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Abstract: The paper presents a microsimulation approach for assessing the safety performance of
turbo-roundabouts where Cooperative Autonomous Vehicles “CAVs” have been introduced into the
traffic mix alongside conventional vehicles “CVs”. Based on the analysis of vehicle trajectories from
VISSIM and subsequent analysis of traffic conflicts through the Surrogate Safety Assessment Model
(SSAM), the research aims to evaluate the safety benefits of turbo-roundabouts where the lanes are
physically separated by raised curbs, compared to roundabouts without such curbs. The paper
will then describe the methodological path followed to build VISSIM models of turbo-roundabouts
with and without raised curbs in order to calibrate the simulation models and estimate the potential
conflicts when a higher percentage of CAVs are introduced into the traffic mix. A criterion has
been also proposed for setting properly the principal SSAM filters. The results confirmed both
higher safety levels for turbo-roundabouts equipped with raised lane dividers compared to turbo-
roundabout solutions without curbs, and better safety conditions under the traffic mix of CVs and
CAVs. Therefore, it follows that, in absence of crash data including CAVs, the surrogate measures of
safety are the only approach in which the safety performance of any roundabout or road entity can
be evaluated.

Keywords: turbo-roundabouts; surrogate measures; traffic conflicts; autonomous vehicles; SSAM

1. Introduction

The turbo-roundabout concept has been introduced as an alternative roundabout
which provides a spiraling traffic flow and requires drivers to preselect the right lane before
entering the intersection. It also limits lane-changing and speeds; raised lane dividers
between the lanes channelize drivers upstream from entry points, into the circulatory
roadway and up to the desired exits [1]. In view of these safety benefits, turbo-roundabouts
are used worldwide and their construction has induced a great variety of experiences.
Despite the presence of raised lane dividers as an important feature of safe performance,
turbo-roundabout configurations which only have road markings are also operating in
different countries such as Canada, Czech Republic, Denmark, Germany, Lithuania and
the USA. This configurational difference and absence of raised lane dividers is due to the
possible problems with snow-plowing in winter in presence of curbs [2]. Kieć et al. [3]
assessed the impact of curbs on road safety in Polish turbo-roundabouts by using floating
car data and video observation of lane changing behavior. Based on surveys of turbo-
roundabouts with and without raised curbs, they developed a surrogate measure of safety,
just reaching a relative validation of the method. The surrogate measure of safety was
introduced into existing safety performance functions in order to quantify the safety
impact of different turbo-roundabout solutions. However, only a few studies have been
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based on field data or have calibrated models for safety performance evaluation at turbo-
roundabouts. In turn, microscopic simulation has been used to estimate the impact of
roundabouts and turbo-roundabouts on traffic safety and operational performances [4–7].
However, some aspects of driving are being studied: how to implement computational
strategies to increase safety and efficiency in intelligent infrastructure management; how
to evaluate traffic performances of Cooperative Autonomous Vehicles (CAVs) when they
use dedicated lanes or when they are mixed with Conventional Vehicles (CVs) in the
same road entity at the same time. According to [8], the introduction of CAVs into the
traffic mix will likely reduce or eliminate the impact of the human factor in the decision-
making processes implemented by the driver. Traffic micro-simulation can provide tools
to analyze how the safety characteristics of road traffic will change when CAVs come to
coexist with CVs, and to develop new methods for managing road safety. Some recent
studies have used a surrogate measure of safety to evaluate the performance of any road
entity under various traffic situations and major results have highlighted the fruitful use
of these measures [9–12]. Guerrieri et al. [13] have studied the “conventional” driver
behavior at turbo-roundabouts in-depth. However, few studies have been carried out with
specific reference to roundabouts and turbo-roundabouts with the presence of CAVs. [14],
Giuffrè et al. [15] presented a microsimulation-based approach for evaluating the safety
performances of roundabouts where different percentages of CAVs were mixed with CVs.
Based on vehicle trajectories exported from VISSIM, traffic conflicts were estimated by the
SSAM for single-lane, double-lane and turbo-roundabouts. Tollazzi et al. [16] showed the
benefits of the application of microsimulation to the roundabout evaluation, and the present
study confirms that the simulated conflicts could be used to evaluate safety performance
of roundabouts in the absence of crash data, including CAVs. Krivda et al. [17] highlighted
the traffic conflict method based on the sustainable approach. Petru et al. [18] linked the
turbo-roundabouts operation to the sustainable road transport operations.

In this paper, a microsimulation approach for assessing the safety performance
of turbo-roundabouts, where CAVs are mixed with CVs, is presented. The research
aims to evaluate the safety benefits of turbo-roundabouts with curbs compared to turbo-
roundabouts without curbs. Based on a previous study [7], we also propose a criterion to
set the principal SSAM filters when the presence of CAVs in traffic should be included. The
paper shall also describe the methodological path followed to build the VISSIM models of
turbo-roundabouts with and without internal traffic separations to calibrate the models
and to estimate any potential conflicts that might occur with the change in the percentage
of CVs and CAVs in the traffic mix. A criterion has been also proposed for modeling
turbo-roundabouts without curbs in VISSIM and then estimating the potential conflicts
which might occur.

The results confirmed that there was higher safety levels in turbo-roundabouts where
raised lane dividers were installed, compared to solutions without curbs. Furthermore,
there was better safety performance in the traffic mix of CVs and CAVs.

2. Method

The geometric characteristics of the turbo-roundabout case study are shown in Table 1
and Figure 1. Note that the design characteristics were chosen to be consistent with the
basic turbo design proposed by [1,19].
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Table 1. The turbo-roundabout cross section elements for the selected case study.

Cross Section Elements [m]

R1 18.65
R2 22.90
R3 24.20
R4 28.45
r1 18.65
r2 22.90
r3 24.20
r4 28.45
Bv 4.50
Bu 4.50
Bv 3.50
Bu 3.50
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major roads. A maximum value of total entry flow of 3340 vehicles per hour was regis-
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Figure 1. The sketch of the turbo-roundabout.

Based on data of entry and conflicting traffic flows videotaped at turbo-roundabouts
showed in Figure 2 under rush-hour traffic and light traffic on regular weekdays, one situa-
tion of traffic corresponding to the matrix of traffic flow percentages in Table 2 was analyzed.
The percentage of the heavy vehicles did not go beyond 5 percent during the observational
period, while pedestrian flows resulted insignificant. Traffic flow measurement and vehicle
counting were conducted in the morning (7:30–8:30 a.m.) and the afternoon’s peak hours
(5:30–7:30 p.m.) at the 14 intersections under examination, on weekdays (Wednesday to Fri-
day) in 2019. However, morning peaks were almost always reached in a short time period
that dropped to their own lowest points, whereas the afternoon peaks were reached over a
longer time than the morning peaks. Thus, the morning peak-hour data were excluded.
Traffic flow data were videotaped on each entry (exit) lane approach within the viewable
area of the intersections; they were classified by travel direction and maneuver so that
they can be easily identified in the network model of the roundabouts built in simulation
environment. Note that traffic data were manually gathered and simultaneously counted
by two operators sited at the entry approaches of the major roads. A maximum value of
total entry flow of 3340 vehicles per hour was registered on-field during the surveys.
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Table 2. Matrix of traffic flow percentages for the turbo-roundabout case study.

O/D A B C D

A 0 0.15 0.50 0.35

B 0.50 0 0.30 0.20

C 0.50 0.35 0 0.15

D 0.30 0.20 0.50 0

First, VISSIM microsimulation was conducted for CVs only. The entering flow from
each approach was simulated in VISSIM by assuming a value of 1.2 m for the average
standstill distance (whereas the default value is 2.0 m). The VISSIM software was used
to simulate the traffic flows in the same temporal intervals as they were surveyed in the
field. Consistent with the observations in the field, the average standstill distance of 1.0 m
was set (whereas the default value is 2.0 m); it represented the average desired distance
between non-moving cars in which the roundabout is travelled under conditions ranging
from free flow traffic to a saturation degree of 0.88 [20]. Based on field observations, the
calibrated parameter is the mean value of the distribution of values of the distance between
two subsequent vehicles when they are queuing (with standard deviation of 0.423).

A sensitivity analysis, followed by the calibration in VISSIM, identified further model
parameters with the best possible performance on outputs:

• the “look ahead distance max”: the default value is 250.0 m; the calibrated value is
105.0 m;

• the “look back distance min”: the default value is 250.0 m; the calibrated value is
30.0 m;

• the “temporary lack of attention”: the default value is 0.0 s, while the calibrated value
is 2.40 s, that is consistent with [21];

• the “temporary lack of attention”: the default value is 0.0 s, while the calibrated value
is 9.20 s, that is consistent with [22,23];

• the “additive part of desired safety distance” for both entry lanes: the default value is
2.00 m; the calibrated value is 1.80 m;

• the “multiple part of safety distance” for both entry lanes: the default value is 3.00 m;
the calibrated value is 3.60 m.

Once the microsimulation ran, the vehicle data were extracted in order to generate
and analyze the simulated vehicle paths. Calibration was conducted so that VISSIM could
return driving patterns as close to those obtained in the field and the model was able to best
replicate them, as suggested in [24]. The combinations of the VISSIM parameters under
calibration best fitted the field data and resulted in more realistic driving behavior. Under
these combinations, the model was also effective in improving the simulation estimates. In
order to determine the similarity between observed and simulated values, the GEH index
was used as a measure of goodness-of-fit for the simulated data compared to those ones
observed in the field [25]. This index is a global indicator which is widely used for the
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validation of traffic simulation models, especially when only aggregate values, such as
traffic flow counts in time-based detection stations and input capacity, are available [26].
Since the deviation of the simulated values, with respect to the observed values, resulted
in lower than 5 in more than the 85% of the cases, the model was accepted; the root mean
squared normalized errors less than 12 percent were also thought as acceptable.

For the O/D matrix in Table 2, the entering flow from each entry was simulated by
increasing it with a step of 50 veh/h until the Level-of-Service C was reached; indeed,
potential conflicts at LoS A or LoS B, where weak vehicle interactions occur, cannot be
considered precursors of real conflicts. Simulations lasted 7 h in total. The analysis of
output data provided a value of 500 veh/h for the entering vehicular flow from each entry.

Simulations in VISSIM were used to generate the trajectory files and then to estimate
the surrogate measures of safety by using the SSAM. The overall duration of the simulation
was 70 min: 5 min of warm-up to load traffic into the network model and to reach a steady
state condition; 60 min of simulation for generating trajectory data; 5 min for emptying the
road network without affecting the traffic during the simulation.

Setting VISSIM Microsimulation with CAVs

In order to model as accurately as possible, the behavior of CAVs interacting with CVs
in the turbo-roundabout at the same time, the preloaded car-following model W99 in VIS-
SIM was applied to consider the driving characteristics of CAVs. The traffic configuration
included two scenarios: (1) 90% of CVs and 10% of CAVs; (2) 75% of CVs and 25% of CAVs.
The car-following parameters were set as delineated by [27], instead of the default values
(see Table 3).

Table 3. Default and calibrated values of the VISSIM parameters for CAVs.

VISSIM Parameters W99 Default Value Calibrated Value

CC0 [m] 1.50 1.00
CC1 [s] 0.90 0.50
CC2 [m] 4.00 1.00
CC3 [s] −8.00 −6.00
CC4 −0.35 −0.10
CC5 0.35 0.10
CC6 [m/s] 11.44 1.00
CC7 [m/s2] 0.25 0.10
CC8 [m/s2] 3.50 3.00
CC9 [km/h] 1.50 0.50
Reaction time [s] 1.20 0.00
Standstill distance [m] 2.00 1.00
Maximum waiting time [s] 120.00 0.00
Minimum look ahead distance [m] 0.00 20.00
Maximum look ahead distance [m] 250.00 200.00
Look back distance min [m] 0.00 20.00
Look back distance max [m] 150.00 100.00
Observed vehicles 4.00 10.00
Temporary lack of attention: duration [s] 0.00 0.00
Temporary lack of attention: probability [%] 0.00 0.00
Desired position at free flow any Middle of lane

Particular attention should be paid to the following parameters when CAVs are
considered within traffic operations:

• minimum look-ahead distance: if its value is 0.00 (case of CVs), only the number of
observed vehicles applies; if several vehicles can overtake within a lane, this value
needs to be greater than 0.00 m. A minimum distance of 20 m has been imposed
to model the CAVs and to allow a correct and safe alignment of vehicles during the
queue formation;
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• maximum look-ahead distance: this has been varied account for the fact that CAVs
will be interconnected with each other by Wi-Fi or similar connections; this distance
is set 200 m for CAVs; if this option is not selected, the following vehicle uses the
normal following behavior until the speed of the preceding vehicle drops to <1 m/s
and it almost comes to a halt. Only then, the following vehicle determines the final
approach behavior;

• the number of observed vehicles or certain network objects that affects how well
vehicles can predict other vehicles’ movements and react accordingly; the value has
been set to 10 vehicles to make CAVs interacting with all vehicles in a 200 m radius;

• temporary lack of attention: this parameter is divided into duration (how long this
lack of attention lasts) and probability (how often this lack of attention occurs); these
two parts must be set equal to 0 for CAVs because, without failures, their devices will
always be active and attentive to vehicle motion;

• standstill distance: the attribute of smooth close-up behavior should be selected for
CAVs because without such selection, the vehicles will use a normally-distributed
random value between 0.5 m and 0.15 m. For CAVs, this distance defines ultrasonic
sensors that stop the vehicles at a default distance value of 0.5 m;

• CC0: it can be set to 1.00 m for CAVs when the magnetic or ultrasonic sensors on
the market guarantee high efficiency and risk of minimal contact for distances from
1.00 m to 1.5 m;

• CC1: Figure 3 shows the differences in the front-to-rear time headways of cars and
heavy vehicles [27]. The headway was longer at very low speeds and decreased as
the speed of the following vehicle increased. For CAVs, the LIDAR sensors allow this
distance to be kept at a constant regardless of the type of vehicle that follows and its
speed; for CAVs this parameter was set to 0.5 s;

• CC2: this additional safety distance for CVs was estimated based on the spacing
between two vehicles during the unconscious following process [28]. Spacing, in
addition to safety distance, is smaller for CAVs than it is for CVs, since CAVs equipped
with sensors are 100% attentive and conscious when they follow vehicles; they are
also able to maintain constant speed and distance, avoiding the typical oscillations of
CVs. Thus, a value of 1.00 m was set for CAVs;

• CC3: for each vehicle pair, it was estimated based on the duration of the closing process
that starts when the deceleration is less than or equal to −0.31 m/s2. In the case of
CAVs equipped with Lidar sensors, CACC, breaking emergency systems, are able to
recognize the vehicles that precede them regardless of their size and speed; therefore,
the CAVs allow a quick recognition of all users present in their trajectory, starting the
deceleration process at a greater distance. In the case of CAVs, this parameter has
been set to −6 s;

• CC4 and CC5: CAV estimates the speed of the vehicle that follows, determines the
distance and in the case of queuing, constantly maintains these two variables over
time. Thus, the parameters CC4 and CC5 for the CAVs have been set equal to 0.1;

• CC6: for CAVs, this parameter can be 1 m/s thanks to the automatic control of the
driving system;

• CC7: both car and heavy vehicle drivers apply low acceleration/deceleration during
the unconscious following process because they try to maintain the ideal gap at zero
relative speed. For CAVs, the vehicle can maintain this variation equal to 0.1 m/s2;

• CC8: for CAVs, it has been defined according to the technical characteristics of the
CACC, which determines an average acceleration of 3.00 m/s2;

• CC9: for the CAVs, this has been set at 0.5 m/s2 but it did not influence simulations,
since the speed limit is 50 km/h.
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3. Calculation of Total Conflicts

In order to extract the trajectory files from VISSIM, 15 replications of simulation,
each one hour in duration, were created; according to [4,7], the best five simulations were
selected. The SSAM software was applied to combine microsimulation with automated
conflict analysis, and calculate the surrogate measures of safety for the turbo-roundabout
under examination. First, we only analyzed a fleet of CVs. A comparison was made
between the turbo-roundabouts with curbs and without curbs; a criterion was also pro-
posed to model the turbo-roundabout without curbs in VISSIM. Subsequently, the traffic
composition was modified to introduce a percentage of CAVs.

3.1. SSAM Application with Conventional Vehicles (CVs)

The SSAM software allowed for the analysis of surrogate indicators including the
time-to-collision (TTC), which is the minimum time between two vehicles that will collide
with each other if they do not change their respective trajectories, and the maximum speed
(MaxS), which is the maximum speed of either vehicle throughout the conflict. Conflicts
with a TTC value less than 1.50 s were considered since they denote a high probability of
collision; therefore, the above value is used as the maximum threshold [29]. An estimation
of potential conflicts was conducted and is shown in Figure 4, with reference to the case
study of the turbo-roundabout with curbs (see Table 1); 61 total conflicts were observed:
97 percent at the rear-end and the remaining due to lane changing. The result has been
referred to 1/2 turbo-roundabout with curbs (see Figure 4), according to the criterion that
will be discussed shortly.
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To evaluate the effects of curbs on road safety, two turbo-roundabouts with curbs and
without curbs are compared. In VISSIM, behavioral model vehicles consider the continuous
markings between two lanes as a forbidden limit; thus, the differences in terms of conflicts
between turbo-roundabouts with or without curbs could not be understood. A criterion has
been proposed for modeling a turbo-roundabout without curbs and estimating the potential
conflicts. The approaching operation to the turbo-roundabout without curbs is broken
down into two parts: an entry maneuver (left turn plus crossing, right turn) into a double-
lane roundabout and an exit maneuver as for a single-lane roundabout (see Figure 5); the
potential conflicts of each single maneuver have been summed. Figure 4 shows that 1/2

turbo roundabout (on the left) could be modeled by 1/4 double lane roundabout plus 1/4

single lane roundabout (on the right).
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Figure 5. Model of the turbo-roundabout without curbs in VISSIM environment.

Based on the proposed criterion, simulations were carried out on a double-lane
roundabout and a single-lane roundabout, geometrically consistent with what is shown
in Figure 1, the same entry angles (in any case aligned with the North-South direction),
and the same traffic conditions of Table 2. Simulations in VISSIM and followed by the
analysis of potential conflicts by the SSAM software presented conflicts in Table 4, with
reference to the pattern: 1/4 double-lane roundabout plus 1/4 single-lane roundabout shown
in Figure 4. Figure 6 depicts potential conflicts for the turbo-roundabout models with and
without curbs.

Table 4. Estimation of potential conflicts for the turbo-roundabout model without curbs.

1/4 Single Lane 1/4 Double Lane

crossing 0.0 crossing 0.0
rear-end 35.0 rear and 152.0

lane change 13.0 lane change 7.0
Total conflict 48.0 Total conflict 159.0



Sustainability 2021, 13, 8810 9 of 14Sustainability 2021, 13, x FOR PEER REVIEW 9 of 14 
 

 
Figure 6. Potential conflicts for the turbo-roundabout models with and without curbs. 

From the above considerations and the analysis just described, a total reduction in 
potential conflicts reach almost 70 percent when curbs are installed; thus, curbs help driv-
ers to set their paths correctly, reduce the areas in which the trajectories could intersect 
and, consequently, decrease potential risks. 

3.2. SSAM Application with Cooperative Autonomous Vehicles (CAVs) 
Estimation of potential conflicts in traffic where percentages of CVs and CAVs are 

interacting was conducted using the SSAM; in each examined traffic mix, CVs included 
5% of heavy vehicles. A filter was applied to the TTC to account for the autonomy of 
CAVs. TTC defines a conflict point as the difference between the end of encroachment of 
a turning vehicle and the time when a through-vehicle (with priority) arrives at the con-
flict point; however, it must have traveled its trajectory with the speed at the time it started 
deceleration to avoid a collision [9]. 

Thus, the vehicle with priority did not perceive the risk and, in turn, did not reduce 
the speed. The time for CVs ranges from 0.00 s to 1.50 s. CAVs are equipped with an Au-
tomatic emergency brake system [30] that is associated with the Anti-lock Braking System 
(ABS) [31]. Although these systems allow the vehicle to reach a very high level of deceler-
ation (1.2 g as a maximum), usual pavement and tyre conditions, as far as adverse envi-
ronmental conditions, can severely reduce the maximum value, which can be used in sim-
ulation. 

When CAVs are interacting with the other vehicles in the traffic mix, the emergency 
braking system does not work and the vehicle cannot slow down to avoid the impact, the 
formula can be assumed for uniform motion: s = 6 m = v∙t = v∙TTC, where 6 m is assumed 
as the system activation distance in the case studied. In the most serious situation, it fol-
lows that TTC = 6∙m/8.33 m/s = 0.72 s. 

When traffic includes only CAVs, one can obtain 0 < TTCCAVs < 0.72 s. Considering a 
linear increase in TTC as the percentage of CVs increases, it is possible to write: 100%஼௏ೞ∆𝑇𝑇𝐶஼௏௦ ൌ %𝑋஼௏ೞ∆𝑇𝑇𝐶஺௏௦ 1ሺ1.5 െ 0.72ሻ ൌ %𝑋஼௏ೞሺ0.72 െ 𝑇𝑇𝐶஺௏௦ሻ 0.72 െ 𝑇𝑇𝐶஺௏௦ ൌ ሺ1.5 െ 0.72ሻ ∙ %𝑋஼௏ೞ 𝑇𝑇𝐶஺௏௦ ൌ 0.72 ൅ ሺ1.5 െ 0.72ሻ ∙ %𝑋஼௏ೞ 𝑇𝑇𝐶஺௏௦ ൌ 0.72 ൅ 0.78 ∙ %𝑋஼௏ೞ 

(1)

Considering that TTC increases linearly as the percentage of CVs increases, for %XCVs 
of 75% one can obtain 0.72 ൅ 0.78 ൈ 0.75 ൌ 1.26 𝑠, while for %XCVs of 90% it results in 0.72 ൅ 0.78 ൈ 0.90 ൌ 1.42 𝑠. 
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From the above considerations and the analysis just described, a total reduction in
potential conflicts reach almost 70 percent when curbs are installed; thus, curbs help drivers
to set their paths correctly, reduce the areas in which the trajectories could intersect and,
consequently, decrease potential risks.

3.2. SSAM Application with Cooperative Autonomous Vehicles (CAVs)

Estimation of potential conflicts in traffic where percentages of CVs and CAVs are
interacting was conducted using the SSAM; in each examined traffic mix, CVs included
5% of heavy vehicles. A filter was applied to the TTC to account for the autonomy of
CAVs. TTC defines a conflict point as the difference between the end of encroachment of a
turning vehicle and the time when a through-vehicle (with priority) arrives at the conflict
point; however, it must have traveled its trajectory with the speed at the time it started
deceleration to avoid a collision [9].

Thus, the vehicle with priority did not perceive the risk and, in turn, did not reduce
the speed. The time for CVs ranges from 0.00 s to 1.50 s. CAVs are equipped with an
Automatic emergency brake system [30] that is associated with the Anti-lock Braking
System (ABS) [31]. Although these systems allow the vehicle to reach a very high level of
deceleration (1.2 g as a maximum), usual pavement and tyre conditions, as far as adverse
environmental conditions, can severely reduce the maximum value, which can be used
in simulation.

When CAVs are interacting with the other vehicles in the traffic mix, the emergency
braking system does not work and the vehicle cannot slow down to avoid the impact,
the formula can be assumed for uniform motion: s = 6 m = v·t = v·TTC, where 6 m is
assumed as the system activation distance in the case studied. In the most serious situation,
it follows that TTC = 6·m/8.33 m/s = 0.72 s.

When traffic includes only CAVs, one can obtain 0 < TTCCAVs < 0.72 s. Considering a
linear increase in TTC as the percentage of CVs increases, it is possible to write:

100%CVs
∆TTCCVs

=
%XCVs

∆TTCAVs
1

(1.5−0.72) =
%XCVs

(0.72−TTCAVs)

0.72 − TTCAVs = (1.5 − 0.72)·%XCVs

TTCAVs = 0.72 + (1.5 − 0.72)·%XCVs

TTCAVs = 0.72 + 0.78·%XCVs

(1)

Considering that TTC increases linearly as the percentage of CVs increases, for %XCVs
of 75% one can obtain 0.72 + 0.78 × 0.75 = 1.26 s, while for %XCVs of 90% it results in
0.72 + 0.78 × 0.90 = 1.42 s.

In order to verify this hypothesis, the risk of a crash (R) at a single-lane roundabout
has been assessed based on the assumption that risk is the combination of the probability
(or frequency), the occurrence of a risk, and the magnitude of the consequence.
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Thus, R is defined as the product of the frequency of occurrence (F) for the severity
of the consequences or magnitude (M): R = F × M. From this definition, it follows that
the risk is proportional to the frequency of occurrence and therefore to the number of
potential conflicts that occur at an intersection for a given geometry and entry capacity; the
magnitude varies proportionally as the average travel speed changes.

From these two considerations, with reference to similar intersections with equal
conflicts and average driving speed, the same level of risk could be estimated.

Therefore, considering that the average speed of vehicles at the roundabout entry lines
varies, in a limited range as the percentage of CAVs varies, the TTC value can be calculated
for constant risk levels (R = constant). It determines the same number of conflicts as the
percentage of CAVs varies (10%–25%–50% CAVs). Thus, by analyzing the potential conflicts
arising from simulations carried out for a single-lane roundabout, the trend assumed in
the initial phase is confirmed. Figure 7 shows the linear relationship of TTC as a function
of percentages of CVs and CAVs and its validation is based on the analogy with the risk
concept above introduced.
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In order to extract the number of conflicts from SSAM when traffic included a mix of
CVs and percent of CAVs, a filter was applied onto the TTC; this considers the percentage
of CAVs in the traffic mix. Based on the criterion above, introduced to compare the turbo-
roundabouts with and without curbs, Table 5 shows the potential conflicts extracted, when
the percentage of CAVs is 10% or 25%; for different traffic mixes, reference is made to
the conflicts estimated for 1/4 double-lane roundabout and 1/4 single-lane roundabout
(whose sum gives the conflicts for 1/2 turbo-roundabout without curbs) and for 1/2 turbo-
roundabout with curbs.
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Table 5. Estimation of potential conflicts for the turbo-roundabout model with and without curbs.

75%CVs Plus 25%CAVs

1/2 TURBO with Curbs
1/2 TURBO without Curbs

1/4 Single-Lane 1/4 Double-Lane

Type of Conflict n. Type of Conflict n. Type of Conflict n.

crossing 0.0 crossing 0.0 crossing 0.0
rear end 14.0 rear end 20.0 rear end 9.0

lane change 4.0 lane change 4.0 lane change 1.0
Total conflict 18.0 Total conflict 24.0 Total conflict 10.0

90%CVs Plus 10%CAVs

1/2 TURBO with Curbs
1/2 TURBO without Curbs

1/4 Single-Lane 1/4 Double-Lane

Type of Conflict n. Type of Conflict n. Type of Conflict n.

crossing 0.0 crossing 0.0 crossing 0.0
rear end 27.0 rear end 28.0 rear end 25.0

lane change 3.0 lane change 7.0 lane change 1.0
Total conflict 30.0 Total conflict 35.0 Total conflict 26.0

Based on the findings shown in Figure 8, if the traffic flow is composed of 75% of CVs
and 25% of CAVs, the potential for conflict is reduced by 70% for a turbo-roundabout with
curbs. When the traffic flow is composed of 90% of CVs and 10% of CAVs in the same
design layout, the potential for conflict is reduced by 50%. These reductions are also related
to the reduction in the man-to-driver component, a condition that determines:

• the removal of the perception and reaction time;
• removing probability of distraction when driving;
• the impossibility of CAVs approaching the next vehicle; this condition is imposed by

the ultrasound sensors and the LIDAR system that establishes a threshold of maximum
proximity to the next vehicle equal to 1.2 m;

• travel trajectory presetting to always keep the vehicle on the center line of the
traveled lane.
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4. Discussions and Conclusions

The main focus of the research in this paper has been to evaluate the “safety per-
formance” of the original curb settings within turbo-roundabout layouts. Although the
literature informs us that internal separations improve road safety, since raised lane di-
viders should mark entry, circulating and exit lanes, curbs could be an obstacle in weather
conditions (e.g., presence of heavy snow), especially when work vehicles must be used for
specific activities (e.g., snow removal).

In order to test the above assumptions, we built two scenarios for the comparison
between turbo-roundabouts with and without internal traffic separations. Moreover, for
each roundabout layout we considered the case of CAVs operations within the traffic
flow at two levels: 10% and 25% of CAVs, considering the outlook steps of new vehicle
technology penetrating the market.

The results of the study highlight an increased level of safety in turbo-roundabouts
with curbs when a percentage of CAVs is present within the traffic flow. In spite of efforts
whereby traffic simulation is used to model driving behavior and style of CAVs mixed with
conventional vehicles, especially when specific geometric layouts have to be implemented,
a strength of this study is the use of surrogate measures of safety which have been estimated
through the SSAM tool. For example, the conflict analysis highlighted that if the traffic
mix is made of 75 percent of CVs and 25 percent of CAVs at a turbo-roundabout with
curbs, the total potential conflicts will reduce by 83 percent compared to a situation where
a turbo-roundabout has no curbs and the traffic is made of 100% CVs. When the percentage
of CAVs decreases to 10 percent of the overall traffic mix, the total potential for conflicts is
reduced by 70 percent, compared to a turbo-roundabout where there is an absence of curbs
and the traffic mix is comprised of 100% CVs.

However, there are no CAVs on the road which can ensure an appropriate validation
of models where a traffic mix with CAVs is considered. It should be noted that the
calibration of VISSIM under traffic conditions, incorporating CAVs, must be considered as
a simplified representation of the real behavioral model, since the calibration process should
be based on detailed information including interaction between drivers and autonomous
vehicles. However, the use of CAVs is far from being effective to date although the needs
of green booster within mobility issue [32], neither data collected in the field, nor crash
data involving CAVs can be used. In spite of the specific findings obtained, it is reasonable
to claim that in the future, when the CAVs will increase, the presence of internal traffic
separations would be not significant in terms of potential traffic conflict. Instead, it should
be paid attention to the circumstance of more serious conflict due to the absence of curb
settings, given by the concurrent combination of lower TTC and higher MAXs associated
to the increasing of CAVs percentage.



Sustainability 2021, 13, 8810 13 of 14

According to the need for new solutions supporting analysis of CAVs into the traffic
mix as also examined by [33], the results from this case study confirm that the analysis
through surrogate measures of safety is a preferential means of comparing the safety
performance of road entities.
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3. Kieć, M.; Ambros, J.; Bąk, R.; Gogolín, O. Evaluation of safety effect of turbo-roundabout lane dividers using floating car data and

video observation. Accid. Anal. Prev. 2019, 1251, 302–310. [CrossRef] [PubMed]
4. Giuffrè, O.; Granà, A.; Tumminello, M.L.; Giuffrè, T.; Trubia, S.; Sferlazza, A.; Rencelj, M. Evaluation of roundabout safety

performance through surrogate safety measures from microsimulation. J. Adv. Transp. 2018, 1–14. [CrossRef]
5. Giuffrè, O.; Granà, A.; Marino, S.; Galatioto, F. Microsimulation-based passenger car equivalents for heavy vehicles driving

turbo-roundabouts. Transportation 2016, 31, 295–303. [CrossRef]
6. Saulino, G.; Persaud, B.; Bassani, M. Calibration and application of crash prediction models for safety assessment of roundabouts

based on simulated conflicts. In Proceedings of the 94th Annual Meeting TRB, Washington, DC, USA, 11–15 January 2015.
7. Tibljaš, A.D.; Giuffrè, T.; Surdonja, S.; Trubia, S. Introduction of autonomous vehicles: Roundabouts design and safety performance

evaluation. Sustainability 2018, 10, 1–14.
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