<@ sustainability

Article

Impact of Autonomous Vehicles on Roundabout Capacity

Othmane Boualam 1, Attila Borsos 1'*{0, Csaba Koren !

check for
updates

Citation: Boualam, O.; Borsos, A.;
Koren, C.; Nagy, V. Impact of
Autonomous Vehicles on
Roundabout Capacity. Sustainability
2022, 14,2203. https://doi.org/
10.3390/su14042203

Academic Editors:
Elzbieta Macioszek, Anna Grana,

Tomaz Tollazzi and Tullio Giuffre

Received: 31 December 2021
Accepted: 12 February 2022
Published: 15 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Viktor Nagy 2

Department of Transport Infrastructure and Water Resources Engineering, Széchenyi Istvan University,
Egyetem tér 1, 9026 Gyor, Hungary; boualam.othmane@sze.hu (O.B.); koren@sze.hu (C.K.)
Department of Transport, Széchenyi Istvan University, Egyetem tér 1, 9026 Gyor, Hungary;
nagy.viktor@sze hu

*  Correspondence: borsosa@sze.hu; Tel.: +36-96-613-634

Abstract: Studying the impact of AVs on our road infrastructure offers a lot of potential in the
transportation domain; one of these issues is how capacity will be affected. This paper presents a
contribution to this research area by investigating the impact of AVs on the capacity of single-lane
roundabouts using a microsimulation model. For the development of the model, a roundabout
situated in Gy6r (Hungary) was selected and field data on the roundabout geometric characteristics
as well as traffic volumes were used. Simulations using Vissim were run for various scenarios based
on varying input traffic volumes and market penetration rates of AVs to assess queue lengths. The
highway capacity manual (HCM) roundabout model was used to estimate the capacity of the existing
roundabout. Values of follow-up times and critical gaps were set to decreasing as the penetration rate
of AVs increases. The results demonstrated that 20% and 40% AVs in the flow would increase leg
capacities by about 10% and 20%, respectively. Furthermore, a reduction in excessive queue lengths
was estimated and capacities and queue lengths were calculated by legs. It was found that these are
highly influenced by the distribution of flows among legs, and the share of flows in various directions.
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1. Introduction

Autonomous vehicles (AVs) will have many fundamental impacts on transportation,
creating new challenges for transport and network operators. Based on the literature it is
expected that autonomous vehicles will improve road safety and reduce the cost of travel
and emissions [1-4]. Furthermore, it is claimed that AVs will increase shared mobility and
the capacity of road networks, as well.

Traffic will mainly consist of manually driven vehicles with some vehicles with au-
tomated driving functions and some AVs at the early stages of their implementation [1].
However, as AV technology rapidly advances, the share of AVs is expected to grow and
their programmed behavior to evolve. This evolution will require transport operators to
study the coexistence of AVs and conventional vehicles and to rethink road infrastructure
standards, so they meet future needs and accommodate both types of vehicles [5,6]. Con-
nected autonomous vehicles (CAV) are also in development. However, this paper only
deals with “standalone” AVs, and does not consider V2I or V2V communication.

Researchers are interested in studying the impacts of AVs on transportation, especially
the key road safety and capacity issues when AVs with different settings are mixed in traffic.
This paper contributes to these concepts by examining the effect of AVs on the capacity
of single-lane roundabouts using microscopic simulation in Vissim 2021 along with HCM
capacity calculations. Field data of traffic volumes from an existing roundabout in Gy&r
(Hungary) were used. The study analyzes various scenarios with different input traffic
volumes as well as different penetration rates of AVs.

Roundabouts were chosen as a matter of study, as this type of intersection is more and
more popular in many countries. Due to the fewer conflict points and relatively low speeds,
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this intersection type is safer and air pollution is also lower compared to other intersections;
therefore, it has advantages regarding sustainability.

The structure of the paper is as follows. Under Section 2, a literature review is given on
the capacity calculation of single-lane roundabouts as well as the expected impact of AVs.
Under Section 3, data collection and methodology are introduced. Section 4 contains results,
followed by limitations and discussion under Section 5. The most important conclusions
are summarized in Section 6.

2. Related Research

There is a vast number of literature sources on the capacity calculation of roundabouts
and a few but growing number of papers on the impact of autonomous vehicles on round-
abouts. This section gives a very brief overview of the models of roundabout capacity
followed by a slightly more detailed summary on the studies of AVs at roundabouts.

2.1. Roundabout Capacity

The implementation of modern roundabouts in Europe started in the 1960s. Round-
about capacities were investigated by many researchers; the tendency over the decades
was that each country attempted to find its own solution [7].

Analytical models of roundabout capacity can be classified into two main groups:
models based on gap acceptance theory (semi-probabilistic), and statistical models based
on the regression analysis of field data (empirical). The former represents driver behavior
through headway distributions of traffic on the circulating road, and critical gaps and
follow-up headways of approaching vehicles [8,9]. The statistical models are regression-
based methods to identify variables that determine capacity values [8,10]. Wu and Brilon
recently proposed a third method for roundabout capacity calculations [10]. Their model
treats the whole intersection as one entity, instead of splitting up the roundabout in sev-
eral THjunctions. Compared to the usual roundabout capacity analysis techniques, their
model considers the conflict points between the different types of traffic streams (vehicles
and pedestrians).

One of the most widely used models is the highway capacity manual 2010 roundabout
capacity model [11] updated in its 6th edition (HCM6th) [12]. It is cited under both model
types above and is often cited as “a non-linear empirical (exponential regression) model
with a theoretical basis in gap acceptance methodology” [8]. Researchers have also tested
the adaptability of the HCM6th capacity model to local conditions e.g., [13].

2.2. Studies on AVs at Roundabouts

Cao and Zoldy, in their paper, evaluated the impact of connected and autonomous
vehicle (CAV) behavior in real vehicles on vehicle fuel consumption and emission re-
ductions [14]. They provided a preliminary theoretical summary to assess the driving
conditions of autonomous vehicles in a roundabout, which attempts to explore the impact
of driving behavior patterns on fuel consumption and emissions, including other key
factors of autonomous vehicles to reduce fuel consumption and emissions.

A recent paper by Severino et al. focused on the evaluation of connected automated
vehicles and the connected vehicles operation with the presence of pedestrians and bicycles.
They simulated scenarios with zebra crossings in the main roads, positioned 20 m from
circulatory carriageway edges [15].

Many researchers have examined how AVs should drive to increase safety and decrease
energy demand. Wu examined the reverse concept of how intersections and roundabouts
should be designed to optimize the performance of CAVs. He assessed different traffic
management strategies (with cross-intersectional organization and circular organization)
for CAVs under the same traffic demand at the same road junction [16].

A similar approach was taken by Lengyel et al. They suggest that CAVs should be
included considering how to adapt the infrastructure to automated vehicle functions and
create a seamless shift towards automated driving [17].
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Calibrating the microscopic traffic simulation software for different types of AVs is
one of the most challenging steps in assessing AVs’ impact on traffic flow [5,6,18]. PTV
Vissim software has been calibrated to simulate different types of AVs in a large body of
literature that assesses the impacts of AVs on traffic flow. Researchers have calibrated PTV
Vissim using a variety of methods and field data [18], as summarized in [19].

Zhao et al. [20] also used microsimulation with a simple two-way single-lane round-
about to investigate the optimal coordination of CAVs to study the effect of their penetration
level on fuel consumption and travel times. Martin-Gasulla and Elefteriadou [21] addressed
the same issue, namely, how to optimize the coordination of CAVs to maximize throughput
and minimize average control delay. Also dealing with CAVs, Bakibillah et al. [22] devel-
oped a control system for a four-leg roundabout offering a bi-level framework, where a
higher level of control forms clusters of vehicles and a lower level treats vehicles individu-
ally. Mohebifard and Hajbabaie [23] presented a method to optimize trajectories of CAVs
in roundabouts.

The uniform conclusion of these studies is that with increased CAV market penetration
(to nearly 100%), travel time and fuel consumption can be improved, and capacity can
be increased due to the coordination of vehicles. Based on the above-cited sources it is
apparent that a lot of attention has been paid to connected autonomous vehicles and slightly
less to AVs. At the early stages of vehicle automation, however, there will be a coexistence
of human-driven vehicles and AVs and merely the presence of AVs in traffic without being
connected is worth investigating. Therefore, in this paper we focus on AVs and do not
cover the possible impacts of CAVs.

3. Data Collection and Methodology

Introduced in this section are the steps we performed to study the impact of AVs on a
specific roundabout where we have measured data. First, the roundabout was selected, and
geometric and traffic data were collected. Then, based on these data, the model was built
in Vissim. Scenarios were then defined based on the AVs penetration rates and input traffic
volumes. The simulation process was performed and results were analyzed by comparing
average queue lengths. Capacity calculations were made using the HCM capacity model,
where critical gaps and follow-up times were defined for the scenarios.

3.1. Site Selection and Data Collection

The selected roundabout is situated in Gy6r (47°41'22.7” N 17°37'27.8” E). The city is
the county seat of Gy6r-Moson-Sopron County and lies between three European capitals:
Budapest, Vienna, and Bratislava. The selected roundabout for the study is a single lane
roundabout, the most important geometric dimensions of which are given in Table 1.
Figure 1 shows the roundabout along with the labels given to the four legs. All the legs
have a single-entry and a single-exit lane. There is also a cycle path with crossings as well
as pedestrian crossings on every leg.

Table 1. Characteristics and geometric dimensions of the selected roundabout.

Number of Legs 4
Number of Circulatory Lanes 1
Diameter of Central Island (m) 16
Diameter of Inscribed Circle (m) 35

Entry Width (m) 4.5

Circulatory Roadway Width (m) 8
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Figure 1. Labels adopted for the roundabout legs.

At the chosen roundabout, a 360-view camera (Samsung gear 360 camera) observed
traffic flows and recorded traffic volume data. These measurements were done in 2019
before the COVID-19 pandemic [24], thus traffic volumes represent a normal traffic situation.
The camera was placed in the center island of the roundabout, mounted at a height so
that it could accurately show traffic movements on all legs as well as in the circulatory
roadway. Data were recorded during morning and afternoon peak intervals (from 7 am to
8 am, and from 4 pm to 5 pm) of a normal day with good weather conditions (partly sunny,
clear vision, no wind, or any weather factor that would exceptionally affect traffic flows or
recording quality).

3.2. Traffic Volumes

As for traffic volume data, the total number of vehicles entering the roundabout was
recorded on all the entries, and the intended exit was identified. Three types of vehicles
were distinguished according to the Hungarian guideline [25] classifications:

e Light vehicles (up to 3.5 t mass: passenger cars, motorcycles, and vans).
e  Heavy vehicles (above 3.5 t mass: heavy lorries and buses).
e  Articulated vehicles (articulated buses and trailers).

Table 2 shows the values of factors that were used to convert the three previous items
to a passenger car unit (PCU).

Table 2. Passenger car unit for vehicle type.

Vehicle Type PCU Value
Light vehicles 1
Heavy vehicles 2
Articulated vehicles 3

Peak hour traffic volumes are given in Tables 3 and 4 below. Both peak intervals were
used for the simulation in Vissim.
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Table 3. Traffic volume data from 7 a.m. to 8 a.m.

7 — 8 am
To
Traffic Flow (pcu/h)
1 2 3 4 )
1 74 881 13 968
2 104 53 0 157
From
3 363 19 10 392
4 391 58 27 476
Y 858 151 961 23 1993
Table 4. Traffic volume data from 4 p.m. to 5 p.m.
4 — 5p.m.
To
Traffic Flow (pcu/h)
1 2 3 4 >
1 119 794 34 947
2 77 87 6 170
From
3 433 38 7 478
4 498 125 37 660
Y 1008 282 918 47 2255

3.3. Roundabout PTV Vissim Set Up

The roundabout model was created from its exact background file (.dwg) considering
all geometric parameters (Figure 2). The entry lanes are made long enough to accommodate
traffic queuing. Pedestrian and bicycle crossings are not defined in the model, as pedestrians
and bicycles are not considered at this stage of the research.

Figure 2. Modeled roundabout in PTV Vissim.
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In the model, reduced speed areas are used on entry/exit legs as well as in the round-
about. Based on the deceleration parameters of the vehicles, the software automatically
calculates the start point of braking, which is different for conventional versus autonomous
vehicles (as well as in the three categories).

3.4. AVs and Conventional Vehicles Parameters in Vissim

Previously, several researchers have investigated the parameter settings for simulating
AVs [26-29]. Zeidler et al. [26] focused on the longitudinal behavior of autonomous test ve-
hicles and adjusted the Wiedemann car-following model parameters. They concluded that
the behavior of AVs in cooperative adaptive cruise control (CACC) is modeled realistically
by Vissim; however, when driving without communication the behavior is much more
complicated to reproduce in the simulation. As part of the CoEXist project, Sukennik [27]
provided a comprehensive description of the modeling of AVs in Vissim and gave general
recommendations for the Wiedemann following behaviors. Stogios et al. [28] investigated,
among others, eight car-following parameters of the Wiedemann model using the most
cautious and aggressive driving extremes reported in other studies. Morando et al. [29] also
used modified parameters in the car-following models, assuming more assertive behaviors
for AVs.

The car-following models used in our simulations for conventional and autonomous
vehicles were the Wiedemann 74 and Wiedemann 99 models, respectively. In the simulation
the default values were used as illustrated in Table 5, and the parameters are described in
detail in [30].

Table 5. Wiedemann 99 parameters for autonomous vehicles in PTV Vissim 2021.

PTV Vissim Parameters Cautious Normal Aggressive
CCO0 standstill distance (m) 1.50 1.50 1.00
CC1 gap time distribution (s) 1.50 0.90 0.60
CC2 “following” distance oscillation (m) 0.00 0.00 0.00
CC3 threshold for entering ‘Following’ (s) —10.00 —8.00 —6.00
CC4 negative speed differences (m/s) —0.10 —0.10 —0.10
CC5 positive speed differences (m/s) 0.10 0.10 0.10
CC6 distance dzel});egili?;y of oscillation 0.00 0.00 0.00
CC7 oscillation acceleration (m/s?) 0.10 0.10 0.10
CC8 acceleration from standstill (m/s2) 3.00 3.50 4.00
CC9 acceleration at 80 km/h (m/s?) 1.20 1.50 2.00

Vissim defines three AV behaviors labeled as cautious, normal, and aggressive. The
car-following model parameters tend to reflect the differences compared to human-driven
vehicles (as well as the differences among the AV behaviors); the rationale behind these
parameters are as follows:

e  Shorter standstill distance (CCO0) and shorter safety distance (lower headway CC1 and
following variation CC2), thus shorter gaps as well as shorter threshold for reaching
the safety distance to a leading slower vehicle (CC3);

e  Smaller values of the negative following threshold (CC4) and positive following
threshold (CC5) reflecting a more sensitive reaction to the acceleration and deceleration
of the leading vehicle;

AVs can strictly follow the desired speed without oscillation, thus CC6 is set as zero;
AVs can have more aggressive acceleration (higher CC8 and CC9).

Besides these default settings, two parameters, minimum gap time and minimum
clearance, were manually set. As for the minimum gap time (time between the conflict
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15 min

Initialization

marker and the next vehicle traveling), the values used were 3.0, 3.0, 2.9, and 2.8 s for con-
ventional vehicles and cautious, normal, and aggressive autonomous vehicles, respectively.
As for the minimum clearance (minimum distance between the conflict marker and the
next vehicle traveling), these are in the same order: 22, 21, 20, and 19 m.

As the study considered single-lane roundabouts only, modeling of differences between
conventional and autonomous vehicles concentrated on the yielding processes at the entry
legs. In multi-lane roundabouts, the different behavior of AVs on the circulating roadway
might also be a matter of interest. However, this was outside the scope of this study.

3.5. Definition of Scenarios

Using the peak hour traffic volumes, five traffic scenarios were defined where the input
traffic volumes were set to 90%, 100% (baseline), 110%, 120%, and 130% of the measured values.

The rate at which AVs will enter the market, and the speed with which they will
then diffuse throughout it, are both still subject to high levels of uncertainty and are
particularly dependent on overcoming technological, regulatory, and legal issues, with
societal acceptance of automation technology also playing an important part [2,31].

To account for this uncertainty, several different scenarios were tested to study the
impact of various mixtures of manually driven vehicles and autonomous vehicles. In
total, six scenarios were defined with a different market penetration of AVs (from 0% to
100%). Overall, 30 scenarios were simulated, with the six AV penetration scenarios (Table 6)
combined with the five traffic scenarios.

Table 6. Tested scenarios for AVs and conventional vehicles in PTV Vissim.

Scenario Percentage of AVs (%) Percentage of Conventional Vehicles (%)
1 0 100
2 20 80
3 40 60
4 60 40
5 80 20
6 100 0

The authors also decided to incorporate the three AV behaviors, as follows:

AV penetration rate of 20%: all AVs are cautious;
AV penetration rates of 40% and 60%: all AVs are normal;
AV penetration rates of 80% and 100%: all AVs are aggressive.

3.6. Simulation

For each defined scenario, the simulation lasted 90 min in total with the following
stages: initialization (15 min), during which traffic was loaded into the road network
and the system reached equilibrium; traffic simulation (60 min); and completion (15 min),
where the road network emptied without disrupting the simulation stage. The simulation
stages are shown in Figure 3. For each scenario, five runs with different seed numbers
were performed.

. 15 min
60 min End of

Emptying the simulation

. 1 :
Simulation road network

Figure 3. Simulation process.
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3.7. Critical Gap and Follow-Up Time Data for HCM

The HCM capacity model requires the value of the circulation volume of a given entry;
in addition, the values of t = follow-up headway (s) and ¢, = critical gap (s) (Equation (1)).

Co=Axe BV, (1)

where A = 3600/t fr B=(t.—05xt f) /3600, C. is entry capacity, and V. is circulating volume.

Currently, no available method exists to estimate the values of . and {f when AVs are
introduced. Due to the nature of AVs, if their percentage increases, the likelihood of shorter
gaps increases. As a result, the values of t. and ¢ f decrease [2,3] as the AV penetration
rate increases.

In the first scenario (0% AVs), the standard values of the corresponding gap-acceptance
parameters (f; = 3.19s, . = 5.19 s) provided by HCM manual are adopted. As the
percentage of AVs increases, the values of fc and t; decrease, as illustrated in Table 7.

Table 7. Adopted values of follow-up time ¢ and critical gap f. for each scenario.

Scenario tr te
1—0% AVs 3.19 (standard value) 5.19 (standard value)
2—20% AVs 3.00 4.80
3—40% AVs 2.70 4.20
4—60% AVs 2.40 3.60
5—80% AVs 2.10 3.00
6—100% AVs 1.80 2.40

3.8. Assumptions

Under this sub-section, the most important assumptions are summarized. A general
assumption is how the programmed behavior of AVs changes with increasing penetration
rates. The effect can be further evaluated with different input settings.

Discussed below are few specific assumptions related to the speeds and trajectories
of vehicles, both conventional and AVs. We assumed conventional vehicles drove in the
roundabout at an average speed of 30 km/h with some deviation (ranging 25-32 km/h)
and they approached the entry/exit lanes at an average speed of 50 km/h (45-58 km /h).

We assumed autonomous vehicles obeyed traffic rules, e.g., before the roundabout
they drive at 50 km/h and in the roundabout at 30 km/h with no deviation (desired speed).

Both conventional vehicles and AVs were assumed to drive in the middle of the lane
(entry, circulatory, and exit lanes), without significant deviation. Therefore, trajectories
were not considered in the simulation.

There is still no consensus on the proper car-following parameters. However, we
expect rapid improvement in sensor processing technologies, high-definition mapping, and
adaptive algorithms, and the deployment of I2V and V2V communication technologies will
encourage companies to take vehicle automation to the next level [26,27]. As a result, highly
automated vehicles will drive more aggressively [28] and this must be anticipated /reflected
in the modification of car-following parameters.

4. Results

Results from the morning and afternoon intervals were similar. As afternoon traffic
volumes were about 10% higher than in the morning, we show only the results for the
afternoon peak. The discussion of results will first address entry capacities from different
scenarios, followed by coverage of queue lengths.
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4.1. Entry Capacity Results Using HCM Model

The microsimulation was performed according to the previously defined traffic con-
figurations (scenarios). The circulating flows obtained for each scenario with increasing
traffic flow percentages were used to estimate the roundabout capacity for each entry using
the HCM Model. Values of . and t; adopted for each scenario are illustrated in Table 7.
Table 8 shows an example of AV 0% market penetration with increasing traffic volumes.

Table 8. Entry capacities [pcu/h] by legs (AV% = 0).

Traffic Flow Percentage

90% 100% 110% 120% 130%
LEG1 943 924 906 888 870
LEG2 518 476 436 400 367
LEG3 1016 1004 992 981 970
LEG4 690 653 618 585 554

With increasing traffic volumes, the entry capacities are slightly decreasing. This is
due to the increase in the circulating flows. As the distribution of flows among directions is
uneven, the capacity decrease is also different by legs; for a 10% flow increase there is only
a 2% decrease on Legl, but an 8% decrease on Leg2. The results demonstrate that for legs
with higher entry flow, the capacity reduction is lower.

The simulations illustrate the effect of AV penetration ratio where entry capacities
increase for all entry legs (Figure 4). All scenarios in the figure are at 100% traffic flow
percentage. The beneficial impact is greatest for the lower capacity legs; however, all legs
show nearly a 2x (or better) increase. The upward curvature demonstrates the incremental
benefit increases, as well. This is due to the assumed technological change, in which
by increasing the percentage of autonomous vehicles, the likelihood of accepting shorter
gaps increases.

2000
o
egl
Leg4
o
. o P
1500 / o Leg2
- o
= - -
% /o - O" L N
[=1 - -~
;‘ a - g -
E‘g / ’O" - -9
51000 4 @~ -0 e -
o Q - -
3 -9 N
= - ==
= _.—0" -
w a--"" .
_.o=7 -
500 4 g=——7
Roundabout legs
B— Legl
B--- Leg2
= Leg3
0 - | S Legd
I I I I I I
0% 20% 40% 60% 80% 100%

AVs market penetration rate [%]

Figure 4. Entry capacities [pcu/h] by legs for different AV penetrations at 100% traffic flow level.



Sustainability 2022, 14, 2203

10 of 14

When using the HCM capacity estimations, the different ratios of AVs and conven-
tional vehicles were only considered in the entry leg traffic stream, as their decision param-
eters are different. In the circulating traffic no distinction was made, as the entering vehicle
has no information whether the vehicle in the circle is conventional or autonomous.

The results demonstrate that there are significant differences in approach capacity
with different critical gap and follow-up time parameters. The approach appears to have
a larger capacity with a smaller critical gap and follow-up time. For instance, comparing
scenario 1 (t, =5.19 s, tp= 3.19 s) with scenario 6 (t. = 2.40 s, tp= 1.80 s), the approach
capacity for leg 1 increases by almost 50%.

The above values for entry capacities were compared to the current and expected
flows, i.e., volume/capacity ratios were calculated. Table 9 shows these ratios for each leg
and for the five traffic volume cases.

Table 9. Volume/ capacity (V/C) ratios with increasing flow by legs (AV% = 0).

Traffic Flow Percentage

90% 100% 110% 120% 130%
LEG1 0.90 1.02 1.15 1.28 1.41
LEG2 0.30 0.36 0.43 0.51 0.60
LEG3 0.42 0.48 0.53 0.58 0.64
LEG4 0.86 1.01 1.17 1.35 1.55

The calculated V/C values for the baseline case (flow = 100%, AV = 0%) are around
1.00 for Legl and Leg4, while under 0.50 for the other two legs. These ratios are coming
from the traffic counts and HCM capacity calculations and they match well the observations
of the authors that these legs in the afternoon peak are working at around their capacities.

4.2. Simulation Results for Queue Length

Average queue lengths were taken from the Vissim simulation for each leg and for
the five traffic volume cases. In Table 10, the results for the AV% = 0 case are shown. In
the 100% baseline scenario, the queue lengths on all legs are modest; they do not indicate
problems. However, as traffic volumes grow to 110%, average queue lengths on Legl and
Leg4 start to increase sharply to about 70-120 m (12-20 cars). However, for these two legs,
the situation for 120% and 130% traffic scenarios is unacceptable. On the other hand, on
Leg?2 and Leg3 the situation is quite comfortable, with only a few meters queue, even when
the other two legs are oversaturated.

Table 10. Average queue length [m] by legs (AV% = 0).

Traffic Flow Percentage

90% 100% 110% 120% 130%
LEG1 9.6 22.6 118.5 494.6 1143.7
LEG2 1.6 2.7 4.6 72 9.3
LEG3 0.6 1.0 1.5 1.8 3.1
LEG4 13.2 22.6 719 321.0 946.4

The huge differences among the queue lengths of the legs are not simply results of
the differences in entry traffic volumes. Leg1 has the highest entry volume (947 veh/h—
baseline), followed by Leg4 (660 veh/h—baseline); however, the entry volume of Leg3 is
about 70% of Leg4, yet the queues are much shorter on Leg3. This is due to the very uneven
distribution of turning volumes and subsequent differences among circulating flows at
the legs.
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The results of the entry capacity calculation in Table 9 of the previous sub-chapter,
and the queue length in this section (Table 10), match each other very well, although they
were derived from different methods with entry flow/capacity ratios from HCM equations
and queue lengths from the simulation. Saturation and queues start on Legs 1 and 4 at
around the present traffic volumes, while Legs 2 and 3 could tolerate even 30% more traffic
without any problems.

To study the impact of AV penetration to the queue lengths, the same five traffic
volume growths and six AV penetration rates were assumed. From the four legs, only the
critical Leg1 results are shown here (Table 11 and Figure 5).

Table 11. Queue length [m] on Legl with increasing flow at different AV penetration rates.

Traffic Flow Percentage

90% 100% 110% 120% 130%
0% AVs 9.6 22.6 118.5 494.6 1143.7
20% AVs 6.2 17.4 49.5 295.1 837.4
AV penetration  40% AVs 7.0 9.9 20.6 71.1 378.4
rate 60% AVs 4.1 7.0 11.9 24.1 79.2
80% AVs 2.1 3.3 6.2 10.5 18.1
100% AVs 0.1 0.3 0.6 1.3 2.0
1200 7 AV market penetration
- 0%
W 20%
1000 — = 40%
m--- 60%
= 80%
B 100%
800 —
E
ESt
2
@ 600
3
g
o
400 —
200
4 o .
04 8 mTwTTIT § L el § i e

90% 100% 110% 120% 130%
Traffic flow percentage [%]

Figure 5. Queue length [m] on Legl with increasing flow at different AV penetration rates.

Table 11 shows that the growth of AV penetration results in decreasing queue lengths.
If we look at the baseline traffic volume scenario, average queues reduce from 22 m to a
few meters. However, the impact of only 20% AVs is limited at 110% traffic volume, and
above 110% there are still long queues.

If we consider 20-25 m as a queue length with an acceptable level of service, it follows
from Table 11 that to offset 10% growth in traffic volume from 100% to 110%, 40% AV
penetration is required, while the 10% increments from 110% to 120% and to 130% can
be managed by 20% AV share growth. These differences come from the assumption that
as the penetration rate of AVs will increase, their capabilities will improve concerning
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headways and gap acceptance (i.e., their behavior will be changed from cautious to normal
and aggressive).

5. Limitations and Discussion

Under this section, limitations of the study are summarized and are followed by the
discussion of results.

5.1. Limitations and Credibility

As full automation of vehicles is a relatively new field, this paper has a few limitations.
This study is limited to a single-lane roundabout with simplifications in terms of road
users, as pedestrians and bicycles are not taken into consideration. Some aspects that are
planned to affect the operation of autonomous vehicles that will enter roads in the future
are not implemented in the simulations. One of these aspects is the communication between
vehicles and the surrounding road network, which is a feature that will be expected at
higher penetration rates. The same applies to the SAE levels, which were not considered at
this stage of the research.

The car-following parameters for the various AV behaviors were default parameter
values in Vissim 2021 simulations. These parameter values are regularly updated using the
latest research results and were not manually changed.

The application of the HCM Model’s parameters, t, and ¢ £, were assumed for the
scenarios and may not represent real-life scenarios. Critical gap f. and follow-up time ¢ are
both important and a small change in these parameters can significantly impact capacity
calculations. Today, it is not yet known how the penetration rate of AVs on our roads would
impact fc and £ values; thus, it is expected that these important parameters will gradually
decrease. Nevertheless, based on the literature and current studies, we can state that these
results can be considered as reasonable estimations.

In Vissim it is possible to simulate that vehicles (conventional and/or autonomous)
can spot each other and change their behavior (e.g., priority giving or following behavior
and standstill distance). However, in our paper these points have not been considered.

This research estimated the impacts of AVs on roundabout capacity for various pene-
tration levels. Different SAE levels were not considered, as these are mostly related to the
width of the operational domain, while the modeled situation is a specific road element,
where the increasing SAE level itself does not influence the behavior of AVs. We expect with
increasing penetration rate technologies will further develop, especially concerning CAVs.
Therefore, the calculated impacts can be considered as conservative estimates. However,
CAVs were not considered in this research.

Finally, the paper focuses on capacity and safety is dealt with only to the extent that it
is included in the simulation parameters.

5.2. Discussion of Results

The simulations give some insight into how the introduction of AVs could change
capacity at single-lane roundabouts. The HCM model was used to analyze the impact of
AVs on roundabout capacity. Values of follow-up times and critical gaps between vehicles
entering the roundabout circulatory roadway from a queue at the entry were gradually
reduced with an increasing share of AVs, resulting in increasing capacities and shorter
queues. However, as autonomous vehicles (AVs) are integrated into traffic, one of the
main concerns will be the perception of safety by vehicle occupants [32]. Technologically, it
might be possible to adopt small gaps safely, but occupants may not accept that. Generally,
people seem to accept smaller safety margins when they are in control themselves. If larger
margins need to be applied to make autonomous vehicles acceptable for people, the overall
traffic flow (or capacity) may get worse instead of improving [1].

Capacities and queue lengths are highly influenced by the distribution of flows among
legs, and the share of flows in various directions. Most of the literature deals with the
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coordination of CAVs, assuming full automation e.g., [20-22]; however, less attention is
paid to the effect on individual legs due to the inequalities in their traffic demand.

In this study, 30 scenarios were tested combining six AV penetration rates and five
traffic growth scenarios. As for the penetration rates, the three behaviors (cautious, normal,
and aggressive) were also considered, and in the capacity calculations the parameters were
arbitrarily picked. Obviously, the features of these scenarios and their settings can be
altered and further tested.

6. Conclusions

Based on microsimulation tools, the analysis presented in this paper demonstrates
how the implementation of different levels of AVs can impact capacity at a single-lane
roundabout. Vissim was used to build a microsimulation model for an urban roundabout
in Hungary. An actual geometric layout and traffic data were used for model calibration.

The car-following models, Wiedemann 74 and Wiedemann 99, with default settings
in Vissim 2021, were used for conventional and autonomous vehicles, respectively. Six
configurations with different penetration of AVs (from 0% to 100%) and five traffic growth
scenarios were considered. The HCM model was used for the capacity estimation for the
individual legs by various scenarios. Values of critical gaps and follow-up times were
set between 5.19 and 2.40 s and between 3.19 and 1.80 s, respectively. Both ¢; and ¢, are
important parameters and a small change in these parameters can significantly impact
capacity calculations. The results demonstrated that, with a gradual decrease in the follow-
up times and critical gaps, there was a significant increase in capacity.

An important conclusion of this paper is that traffic growth and AV penetration should
be studied in mutual relation. On one hand, the impacts of a certain percentage of AVs
on traffic parameters (flows and queues) were estimated. On the other hand, the required
share of AVs to eliminate a certain amount of traffic problems was calculated.

Another conclusion is that roundabout capacity is more than just a single number.
Capacity (and other indicators, such as queue length) can be estimated/calculated by legs
and are highly influenced by the distribution of flows among legs and the share of flows in
various directions. This paper has presented a case study about these issues.

Future work involves simulating a wider array of scenarios and roundabout layouts
and examining the interaction between vulnerable road users and AVs.

Author Contributions: Conceptualization, O.B., A.B. and C.K.; methodology, O.B., A.B., C.K. and
V.N.; software, O.B. and V.N,; validation, O.B., A.B. and C.K.; formal analysis, O.B.; investigation,
O.B., A.B. and C.K;; resources, A.B.; data curation, A.B.; writing—original draft preparation, O.B.,
A.B. and C.K,; writing—review and editing, O.B., A.B. and C.K.; visualization, O.B., A.B., C.K. and
V.N,; supervision, A.B. and C.K.; project administration, A.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. ATKINS. Research on the Impacts of Connected and Autonomous Vehicles (CAVs) on Traffic Flow: Evidence Review; ATKINS: London,

UK, 2016.

2. Bohm, F; Hager, K. Introduction of Autonomous Vehicles in the Swedish Traffic System: Effects and Changes Due to the New Self-Driving
Car Technology; Uppsala University: Uppsala, Sweden, 2015.

3. Erfan, A,; Olstam, J. Investigation of Automated Vehicle Effects on Driver’s Behavior and Traffic Performance. Transp. Res.
Procedia 2016, 15, 761-770. [CrossRef]

4.  Rafael, S.; Correia, PL.; Lopes, D.; Bandeira, J.; Coelho, C.M.; Andrade, M.; Borrego, C.; Miranda, I.A. Autonomous vehicles
opportunities for cities air quality. Sci. Total Environ. 2020, 712, 136546. [CrossRef] [PubMed]


http://doi.org/10.1016/j.trpro.2016.06.063
http://doi.org/10.1016/j.scitotenv.2020.136546
http://www.ncbi.nlm.nih.gov/pubmed/32050386

Sustainability 2022, 14, 2203 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Gallelli, V.; Vaiana, R. Roundabout intersections: Evaluation of geometric and behavioural features with Vissim. In Proceedings
of the TRB National Roundabout Conference, Kansas City, MI, USA, 18-21 May 2008.

Giuffre, T.; Trubia, S.; Canale, A.; Persaud, B. Using Microsimulation to Evaluate Safety and Operational Implications of Newer
Roundabout Layouts for European Road Networks. Sustainability 2017, 9, 2084. [CrossRef]

Brilon, W. Roundabouts: A state of the art in Germany. In Proceedings of the National Roundabout Conference, Transportation
Research Board, Vail, CO, USA, 22-25 May 2005.

Macioszek, E.; Akgelik, R. A comparison of two roundabout capacity models. In Proceedings of the 5th International Roundabout
Conference, Transportation Research Board, Green Bay, WI, USA, 8-10 May 2017.

Guo, R;; Liu, L.; Wang, W. Review of Roundabout Capacity Based on Gap Acceptance. . Adv. Transp. 2019, 2019, 4971479.
[CrossRef]

Wu, N.; Brilon, W. Roundabout Capacity Based on conflict Technique. In Proceedings of the 5th International Conference on
Roundabouts, Green Bay, WI, USA, 8-10 May 2017.

National Research Council (U.S.). HCM 2010: Highway Capacity Manual, 5th ed.; Transportation Research Board: Washington, DC,
USA, 2010.

Transportation Research Board. Highway Capacity Manual: A Guide for Multimodal Mobility Analysis, 6th ed; The National Academies
Press: Washington, DC, USA, 2016. [CrossRef]

Pratelli, A.; Brocchini, L.; Francesconi, N. Estimating and updating gap acceptance parameters for HCM6th roundabout capacity
model applications. WIT Trans. Ecol. Environ. 2021, 253, 477-486. [CrossRef]

Cao, H.; Z6ldy, M. An Investigation of Autonomous Vehicle Roundabout Situation. Period. Polytech. Transp. Eng. 2019, 48, 236-241.
[CrossRef]

Severino, A.; Pappalardo, G.; Curto, S.; Trubia, S.; Olayode, L.O. Safety Evaluation of Flower Roundabout Considering Au-
tonomous Vehicles Operation. Sustainability 2021, 13, 10120. [CrossRef]

Wu, Y.; Zhu, F. Junction Management for Connected and Automated Vehicles: Intersection or Roundabout? Sustainability 2021,
13,9482. [CrossRef]

Lengyel, H.; Tettamanti, T.; Szalay, Z. Conflicts of Automated Driving with Conventional Traffic Infrastructure. IEEE Access 2020,
8, 163280-163297. [CrossRef]

Leyn, U.; Vortisch, P. Calibrating Vissim for the German Highway Capacity Manual. Transp. Res. Rec. |. Transp. Res. Board 2015,
2483, 74-79. [CrossRef]

He, S.; Guo, X.; Ding, E; Qi, Y.; Chen, T. Freeway Traffic Speed Estimation of Mixed Traffic Using Data from Connected and
Autonomous Vehicles with a Low Penetration Rate. J. Adv. Transp. 2020, 2020, 1361583. [CrossRef]

Zhao, L.; Malikopoulos, A.; Torres, ].R. Optimal Control of Connected and Automated Vehicles at Roundabouts: An Investigation
in a Mixed-Traffic Environment. IFAC-PapersOnLine 2018, 51, 73-78, ISSN 2405-8963. [CrossRef]

Martin-Gasulla, M.; Elefteriadou, L. Traffic management with autonomous and connected vehicles at single-lane roundabouts.
Transp. Res. Part C Emerg. Technol. 2021, 125, 102964, ISSN 0968-090X. [CrossRef]

Bakibillah, A.S.M.; Kamal, M.A.S.; Tan, C.P; Susilawati, S.; Hayakawa, T.; Imura, J.-I. Bi-Level Coordinated Merging of Connected
and Automated Vehicles at Roundabouts. Sensors 2021, 21, 6533. [CrossRef] [PubMed]

Mohebifard, R.; Hajbabaie, A. Trajectory control in roundabouts with a mixed fleet of automated and human-driven vehicles.
Comput. Aided Civ Inf. 2021, 1-19. [CrossRef]

Saad, H. Estimation of Single-Lane Roundabout Capacity Based on Critical Gap Value. Diploma Thesis, University of Gy&r, Gyér,
Hungary, 2020.

Hungarian Road and Rail Society. Design of Roundabouts, e-UT 03.03.11:2010 ed.; Hungarian Road and Rail Society: Budapest,
Hungary, 2010.

Zeidler, V,; Buck, S.H.; Kautzsch, L.; Vortisch, P. Simulation of Autonomous Vehicles Based on Wiedemann’s Car Following Model
in PTV Vissim. In Proceedings of the 98th Annual Meeting of the Transportation Research Board (TRB), Washington, DC, USA,
13-17 January 2019.

Sukennik, P. Micro-Simulation Guide for Automated Vehicles—Final, D2.11 COEXIST. 2020. Available online: https://www.h202
0-coexist.eu/wp-content/uploads/2020/04/D2.11-Guide-for-the-simulation-of- AVs-with-microscopic-modelling-tool-Final.
pdf (accessed on 15 October 2021).

Stogios, C.; Kasraian, D.; Roorda, ].M.; Hatzopoulou, M. Simulating impacts of automated driving behavior and traffic conditions
on vehicle emissions. Transp. Res. Part D Transp. Environ. 2019, 76, 176-192. [CrossRef]

Morando, M.M,; Tian, Q.; Truong, L.T.; Vu, L.H. Studying the Safety Impact of Autonomous Vehicles Using Simulation-Based
Surrogate Safety Measures. J. Adv. Transp. 2018, 2018, 6135183. [CrossRef]

PTV Group. PTV Vissim User Manual; PTV Group: Karlsruhe, Germany, 2021.

Daniel, J.; Kockelman, K. Preparing a nation for autonomous vehicles: Opportunities, barriers and policy recommendations.
Transp. Res. Part A Policy Pract. 2015, 77, 167-181. [CrossRef]

Horvath, B.; Nagy, V.; Horvath, R. Human driver vs. self-driving vehicles from the viewpoint of the compliance behavior.
In Proceedings of the 12th IEEE International Conference on Cognitive Infocommunications—CogInfoCom 2021, Online on
MaxWhere 3D Web, 23-25 September 2021.


http://doi.org/10.3390/su9112084
http://doi.org/10.1155/2019/4971479
http://doi.org/10.17226/24798
http://doi.org/10.2495/SC210391
http://doi.org/10.3311/PPtr.13762
http://doi.org/10.3390/su131810120
http://doi.org/10.3390/su13169482
http://doi.org/10.1109/ACCESS.2020.3020653
http://doi.org/10.3141/2483-09
http://doi.org/10.1155/2020/1361583
http://doi.org/10.1016/j.ifacol.2018.07.013
http://doi.org/10.1016/j.trc.2021.102964
http://doi.org/10.3390/s21196533
http://www.ncbi.nlm.nih.gov/pubmed/34640852
http://doi.org/10.1111/mice.12711
https://www.h2020-coexist.eu/wp-content/uploads/2020/04/D2.11-Guide-for-the-simulation-of-AVs-with-microscopic-modelling-tool-Final.pdf
https://www.h2020-coexist.eu/wp-content/uploads/2020/04/D2.11-Guide-for-the-simulation-of-AVs-with-microscopic-modelling-tool-Final.pdf
https://www.h2020-coexist.eu/wp-content/uploads/2020/04/D2.11-Guide-for-the-simulation-of-AVs-with-microscopic-modelling-tool-Final.pdf
http://doi.org/10.1016/j.trd.2019.09.020
http://doi.org/10.1155/2018/6135183
http://doi.org/10.1016/j.tra.2015.04.003

	Introduction 
	Related Research 
	Roundabout Capacity 
	Studies on AVs at Roundabouts 

	Data Collection and Methodology 
	Site Selection and Data Collection 
	Traffic Volumes 
	Roundabout PTV Vissim Set Up 
	AVs and Conventional Vehicles Parameters in Vissim 
	Definition of Scenarios 
	Simulation 
	Critical Gap and Follow-Up Time Data for HCM 
	Assumptions 

	Results 
	Entry Capacity Results Using HCM Model 
	Simulation Results for Queue Length 

	Limitations and Discussion 
	Limitations and Credibility 
	Discussion of Results 

	Conclusions 
	References

