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The paper introduces a high level speed control method for the coordination of multiple autonomous vehicles (AVs)
in roundabout scenarios. The aim of the control method is to guarantee collision-free motion of the AVs, and similarly,
to minimize their traveling time. In the method a priority-based ordering process of the AVs is used, which enforces
the time-efficient motion of the AVs. The collision-free motion is guaranteed through an optimization-based method
including control input constraints. The ordering process and the optimization form a low complexity solution, which
requires low computation effort. The proposed control strategy is involved in the high level of a hierarchical control
structure. The effectiveness of the proposed control strategy is illustrated by simulation examples and Hardware-in-
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1 Introduction

The emerging technology of autonomous vehicles and
their expected growing proportion in road traffic raises
plenty of challenging tasks, mainly related to safety and
the corresponding public acceptance. Advances in auto-
mated vehicle design enables researchers to establish
novel control methods for the trajectory planning of such
vehicles, ensuring enhanced safety and efficiency in traf-
fic environments such as intersections, roundabouts,
on-ramps, in which the cooperation among participants
can have a significant effect on the traffic performance.
Centralized control methods are commonly used for the
scenario of connected AVs on-ramp merging, for exam-
ple formulated as a bi-objective optimization problem
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solved with Pontryagin’s minimum principle [1]. A com-
prehensive review is given of the existing ramp merging
strategies leveraging connected AVs, focusing on the lat-
est developments in the field [2]. Many control strategies
have been developed to facilitate collision-free driving of
autonomous vehicles in situations where AVs and human
participants coexist in traffic. For example, a trajectory
tracking control algorithm is based on the state estima-
tion of vehicles in order to achieve the collision-free
crossing of vehicles at roundabouts [3]. Several safety
conditions are built in the designed methods for AVs to
pass through the roundabouts conflict areas, like merg-
ing points. Control strategies have also been developed to
guarantee safe navigation of AVs in one- and multi-lane
roundabouts as well [4]. A vehicle-to-vehicle (V2V) com-
munication and intersection control have been designed
for AVs to prevent accidents in complex traffic situations,
and the proposed intersection management have also
been proved in roundabout scenarios. An optimal ana-
lytical solution has been designed for roundabout control
in mixed traffic environment for connected autonomous

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12544-023-00615-z&domain=pdf

Farkas et al. European Transport Research Review (2023) 15:42

vehicles (CAVs), also analyzing the impact of different
penetration rates of CAVs [5].

The scope of studying AVs and CAVs in traffic envi-
ronments is deeply connected to the behavior analysis
of human driven vehicles as well, thus designing control
methods which can provide safer traffic at intersection
and roundabout crossings. Hence, in the control design
of AVs at intersections and roundabouts, the results
of driver behavior analysis should be also considered
[6]. An adaptive tactical behavior planner has also been
introduced for AVs, mixing human behavior and tactical
decision-making [7]. Moreover, the specific risks related
to crossing roundabouts have also been studied with the
aim to adapt a behavior for AVs by which the comfort and
safety can be improved [8].

Optimal control strategy has also been introduced in
order to enhance energy efficiency and to reduce trave-
ling time for AVs at roundabouts using collision avoid-
ance constraints [9]. Reviews on the effectiveness of
car-following models and their impact on the perfor-
mance of traffic flow can be found in [52, 53]. Concept of
using virtual platooning strategy for AVs at roundabouts
has also been developed with the aim to handle complex
traffic scenarios [10]. This strategy integrates a map-
based approach with curvilinear coordinates framework
in order to ensure safety among AVs and human oper-
ated vehicles. Based on the Dynamic Bayesian Network,
a classification method has been designed to define the
intentions of traffic participants at roundabouts [11]. A
decentralized control strategy has also been introduced
with virtual vehicles, with the aim to monitor the states
and interactions between AVs at roundabouts and to
realize an appropriate balance among predefined perfor-
mances [12].

Another state-of-the-art approach for the safe handling
of AVs at roundabouts is using artificial intelligence (AI)
and machine learning techniques. For example support
vector machine, linear regression and deep learning algo-
rithms have been evaluated and studied for the estima-
tion of vehicle speed and steering angle at various types
of roundabouts for human drivers, and rules of action
to be applied have been designed for AVs to execute
maneuvers at roundabouts [13]. Model-free reinforce-
ment learning algorithms containing safety conditions
have been also designed for AVs handling various traffic
scenarios including roundabout crossings [14, 15]. Also,
optimization embedded reinforcement learning has been
introduced to coordinate multiple AVs at roundabouts
[16], where the control strategy analyzes the behaviors of
AVs for the evaluation and comparison of their efficiency.
Methods for motion estimation of AVs are also applied
combining dynamic Bayesian network and sequential
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neural network models [17]. Moreover, adversarial multi-
agent reinforcement learning method is applied to coor-
dinate the crossing of roundabouts by AVs considering
behaviors, human-driving baseline [18]. This method
improves the performances like traveling time and aver-
age speed of the vehicles. A fuzzy-behavior-based algo-
rithm for roundabout intersection management is also
designed to calculate speed profiles for different vehicles,
in order to achieve more comfortable driving profiles, as
well as to reduce congestion [19].

In the field of connected and automated vehicles
(CAVs) various results for handling roundabout scenar-
ios have been achieved. Paper [20] proposes a two-level
optimization approach for CAVs, with which fuel con-
sumption and vehicle delays can be significantly reduced.
At the first level the entering scheduling of the vehicles
is handled, and on the second level the trajectory opti-
mization, considering the output of the first level. In the
work of [21], analysis on the effectiveness of CAVs in
roundabout and intersection scenarios, i.e., comparison
of control strategies has been provided. The conclusion
of the examination is that a roundabout can be more
beneficial in the signal-free management of CAVs, com-
pared to intersection-based control. The positive impact
of CAVs on traffic flow at roundabout scenarios has also
been studied by [22, 23]. It has been shown that 20% and
40% of AVs in the flow are able to increase leg capacities
around 10% and 20%, respectively. Moreover, safety-ori-
ented evaluation of CAVs on mixed traffic scenarios, i.e.,
CAVs and pedestrians, cyclists, can be found in [24], and
for turbo-roundabouts in [25]. Optimization of trajec-
tory for CAVs using convexified constraints on collision-
avoidance has been proposed by [26]. In the presented
method a distributed architecture has been provided
with vehicle-level layers. Another method based on
distributed control strategy can be found in [27]. The
contribution of this work is smooth and collision-free
trajectories for the AVs, by which positive impact on the
traffic flow can be achieved. A hierarchical control strat-
egy with two levels for providing a solution on merging
problems at roundabouts is found in [28]. Due to the
efficient merging maneuver of AVs with receding hori-
zon control, the traffic flow can be improved, and more-
over, average fuel consumption of the vehicles can be
reduced. Personalized driving behavior, which is in the
focus of control design for CAVs at roundabouts is found
in the paper [29]. It has been shown that grand coalition
game solutions can be beneficial from the viewpoint of
the coordination of AVs, while a strategy through Stack-
elberg game can guarantee personalized driving objec-
tives of individuals.
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Several methods presented in the literature that uti-
lize game theory approaches to model the behavior and
decision making of autonomous vehicles at roundabouts.
In paper [30] a game theory based representation of ego
vehicle and opponent vehicle has been developed, in
which online estimated driver type of the opponent vehi-
cle has also been considered. Prisoner’s Dilemma game
strategy [31] is also selected as an approach for autono-
mous vehicle-to-vehicle (V2V) decision making, demon-
strating that the roundabout entry problem can be solved
efficiently by shortened waiting times for individual
autonomous vehicles.

Although the previous brief overview illustrates that
various methods have been developed in the topic of
autonomous vehicle control in roundabout scenarios,
finding a solution for handling high number of AVs is a
challenge. The goal of this paper is to provide a system-
atic solution on the given problem within a previously
developed robust hierarchical control framework, see
[32]. The aim of this framework is to provide guarantees
on safety performance requirements through the robust
control, and similarly, to maintain further requirements,
e.g., traveling comfort, economy-based performances,
time requirements, etc. In some preliminary studies, the
framework has been successfully applied to control AVs
in intersections [33] or roundabouts [34]. Nevertheless,
the limitations of these solutions are the number of vehi-
cles while their interactions can be handled. This limita-
tion is resulted by the coordination problem of the AVs,
which has been carried out by learning-based techniques
on the high-level of the control hierarchy, see e.g., [35,
47]. The problem of coordination has three main sources.
First, in real-life scenarios the number of vehicles is vary-
ing, but during the formulation of the optimal control
design problem, the consideration of fixed vehicle num-
ber is recommended. Second, in the reward of reinforce-
ment learning process, the signals of all vehicles must
be involved. Nevertheless, the positive impact of AVs
with high sub-reward can be deteriorated by the nega-
tive impact of AVs with low sub-reward. A possible solu-
tion on this issue can be found in [36]. Third, the resulted
learning-based agents request high computation effort
on the high level of the control hierarchy.

In the presented solution of this paper a novel low com-
plexity method on the high-level of the control hierarchy
has been provided. The proposed method is based on
low-complexity rules of the coordination, which focuses
on the minimization of vehicle’s traveling time. The
resulted method provides a fast and effective solution
on the improvement of traffic flow, which is an advanta-
geous property of roundabouts, see e.g., [37]. Although
the designed framework is briefly introduced, from the

Page 3 of 19

viewpoint of contribution, this paper focuses on the
design of the high-level control. Nevertheless, the opera-
tion of the entire loop using HilL tests is demonstrated.
The limitation of the method is that the high-level only
considers fully autonomous vehicles with vehicle-to-
vehicle communication capability [38], i.e., mixed traf-
fic situations [3, 5] in the design of the high-level are not
involved. The presence of human participants on the low-
level is considered, and thus, the AV is able to operate in
mixed traffic situation.

The paper is organized as follows. Section 2 describes
the proposed control method for handling multiple
vehicle scenarios in roundabout. The implementation
of the method under simulation environment is found
in Sect. 4.3. The efficiency of the proposed method is
presented through simulation examples and a HiL test
in Sect. 4. Finally, conclusion remarks are presented in
Sect. 5.

2 Design of vehicle control in roundabouts

with multiple vehicles
The control for autonomous vehicles in roundabout is
based on the designed framework, which is illustrated in
Fig. 1. In this section the framework is presented briefly,
the details on the design process of the supervisor and
robust controller, together with the modeling of the vehi-
cle-traffic environment are found in [32, 33].

The control algorithm has two main levels, i.e., the high
level and the vehicle level. In the concept of the proposed
AV control, the aim of the high level control elements is
to provide assistance for the motion of the vehicle. The
assistance is based on the process of increased number
of signals, which can be achieved through the traffic
management system, e.g., measurements on the motion
of further AVs. The low vehicle level control elements,
such as the supervisor and the robust controller are
implemented on the vehicle level. The supervisor has the
responsibility to accept or ignore the assistance of the
high level, in that process the robust controller helps its
operation. The assistance of the high level is acceptable, if
the safety performance requirements can be guaranteed.

The control signal u;(k) for AV; is computed by the
supervisor, which is equal to the longitudinal acceleration
command. In the presented control structure the super-
visor computes u#(k) based on two candidate control sig-
nals, which are u; ;(k) and ug ;(k). The candidate control
signal u; ;(k) is computed by the high level control, which
is responsible to the time-efficient and collision-free
coordination of the AVs in the roundabout scenario. The
values of uy ;(k) for all AVs are computed by one central-
ized high level control, and thus, these values are trans-
mitted to the AVs via wireless communication platform
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[34]. Due to safety reasons, e.g., avoiding collision at
packet loss, uy ;(k) values are not used directly as con-
trol signals. Thus, second controller for each of the AV is
designed based on the robust control approach [33]. The
computed second candidate control input ux ;(k) is cal-
culated on the vehicle level of each AV;, which computa-
tion is able to guarantee collision-free motion profile for
AV using onboard measurements. Nevertheless, ug ;(k)
cannot be used directly as control signal for AV}, because
it does not guarantee time-efficient coordination of AVs.
Consequently, the supervisor combines these two candi-
date control signals for reaching collision-free and time-
efficient motion for AV;.

The combination is carried out through the expression
of u;(k) = ug,i(k) + A;(k), where A;(k) € Aisabounded
addition to ug ;(k), which is computed by the supervisor.
This bound represents a limit on the difference from the
collision-free candidate control input ug ;. The computa-
tion of A; aims to minimize the difference between u; (k)
and uy ;(k), i.e., goal of the control system is to accept
uy ;(k) as much as possible during the computation of
A;(k). It leads to a constrained optimization problem that
results u; (k), see [32].

In the rest of the paper the focus is located on the
design of the high level controller, which assists the
motion of AVs in the roundabout. It requests determin-
ing of their safe speed, defining priorities among AVs and
providing their u; ;(k) acceleration command.

2.1 Constraints for the control design
A safe cornering speed is specified for all AVs based on
the geometry of the intersection and simplified vehicle
dynamics for the cornering. In addition, another recom-
mendation against the speed profile is that it must result
in a comfortable vehicle motion. Assuming that friction
coefficient between the tire and the road surface p is esti-
mated [39-41], the centrifugal force working on the vehi-
cle can be equalized by choosing an appropriate velocity.
Assuming identical road friction p for longitudinal and
lateral direction on each wheel, the tire force of the AV is
limited by friction circle, i.e., a limit on the total accelera-
tion of the vehicle gy ; is found:

Maor,i < ML, (1a)

2\ 2
2 _ 2 v
Atot,i = 4 R)’

where g = 9.81 m/s? is the gravitational constant, m is
the vehicle mass and R denotes the radius of the rounda-
bout. Considering that road geometry information can
be available by on-board devices of AVs such as GPS, a
maximal safe cornering velocity can be calculated by
reorganizing (2), i.e., the lateral acceleration of the vehicle
is limited as

v / 2
E S (gﬂ)z_air

(1b)

&}

(2)
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which leads to the speed limit v < (/Ry/(gu)? — a?.

Note that in case of constant speed (a; = 0 m/s?) it leads
to the simplified form v < /Rgp.

At the same time, the motion of the vehicle must be
comfortable for the passengers, which leads to another
limitation on the speed. It has been shown through
experimental analysis that the comfort threshold on
acceleration for passenger vehicles is 0.4g, see [45, 48].
Therefore, the next limit on the lateral acceleration is
formed as:

Atot,i =

2\ 2
a? + <R) < 04g, ®3)

which leads to the speed limit v < 4 /Ry/(0.4¢)? — a?.

Finally, the safe and comfortable speed of AV; in
the roundabout is bounded by the lower speed limit,
resulted by the safety constraint or the comfort con-
straint. Since the speed limits have similar form, the
speed limit is computed as

Vyound = \/R\/(mil’l(pL; 0.4)g)2 — “;2' (4)

As an example for constant longitudinal speed scenario,
a conventional roundabout with a 12.5 m radius and with
a road friction coefficient of u = 0.8, the maximal safe
cornering speed is Vyy,,q & 25 km/h. In addition, longi-
tudinal acceleration and deceleration constraints are also
defined in order to ensure both passenger comfort and
wheel traction. Here, maximal and minimal acceleration
values of @z, = 2.5 m/s? and a5, = —5 m/s® are chosen
[42].

2.2 Defining priorities for the vehicles

Handling of multiple vehicles in a roundabout requires
the giving of priority for each vehicle. The priorities
have impact on the motion of the vehicles, i.e., their
ordering at the entrance of the roundabout.

In the priorities of AVs, the minimization of vehi-
cles’ traveling time, as a performance requirement is
involved. Thus, it is necessary to provide priorities for
the vehicles, with which traffic flow can be improved.
Thus, the AV; has higher priority as of AV}, if their
forthcoming routes are crossed and the predicted time
of AV for reaching the exit of roundabout T is smaller
than the same predicted time (7}) for AVj. It means that
the traffic flow is improved, if AV; has priority against
AV j. For example, if AV; is in the roundabout and
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similarly, AV} approaches to the roundabout and their
forthcoming routes are crossed, AV} can enter into the
roundabout when AV, has left the entrance.

The prediction of time 7; for reaching the exit is
formed through the consideration of the following
assumptions. It is considered that the AV; is able to
move on its route without stopping, i.e., its motion is
not disturbed by other vehicles. Moreover, on the pre-
diction horizon the AV is considered to move with its
maximum speed. Thus, the predicted time for reaching
the exit is

T, = M + Sround,i, (5)

Ventr Vround

where Seqs,i is the distance of AV; until reaching the
entrance of the roundabout, Ve is its maximum speed
on the entrance section. ;4,4 is the route length of AV
in the roundabout and v, is the maximum speed in
the roundabout, which has been computed by (4). If a
given AV is in the roundabout, the formula for time pre-
diction (5) is reduced to

T, — Sround,i' (6)

Vround
The time values T, i € [1...n] are computed for all AVs
in the region of interest, which have not left the exit
of the roundabout. The » number of AVs in descend-
ing order are sorted, depending on their 7; time values.
Thus, priorities for all of the AVs are defined, which is
the basis for the computation of their acceleration com-
mand. Thus, the i index of an AV represents its priority,
i.e., i = 1 has the highest priority and AV; ati = n has the
lowest priority.

Remark, if one of the AVs has left the exit of the round-
about, but it is inside of the roundabout region of inter-
est, it has not been taken part in the ordering. For that
vehicle the maximum speed is given as a reference to
improve traffic flow performance.

2.3 Providing vehicle acceleration command

In the computation process of the acceleration com-
mand u;; for each AV the priorities are used. The goal
of the computation is to find the speed profiles for AVs,
by which their time-efficient and collision-free motion,
ie., safe distance syp between AVs, in the context of
roundabout can be guaranteed. The value of s,z depend-
ing on the speed of the vehicles can be selected, such as
Ssafe = Tsafe - Viound» Where Tg.p is a safety time value,
whose value is between 1 — 2s. The model on the com-
putation of Ty, assumes that the deceleration braking for
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all vehicles, i.e., the maximum achievable deceleration,
are the same. The value of u;; is selected on a bounded
range of Up = (UL min; UL max), Where up i, represents
maximum braking and uy 4, is related to maximum
acceleration of the AVs. The computation process of uy ;
fori =1...nwith T sampling time is performed.

The idea behind the computation of 1y ; is to predict the
motion of vehicle i, and all of AV}, where j =1...i—1.
Thus, the motion of AV; must be adapted to the vehi-
cles, which have higher priorities. It is necessary to find
maximum u;, by which sg g can be guaranteed on T
time horizon between AV; and all of AVj. The distance
s;j between AV;and AVjis composed as the distances on
the straight sections and the distance on the circular sec-
tion. The distance on the straight sections are computed
through Pythagoras theorem formula and the distance on
the circular section are computed through polar coordi-
nates. This distinction helps to reduce the complexity of
the computation. The longitudinal acceleration to keep
safety distance, ie., s;; > Sy, on a T prediction time
horizon is:

2(8ij — Ssafe — ViT)

= )

Uri =
Thus, through (7) an upper bound is provided, by which
the maximum of u;; in relation of AV;,AV; can be
computed.

Nevertheless, there can be some scenarios, in which
the vehicles with lower priorities must be considered.
The motion of AV; must be adapted to the motion of
AV, k > i, if AV} poses an obstacle for AV; within the
predicted time T. For example, if AV} with lower prior-
ity on the route of AV is a preceding vehicle, then upper
bound on the longitudinal acceleration for AV} using (7)
must also be computed.

Finally, the computation of #; ; is formed as an optimi-
zation problem with constraints, such as:

max uj ; (8a)
subject to

2(sim—Ssafe—viT
up; < 2D i AV, (85)
uri € U, (8c)

where AV, represents the sets of vehicles AV},
j=1...i—1and of all obstacle vehicles AV}. The result
of the optimization is uy;, which is the input for the
supervisor, see Fig. 1. The initial value for u; ; in a given
optimization process can be selected as the solution of
the optimization process in the last computation. This
selection assumes that slight modification of u;; during
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a time step is required, which leads to faster convergence
of the maximization process. Moreover, the maximiza-
tion can be terminated, when a terminal constrain is ful-
filled, i.e., |ur,;(k) — ur;(k —1)| < €, where k represents
the number of iteration in the maximization process and
€ is a predefined small scalar value.

Although this paper provides a method for achieving
collision-free and time-efficient speed profile, the fully
autonomous control of AVs requires also the path plan-
ning, ie., designing steering control. In the rest of this
section to some existing results in this topic are referred.
The method of Bézier curve control points generation for
roundabout scenarios can be found in [43]. B-Spline type
of curves have also been used for path planning, where
relationship between roundabout intersection leg angle
and path performance has been simultaneously consid-
ered [44]. A path planning strategy method for lane-free
roundabouts can be found in [46], which method is also
able to consider limits on steering angle. At the level of
steering control, the application of control barrier func-
tions can lead to safe motion of the vehicle [45].

3 Implementation of the control method

in simulation environment
The advantage of the proposed method is that it requires
low computation effort. In this section the structure of
the implementation is presented, which can be used dur-
ing simulation-based evaluations.

On the high level control it is recommended to store
data on AVs in an array form, where each row is related to
the AVs in the region of interest, i.e., the array is known
as S. The benefit of the form is that it can be dynami-
cally modified, depending on the number of vehicles n.
Moreover, this form provides a simple structure to give
priorities for the vehicles, where the number of the row
represents priority of an AV.

An example on the structure of S with n = 3 is found in
Table 1. The first column of S contains the number of the
roundabout entrance, the second column contains the
exit, where AV; leaves the roundabout. The positions of
the AV is recommended to store in the measures of polar
coordinate system, which is motivated by the circled
shape of the roundabout. The origin of the polar coordi-
nate system is the physical center of the roundabout. The
distances of the AVs from the origin is found in column
three, and the angle in column four. The angle is meas-
ured from entrance 1, i.e., 0° is related to entrance/exit
1, 90° is to entrance/exit 2, etc. The longitudinal speed
of the AVS are involved in the fifth column, see Table 1.
Column six contains the information, whether AV; has
left the roundabout, but it is inside of the region of inter-
est. In the given example of Table 1, where the radius of
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Fig. 2 Example on the motion of vehicles in a roundabout

the roundabout is 10/, AV is inside of the roundabout,
between entrance 2 and exit 3. AV; is inside of the region
of interest, but it has not entered into the roundabout.
Moreover, AV3 is also inside of the region of interest,
but it has left exit 1. The given example is illustrated in
Fig. 2. Finally, the last column contains information on 77,
which determines the ordering of AVs in S. In this exam-
ple AV is predicted to leave exit 3 earlier than AV5, and
thus, AV has priority against AV5. Since A V3 has left the
roundabout, prediction of T3 is unnecessary and it is out
of the priority ordering. The values of T; are computed
through (5) and (6).

The generation of S with its ordering is processed as
follows. In each simulation time step the positions and
the speed values of the vehicles, together with their forth-
coming trajectories are transmitted from the AVs. The
positions of the vehicles are transformed to polar coor-
dinates and it is determined from the direction of vehi-
cle motion, whether AV; has left the intersection or not.
Then, the values of T; are calculated and the priorities for
the AVs through their ordering are also determined. In
this way, table S for the vehicle control is generated.

Table 1 Example on the structure of S
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After the generation and the ordering of S, the con-
trol input for AVs are computed. The signal u; ; for each
AV is calculated by (8). It requests the formulation of
constraints (8b), which is different for each AV. For the
formulation it is necessary to determine the AV, set of
AVs, which contains higher priority AVs and obstacle
AVs. For AV, the vehicles with higher priorities in the
set are AV}, j € [1; i — 1]. The determination of obstacle
AVs requests the examination of vehicle positions, that
are on the route of AVj, in a S, length horizon ahead.
The selection of S, is influenced by the geometry of the
roundabout, i.e., it is recommended to select at least
one quarter of the roundabout circumference. In this
example, Sy = 2RT” = 15.7m is selected. Through the
formulation of the constraints, the optimization prob-
lem (8) for each AV; is formed, which result in u; for
each vehicle. Remark that for AVs, whose exited vari-
able is 1, uy ; = Uy max is selected. Finally, the computed
ur ; value for each vehicle is transmitted.

Although in this section the implementation is
focused on simulation scenarios, it can be carried out
for test vehicle scenarios. An important difference of
the scenarios is the presence of time delay from the
viewpoint of the implementation. It means that it is
necessary to consider the time elapse between meas-
urement of AVs’ positions and time intervention in the
selection of T prediction time horizon. In case of sim-
ulation scenarios, time delay is not considered during
the implementation.

4 lllustrative simulation examples

For demonstrating the effectiveness of the method, two
scenarios are illustrated. First, a long-time simulation, in
which high number of AVs are entranced in the rounda-
bout, is presented. The aim of this simulation is to show
that the proposed algorithm is able to provide high-effi-
cient motion for the AVs even at continuous traffic flow.
For illustrating the efficient operation of the proposed
method, long-time simulation under various conditions
has also been performed. Second, the proposed control
strategy in an entire control architecture with vehicle
low-level control is embedded, and thus, a Hardware-in-
the-Loop scenario is analyzed.

Entrance Exit Distance (m) Angle (°) Speed (km/h) Exited T (s)
2 3 10 100.6 25 0 3.8
1 1 173 0 25 0 6.2
3 2 352 180 50 1 [—1
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Fig. 3 Results on the long-term simulation example

First, the simulation results for the scenario with con-
tinuous traffic flow are shown. During the 1 min long
simulation scenario 21 AVs are taken part into the sce-
nario, that have entered in the region of interest on ran-
dom entrance road. The roundabout has four entrance/
exit roads and R = 10 m radius, as it is illustrated in
Fig. 2. Some results on the simulation are found in
Figs. 3,4, i.e., Fig. 4b shows result on the entire simula-
tion, while Figs. 3a, b and 4a focus on the initial term
of the simulation, when four AVs are in the region of
interest.

Figure 3a illustrates the speed of AV ... AVj, until they
stay in the region of interest of the roundabout. It can be
seen that the vehicles keep vj;,, = 20 km/h within the
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Fig. 4 Results on the long-term simulation example (cont.)

roundabout to avoid dangerous situation, while leaving
the roundabout the AVs accelerate on the straight road
section. The suggested i} ; candidate control input of the
high level control for each AV is shown in Fig. 3b. Fig-
ure 4a illustrates the effectiveness of the time prediction
T;. In Fig. 4a T} ¢4 is the real time value of AV; until the
exit from the roundabout, which has been determined
after the simulation. It can be seen that T; and T} ;. sig-
nals are close to each other, which means that the predic-
tion error is low. Moreover, T; values are in relation with
the priorities of the AVs: if AV; has lower T; value, it has
higher priority. For example, AV7, AV3, AV4 move to the
same exit road (1), but the avoiding of collision is han-
dled, i.e., AV7 has the highest priority, and AV4 has the
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lowest. Finally, Fig. 4b illustrates the distance between the
vehicles. It can be seen that distance between the vehicles
during the entire simulation is higher as 55, =2 m, i.e.,
the safe motion of the vehicles are guaranteed.

4.1 Variations in the simulation example

Further simulation examples are shown below to illus-
trate the effectiveness of the control system under dif-
ferent conditions. Thus, the conditions of the long-term
simulation example are varied, such as number of vehi-
cles and the radius of the roundabout.

In Fig. 5 the results of long-term simulation with 8 AVs
are presented. Since an increased number of AVs is taken
part into this simulation example, more vehicles must
reduce their speed to keep sy, see e.g., Fig. 5a, in which
the speed profiles of the initial 8 AVs are illustrated.
Although the rush traffic leads to varying acceleration
commands (see Fig. 5b), minimum distance is always
above sy, see Fig. 5¢.

Another example in Fig. 6 is shown, in which the radius
of the roundabout is reduced to R = 5m. Although the
proposed control strategy is not dedicated to a special
type of roundabout, i.e,, it is independent from the value
of R, the goal of the variation is to demonstrate that it is
able to operate efficiently for roundabouts with differ-
ent geometries. The consequence of the reduced radius
is that the vehicles are closer to each other during their
motion. Its consequences are the reduced speed (Fig. 6a)
and the varied acceleration commands (Fig. 6b). The
speed reduction leads to the reduction of prediction per-
formance, see Fig. 6¢, e.g., stopping of AV3 and AV, leads
to increased difference of T; and T; ., at the first half
of the simulation. Nevertheless, s is kept during the
entire simulation scenario, see Fig. 6d.

Another simulation example with R = 5m and 8 AVs is
presented in Fig. 7., which is a rush-hour traffic scenario.
Due to the simultaneous presence of 8 AVs in the small
area of the roundabout, their speed must be significantly
varied, see e.g. AV5 in Fig. 7a. In spite of the high inten-
sity of traffic flow, the minimum distance of the vehicles
is above sy, during the entire scenario, see Fig. 7b.

Finally, Fig. 8 provides the results of a simulation with
R =15 m of the roundabout with 8 AVs. It can be seen
that the most important performance measure, such
as guaranteeing at least s, distance between AVs, is
achieved in this scenario, see Fig. 8b. Thus, the conclu-
sion of the various simulation examples is that the pro-
posed control strategy is able to provide safe motion for
the vehicles under various traffic conditions.
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Fig. 6 Simulation with 4 AVs at R = 5m

4.2 Evaluation of the method using SUMO traffic simulator
The operation of the proposed method has also been tested
under SUMO (Simulation of Urban MObility) traffic simu-
lator environment [49]. Moreover, the simulation results of
the proposed method are compared to the results of three
car-following models, such as the modified SUMO-Krauss
model [50], Adaptive Cruise Control (ACC) and Coop-
erative ACC (CACC) car-following methods [51]. In the
simulation example the roundabout with R = 10 m radius
and 4 entrance/exit roads has been built, i.e., the similar
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scenario has been simulated as in the previous cases. The
time length of the simulation is 15 min, during this time
225 vehicles are moved in the traffic network.

Table 1 presents the results in a comparative form.
The simulations have been performed with two speed
limit settings: in the first case the speed limit is 20 km/h
in the entire network, but in the second case the speed
limit on the straight sections is 50 km/h. In Table 1 the
total time spent (TTS) of the vehicles in the network and
the fuel consumption are compared. In the evaluation,
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the vehicles are separated on the basis of the distance
that they travel within the roundabout. The traveled dis-
tances are represented by their circular motion, such as
90°-360°. The results show that the proposed method is
able to effectively reduce TTS in case of all scenarios, and
fuel consumption in most of the scenarios. Nevertheless,
there is a trade-off between these measures, compare the
two speed limit scenarios. For example, the increased
reduction of TTS can lead to the slight reduction, or
increase of fuel consumption, see the scenarios of 20
km/h speed limit to SUMO-Krauss model and of 50km/h
speed limit to ACC method. Since the proposed method
focuses on the reduction of TTS, it can lead to increased
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fuel consumption, see e.g., vehicles with 90° motion at
20km/h speed limit. But, in the 50km/h speed limit sce-
narios, the TTS reduction is balanced, resulting in lower
fuel consumption for all vehicle groups.

Figures 9, 10, 11 and 12 illustrate TTS and fuel con-
sumption in case of 50 km/h speed limit scenario in
a histogram form. It can be seen that that proposed
motion strategy is able to provide reduced TTS and fuel
consumption in each vehicle group. Although the mean
of TTS is slightly larger (0.7%) at 90° circular motion in
case of SUMO-Krauss model, see Fig. 9a and Table 2.
Nevertheless, this small increase is insignificant com-
pared to the reductions in the other groups and in fuel
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Table 2 Comparison of simulations in SUMO traffic simulator
Speed limit (km/h) TTS reduction (%) Fuel consumption reduction (%)
90° 180° 270° 360° 90° 180° 270° 360°
20 (to SUMO-Krauss) 114 206 249 39.5 -15.7 -7.9 4.6 312
50 (to SUMO-Krauss) -0.7 216 29.2 383 15.2 211 32.7 39.1
50 (to ACC) 8.8 11.9 144 23.1 =21 6.4 106 208
50 (to CACQO) 52 10.2 14.1 20.2 1.2 83 12.8 209
25r 18
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Fig. 10 Histogram of total time spent in the network (1)

consumption. Similarly, the proposed method is able to  Hardware-in-the-Loop (HilL) environment has been
provide the same or better performance level as ACC, used, in which augmented reality (AR) and multi-

and significantly better as CACC, see Figs. 10 and 12. ple indoor vehicles are contained. The goal of the pre-
sented example, i.e., motion of automated vehicles in a
4.3 Implementation of the motion control algorithm roundabout scenario, is to show the safe motion of the

In the rest of this paper the effectiveness of the algo- automated vehicles, which use the proposed control algo-
rithm through its implementation on small-scaled rithm. The roundabout has anticlockwise circulation and
test vehicles is demonstrated. In the demonstration a three entrance/exit connections, see Fig. 13a. The safety
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Fig. 11 Histogram of fuel consumption of vehicles (1)

performance requirement against the vehicles is to keep
at least sy, = 1 m distance from each other.

In the example three automated vehicles are involved,
two of them are real physical small-scaled vehicles and
one of them is virtual vehicle in the AR. The positions
of the physical vehicles through OptiTrack motion cap-
ture system are measured and this information via ROS
network is transferred. In the architecture the motions
of the virtual vehicles on a PC, as a node of the ROS
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network, are simulated. The motion of virtual vehi-
cles in the AR is visualized on a tablet. On the tablet
the Android-based Unity environment with Vuforia
AR engine is used, with which the pose of the tablet,
related to a fixed marker on the floor is estimated. From
the viewpoint of control implementation, the proposed
low-complexity high-level control on the PC is found,
and the robust control with supervisor on the physical
vehicles (or on the PC for virtual vehicles) are installed.
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The lateral motion of the physical vehicle based on their
lateral error from the centerline through a PID control-
ler is influenced.

Some scenes of the simulation scenario is illustrated
in Fig. 13. At the beginning of the scenario vehicle 1
and vehicle 2 are in conflict, see Fig. 13a. Although
vehicle 1 decides to enter into the roundabout at
Entrance I., but the distance between vehicle 1 and

Page 15 of 19

-
[e)

-
(o)

al pedw M
o N b

o)

Number of vehicles (-)

200 220 240 260 280 300
Fuel consumption (mg/s)

(c) 270° motion in the roundabout

Number of vehicles (-)

280 300 320 340 360 380 400 420
Fuel consumption (mg/s)

(d) 360° motion in the roundabout

vehicle 2 is kept above sz, see Fig. 14d around 1.5s.
The avoidance of the collision is achieved by the reduc-
tion of uy (see Fig. 14b), which induces the reduction of
V2, as it is shown in Fig. 14c. In Fig. 13b the conflict of
vehicle 1 and vehicle 3 is shown, which results in the
speed reduction of vehicle 1, see Fig. 14c after 2s. For
a short time between 2s—4s, until vehicle 2 does not
leave the roundabout at Exit II. (see Fig. 13c), all of the
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vehicles move together. In this phase of the scenario,
s1and s have small values, but s,z has been kept, see
Fig. 14d. At the last part of the scenario, vehicle 1 fol-
lows vehicle 3 and both vehicles leave the roundabout
at Exit I. The motion of the vehicles together with the
characteristics of s; (see Fig. 14d) demonstrate that the
proposed motion control algorithm is able to guaran-
tee safe vehicle following and the handling of vehicle
interactions.

Finally, it is suggested to compare the signals of #; and
u for each vehicle, see Fig. 14a, b. In the objective of the
supervisor the minimization of difference between u and
uy is formed [32, 33], i.e., the characteristics of u and u;
for all vehicles are close to each other. Nevertheless, the
difference between u and u; guarantees the safe motion
of the automated vehicles.

5 Conclusion

The paper has proposed a low complexity control
method for handling multiple autonomous vehicles in
roundabout scenarios. The effectiveness of the method
has been evaluated through simulation and HiL sce-
narios. The simulations have shown that the safe and
continuous motion of the vehicles can be guaran-
teed by the control method. The low complexity, as
an important contribution of the method is achieved
by a priority-based ordering strategy of the autono-
mous vehicles. The efficient operation of the con-
trol system through the test measurements has been
demonstrated.

The future challenge of the method is to extend the
priority-based control strategy to further traffic sce-
narios, e.g., intersections and multiple lanes. Through
the extension of the proposed method, autonomous
vehicles can be controlled in large-scaled traffic net-
works with low computation effort. This extension can
also request to consider time already spent in the traf-
fic network, because it may be a legitimate request for
traffic participants to receive priority after prolonged
waiting. Nevertheless, it may lead to a multi-objective
optimization problem with respect to the ordering
process. Moreover, another challenge is the implemen-
tation of the method on real test vehicles, e.g., on prov-
ing ground context. A possible low-cost solution for
providing multiple autonomous vehicles is the use of
augmented reality [34]. The implementation requests
the consideration of time delay in communication and
vehicle actuation.
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