traffic situation
with 60% CAVs and 40% HDVs, Figure 6 shows percentage differences of 11.40% and 9.80%
in the travel times on the roundabout with a lane dedicated to CAVs and the roundabout
with shared lanes, respectively. There was a percentage reduction of 18.40% in travel times
in the scenario 100% CAVs compared to the case made only by human drivers for the
roundabout with a dedicated lane because of better driving performance of a fully CAV
fleet than the case of all-human driven vehicles; the percentage reduction was about 16% in
the roundabout without a lane dedicated to CAVs when the comparison was performed at
the edges of the range (i.e., 100% CAVs vs. 100% HDVs).

In turn, Figures 7 and 8 show the efforts to assess the safety performance of the
roundabouts under examination. According to [43,44,60,61], the configuration with a



Sustainability 2023, 15, 9345 16 of 20

dedicated lane separated the CAVs and HDVs, thus relegating the lane changing mainly to
the approach areas to perform entry and exit maneuvers, but depending on the availability
of acceptable gaps where vehicles could advance side by side.

The dedicated lane for CAVs halved the number of total conflicts compared to the
initial counterpart with shared lanes; the redesign of the large roundabout into a layout
with a CAV dedicated lane returned a percentage reduction of total conflicts on average just
over 50% (see scenarios from 40% to 80% CAVs) compared to the shared traffic situation
(see Figure 7). The percentage difference decreased in the scenario with a fully CAV fleet
due to the concomitant increase in rear-end conflicts; there were percentages of rear-end
conflicts of about 85% and 95% in the design option with the CAV dedicated lane and in
the counterpart without it, respectively (see Figure 8). This was also confirmed by the
simulations of the vehicles turning left (or traveling through the roundabout) which tended
to preselect the left lane before entering, and the vehicles turning right which tended to
preselect the right lane to enter regardless of the presence of the raised lane divisors, thus
modifying the assumed conflict patterns [17].

In conclusion, the methodological framework to assess road infrastructure safety and
performance efficiency in the transition to cooperative driving yielded some fruitful results.
In this view, the paper presents the research efforts aimed at better understanding the
performance of CAVs where the curvilinear design may lead to misinterpretation of driving
intentions or simply complicate the negotiation of the system.

However, it may be useful to address some further issues.

(1) This research was primarily focused on the comparison in terms of safety and op-
erational performances at the single road entity level. Moreover, the roundabout
network model simulated in Aimsun meets the geometry and traffic characteristics
of a real-life large roundabout chosen as case study where vehicular traffic flows
were balanced along the major and minor directions of driving. Future developments
should also be conducted at road corridor or network level, varying not only the
roundabout geometry but also the traffic demand matrices to investigate the effects
of different geometric shapes (i.e., outer diameter size, number of entry, exit and
circulating lanes, etc.), spacing, and traffic patterns on the performance efficiency and
speed management on roundabouts.

(2) Despite the observed effects on traffic safety and efficiency due to the design of
dedicated lanes (with mandatory or optional use) to separate CAVs from HDVs on
roundabouts, nothing can be said about conflicts attributable only to CAVs in mixed
traffic situations and their severity. Thus, future research actions should be directed
toward addressing the methodological limitations in the analysis of shared situations
where CAVs and HDVs interact, in order to better incorporate the abovementioned
conflict characteristics into decision support tools.

(3) The research results were given in the terms of an evaluation framework of the
model’s practical application and simulation verification, but they showed only a
projection of what might happen if CAVs were fully widespread on the road network.
This perspective also highlights the need for efficient methods to assess the potential
of CAVs and to enhance their throughput through an intelligent road management
in view of future mobility strategies. It is appropriate to deepen issues on smart
roundabout design to make the road network in operation suitable for the progressive
transition toward the full implementation of CAV technologies. There is also a need
to hypothesize how a control area performs in order to implement communications
among CAVs with the road infrastructure manager system (see [62] for the turbo
roundabout case).

6. Conclusions

There is increasing interest in CAVs, since their full implementation will transform road
transportation and promote social and economic change. Transition toward cooperative
driving systems still requires understanding of the key issues involved in adapting the
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geometry of road infrastructures to the kinematics of CAVs in order to achieve the proper
balance between road safety and traffic efficiency. Despite the clear benefits of CAVs,
several limitations will need to be addressed before their widespread implementation
becomes possible. There is a need to manage HDVs and CAVs mixed in traffic, especially at
roundabouts where the curvilinear feature of geometric design may complicate the mutual
interpretation of the driving intentions among vehicles.

On the basis of the above, this paper proposed a simulation-based methodological
framework to assess the impacts of CAVs on operational and safety performances at
roundabouts. The size of the selected roundabout allowed installing a lane dedicated
to CAVs, while the suburban character of its context made the traffic situation easily
managed by CAVs. Microscopic simulation from free-flowing traffic to capacity on the
roundabout designed in Aimsun, consistent with the geometry and traffic characteristics
of the real counterpart, allowed identifying some behavioral parameters of cooperative
driving suitable to simulate road situations with growing proportions of CAVs. Aimsun
was used to calibrate the model parameters and was coupled with the SSAM to perform
the safety performance analysis. Despite the effects on traffic throughput and safety with
CAVs, the advantage of a dedicated lane is to separate HDVs from CAVs, thus reducing
human error and potential conflicts among vehicles.

The benefit of the lane dedicated to CAVs was evident in the traffic made only by
CAVs where the percentage reduction in travel time was equal to about 18% compared
to the traffic made only by human drivers; the percentage reduction in travel time was
equal to about 16% where CAVs and HDVs share the lanes compared to the case with
100% human-driven vehicles. Concerning the total conflicts, the percentage reduction
was more evident where the dedicated lane was designed than the situation where the
entry and circulating lanes were shared by CAVs and HDVs. However, the expected
safety benefits of cooperative driving compared to traditional driving systems tended to
decrease in the scenario made only by CAVs. The assumptions of assertive driving behavior
used in simulation may have reduced the safety margin among CAVs, thus affecting their
negotiation and contributing to increasing rear-end conflicts. However, nothing can be said
about conflicts due only to CAVs in mixed traffic situations and conflict severity based on
the analysis tools available to date.

Thus, further research actions should be directed toward addressing the methodologi-
cal limitations in the analysis with CAVs to better incorporate the conflict characteristics
into decision support tools. Moreover, many more intersections and traffic conditions
should be studied to have a more comprehensive and detailed vision of CAVs at corridor
or road network levels and to assess the potential benefits of these technologies in the face
of growing demands for smart mobility. Since the roads of the future need high levels of
adaptation, automation, and resilience, guidance to select the intersection types suitable
to maintain stable operation against natural disruptions or manmade events should also
be provided. Thus, which intersection geometry or type of control mode (i.e., stop signs,
roundabouts, or traffic signals) may affect the efficiency, safety and resilience at intersec-
tions and roundabouts before and after a disruption will be a research question to answer
in future developments of the research. Lastly, future developments should also include a
comprehensive sustainability assessment of the energy and emission impacts of the full
lifecycle of CAVs from an operational perspective, to better understand the broader direct
and indirect effects at the mobility system level.
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