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Abstract

An optimal-control based path planning algorithm has been developed recently for Con-
nected and Automated Vehicles (CAVs) driving on a lane-free highway, including vehicle
nudging. That vehicle movement strategy considers, in the lateral direction, a lateral de-
sired speed that had been set to zero in previous works; in other words, vehicles avoid
lateral movement if this is not helpful in achieving some of their goals, e.g. achieving a
longitudinal desired speed by overtaking slower vehicles. In this work, a lateral positioning
strategy for the vehicles is proposed, aiming to improve the vehicles’ longitudinal speeds and
the traffic flow, mainly at intermediate densities, by distributing laterally the vehicles based
on their longitudinal desired speeds. The intention is to leverage the existing optimal con-
trol formulation to move the CAVs to appropriate lateral positions, while respecting other,
higher-priority sub-objectives, such as avoiding crashes. First, the longitudinal desired speed
of each vehicle is mapped to a lateral desired position under the premise “faster vehicles
drive farther left”. Then, the value of the desired lateral speed is updated in real-time in
dependence on the vehicle’s current versus the desired lateral position, letting the optimal
control problem, with the given sub-objective priorities, decide on the actual vehicle path.
The proposed strategy is demonstrated via traffic simulations, involving various traffic den-
sities, on a ring-road. Several quantities, such as the reached average flows and statistical
measures of the error in the lateral position are computed for evaluation and comparison

purposes.
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1 Introduction

Automation has enhanced production and reduced errors in a wide range of applications.
Automation in vehicular traffic comprising Connected and Automated Vehicles (CAVs) is
predicted to provide similar outcomes [Dial5; Sjol7]. In this context, some road safety
rules designed for human drivers with limited perception and decision capabilities, such as
driving strictly on traffic lanes or driving based only on downstream perception, may be
questioned. Technologies, like vehicle automation, as well as vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communication, have the potential to improve road safety
and traffic flow greatly, by relaxing such constraints designed for human drivers.

Road driving is moving in the direction of complete automation and cooperation of CAVs.
According to a recently proposed, novel traffic paradigm [Pap21], there is no need, in the
era of CAVs to duplicate the human lane-based and forward-looking driving. Based on ap-
propriate movement strategies, in combination with advanced vehicle sensors and commu-
nications, CAVs may navigate securely and efficiently on the two-dimensional road surface,
accounting for other vehicles all around them, the latter leading to the notion of vehicle
nudging.

Alongside various strategies [Tro21a; Kar22], the work by [Yan21; Yan23] formulated a
nonlinear Optimal Control Problem (OCP) for CAV path planning in lane-free traffic with
nudging. The OCP considers minimization of an objective function that involves fuel con-
sumption, passenger comfort, moving obstacle avoidance, and desired speeds. A feasible
direction algorithm is used for its computationally efficient numerical solution [Pap16]. This
paper leverages the OCP approach to enable consideration of a target lateral position for
each vehicle.

The developed strategy aims to improve longitudinal vehicle speeds and thereby the traf-
fic mean speed and flow, mainly at under-critical traffic densities, where vehicle maneuvering
is easier. This is to be achieved by distributing laterally the vehicles, based on their longi-
tudinal desired speeds, so that vehicles with higher desired speed tend to drive further left
(and vice versa). This work leverages the OCP formulation to include an additional sub-
objective for moving the CAVs to a desired lateral position on the road, while respecting
other sub-objectives with higher priority, such as avoiding collisions. The proposed approach
is demonstrated to give good results in a simulation environment, for a range of under-
critical traffic densities on a lane-free ring-road and can be considered for use in future
advancements linked to lane-free CAV traffic.

2 Methodology

The movement of the ¢** vehicle in the two-dimensional plane is described by the double-
integrator kinematic equations in both longitudinal and lateral directions, whereby the con-

trol inputs are the accelerations in both directions. The state equations are the following:
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where the state variables z{, 2, 21, 21 represent the longitudinal position, the lateral posi-
tion, the longitudinal speed, and the lateral speed, respectively, while the control variables
ud, ud represent the longitudinal and the lateral accelerations, respectively. 7" is the time step,
and k is the discrete-time index, which relates to the continuous time through ¢t = k7. The
CAVs are essentially advancing in the longitudinal direction within the lateral road bound-

aries.

Preventing road departures and negative longitudinal speeds and avoiding collisions in
some “emergency situations” are defined as state-dependent inequality constraints on accel-
erations, to be considered in the OCP. The objective function to be minimized is composed of
several sub-objectives. Fuel consumption [Typ20] and passenger comfort, reaching desired
speeds in both directions, obstacle avoidance in regular situations, coupling of longitudinal
and lateral speeds and smooth longitudinal acceleration between planning horizons are the
sub-objectives composing the total objective function; see [Yan21; Yan23] for details.

In summary, the OCP minimizes the overall objective function, subject to the state equa-
tions (1) — (4) and all constraints. The OCP can be transformed into a nonlinear program-
ming problem in the reduced space of control variables. Using an efficient feasible direction
algorithm [Pap15; Pap16], the OCP is solved repeatedly for short time horizons within a
model predictive control (MPC) framework, while the vehicle advances.

In [Yan21; Yan23], the OCP objective includes a lateral desired speed that is set to zero
to discourage unnecessary lateral movements of the vehicle. We consider this to be the base
case strategy (BCS) for comparison purposes. In the present work, a new lateral position-
ing strategy (LPS) is proposed that pursues the premise “faster vehicles drive farther left”,
similarly to conventional traffic, albeit without the presence of traffic lanes.

Note that the admissible lateral positions for a vehicle in lane-free traffic are within the
road boundaries, i.e. within the range [W, /2, W, — W, /2], where W, is the width of the
vehicle and W, is the width of the road, as illustrated in Figure 1.

For the present investigations, each vehicle features a longitudinal desired speed (z3,,.)
from the range [a, b] m/s, assigned with a uniform random distribution. Other desired speed
distributions are currently under investigation. In the case of homogeneous distribution, we
may use a linear mapping that returns a desired lateral position (z4,..), proportional to the
desired speed, by the following equation
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Figure 1: Lateral road boundaries and admissible vehicle positions.
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Equation (5) is performing a one-to-one mapping between the two intervals:
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This way, each vehicle is assigned a desired lateral position, and it should tend to ap-
proach that position, as it drives on the road. Although we could formulate this task as an
additional sub-objective in the OCP objective function, we prefer, for the sake of simplicity
and generality, to address this task by leveraging the existing lateral desired speed term in
the objective function. This implies that, at each optimization run, we need to update the
desired lateral speed to conform with the lateral position task. This is done by computing
the lateral desired speed proportionally (according to (6)) to the vehicle deviation from the
desired lateral position at the start of each OCP run. More precisely, the lateral speed, that
should be applied to the vehicle over a time-period S to reach its desired position, is simply
given by (24,..—24(0))/S (where 24(0) is its initial lateral position) and is used as its desired
lateral speed

xd  —axd(0
dees — “2des 5 2( ) (6)

3 Results and Discussion

An unfolded ring-road of 1km length and 10.2m width is considered for simulations in a
lane-free environment. Multiple scenarios have been simulated using a custom-made ex-
tension, namely TrafficFluid-Sim [Tro21b], which is built for the SUMO simulator [Lop18].
Eight classes of regular vehicles are included, each class with its own length and width, as fol-
lows (in m): (3.2,1.6), (5.15,1.84), (4.25,1.8), (4.55,1.82), (2.6,1.77), (3.9,1.7), (3.4,1.7),
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and (5.2,1.88). The longitudinal desired speeds are set randomly, following the uniform
distribution, in the range [25,35] m/s. Initially, each vehicle is placed randomly, in lat-
eral direction, within the range [W, /2, W, — W, /2]; while longitudinal initial positions are
roughly homogeneously distributed; and initial speeds are 0. The optimization horizon is set
to 8 sec with a simulation step of 0.25sec. A time-period S of 32 sec is used in (6) so as to
reach the desired lateral position in four optimization horizons.

To evaluate the scenarios, the average flows achieved during the last ten minutes of half-
hour simulations and the statistics of the lateral-position error throughout the simulation
period are calculated. The average Mean Absolute Error (Average-MAE) between the cur-
rent lateral position and the desired lateral position for all time steps and for all vehicles is
calculated using the following formula

1 n 1 tnss
A ~MAE=-) |— 5(1) — 284, (i
verage . qZ:l (tnss ; |z (1) ZCQdes(Z)O ; (7)

where tnss is the total number of simulation steps and n is the number of vehicles. The
standard deviation of the MAE (stdv-MAE) is calculated based on the following formula

1 n 1 tnss )
tdv — MAE = , | — —_ I() = 22 N — A — MAE|“|. 8
stdv J "qzz:l [tnss ; [|l28(i) — 28 .. (7)] verage ] ] (8)
15 4
LN
E ;3] ‘k"‘u
Ll "k“
2 Ny
] S
1
10 1
09 4

P

-‘IF

"_l

R Rl &

Figure 2: Average-MAE for three different values of the weight applied on the lateral desired
speed term. The bars represent the range of values over the 5 different replica-
tions.

First, an investigation has been conducted using different values for the weight applied
on the penalty term corresponding to the squared deviation from the lateral desired speed.
Different values have been considered for this weight to explore its impact on the flow and
on the deviation from the desired lateral position via the metrics (7) — (8), while also looking
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at its impact on other sub-objectives. As expected, an increase of the weight results in a
decrease of the Average-MAE. This is shown in Figure 2, which displays the average and
the range of values achieved over 5 different replications for the case of a density equal to
150 veh/km and for three different values (1, 3 and 5) used for the weight. Figure 3 shows
the stdv-MAE value for the same density and again for the three different values used for
the weight. In all cases, the flow achieved with the proposed LPS is improved, compared
to the flow achieved for the BCS (see Figure 4 and Table 1). On average, this improvement
is higher for higher values of the weight. However, according to Figure 4, the deviation
from the average flow value that is observed over the 5 replications is much higher for the
case of a weight equal to 5. Therefore, the value of the weight considered in the following
investigations with different densities is selected to be equal to 3.
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Figure 3: stdv-MAE for three different values of the weight applied on the lateral desired
speed term. The bars represent the range of values over the 5 different replica-
tions.

Table 1: Flow Improvement achieved over the BCS for different values of the weight applied
on the lateral desired speed term.

Weight 1 3 5
Flow Improvement (%) 4.45 4.73 4.89

The average flows achieved during the last ten minutes of half-hour simulations for dif-
ferent densities and 5 replications per density are used to plot the resulting fundamental
diagram given in Figure 5. The same diagram includes the flows achieved for the BCS, i.e.
when using the policy of zero lateral desired speed, utilized by [Yan21; Yan23]. The bars
represent the range of values over the 5 replications. We observe that the critical density
is 200 veh/km, while the proposed LPS improves flows around the critical density area (see
Table 2 for the improvements achieved). Note that the proposed strategy has virtually no ef-
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Figure 4: Average flow for the BCS and the LPS for three different values of the weight
applied on the lateral desired speed term. The bars represent the range of values
over the 5 different replications.

fect for very low and overcritical densities. For the case of very low densities, this is because
the vehicles have anyway the space necessary to overtake slower vehicles and, as a result,
they are able to achieve their desired speed. On the other hand, for overcritical densities,
there is little space for maneuvers, hence the new strategy does not offer any visible advan-
tage. Finally, for very high densities, a flow decrease is observed when using the proposed
strategy. This is due to a high number of emergency situations occurring in higher densities,
probably due to the additional lateral movements caused by the new sub-objective. Thus,
one may consider applying LPS only around the critical density, where improvements are

pronounced.
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Figure 5: Fundamental diagram for the BCS and the LPS. The bars represent the range of
values over the 5 different replications.
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Table 2: Flow improvement achieved over the BCS per density.

Density (veh/km) 25 50 100 150 200 250 300 350
Flow Improvement (%) -0.04 0.27 3.65 4.73 7.47 0.81 0.47 -26.60

4 Conclusions

A lateral control approach is developed for CAVs to reach a desired lateral position according
to the desired longitudinal speed, with an aim to segregate similar longitudinal speed vehicle
in the lateral space. It is demonstrated via SUMO on a ring-road for various densities that,
when the proposed LPS is applied, the traffic flow is increased for densities around the critical
area. The impact of the weight of the lateral desired speed term is also investigated. Future
work is focused on having a non-homogeneous distribution in the road (including trucks),
and introducing on-ramps, off-ramps, where lateral desired speeds have also a major role to
enable merging and exiting of vehicles.
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