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A first approach for a passenger-centered behavior on driverless vehicles

David Gonzilez!, Francisco Navas!, Imane Mahtout23 and Vicente Milanés?2

Abstract— Driverless shuttles are becoming one of the most
promising applications of automated vehicle technologies in
the short term. For a real system deployment, passenger’s
acceptance on the shuttle performance will play a key role.
This paper presents a passenger-centered control algorithm
design for increasing passenger’s ride quality. Controllers with
different performance but properly following the reference are
developed for lane-level autonomous navigation. The whole
solution has been implemented and tested in a real vehicle,
using a roundabout as use-case scenario, providing encouraging
results.

Index Terms— Vehicle control, Passengers’ comfort, Passen-
gers’ acceptance, driverless shuttles.

I. INTRODUCTION

Two main trends can be identified on the intelligent road
transport systems field: 1) automated vehicles that are ready
to share the road with manually driven vehicles. The driver
is still in the loop as a safety system—i.e. Tesla AutoPilot
system; and 2) driverless vehicles (or shuttles) that can be
fully independent on limited driving areas normally reserved
to these vehicles. Driverless shuttles are getting more and
more attention because of their potential to be implemented
in the short term. In contrast with automated vehicles, they
are operating in well-known environments [1] and eventually
with infrastructure adapted to their needs [2], leading to more
controlled and easy-to-deploy environments.

The first implementation of driverless shuttles can be
found in the late 90’s in a long term parking application
at Schiphol airport [3]. Since then, multiple deployments
worldwide were carried out. It is worth mentioning the EU-
funded projects (CyberCars2 or CityMobil2, among others)
related to last-mile deployment based on the Cybernetic
Transport Concept where novel urban transport systems were
developed and tested in several EU cities [4], [5]. All
these demonstrations showed the potential of such systems
for providing a solution for both: controlled environments
and crowded areas. The last milestone was the long-term
demonstrations carried out within the framework of the
CityMobil-2 project, where people across different European
cities experienced such systems. First guests about what users
are expecting from the new mobility systems can be found
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in the interviews carried out during project demonstrations
[6].

Driverless shuttles are expected to replace conventional
human-driven vehicles, meaning that passengers can be ei-
ther seating or standing. Having this in mind, passengers’
comfort play a key role in system acceptance. Comfort
is explicitly linked to the vehicle’s accelerations by acting
either on the longitudinal or lateral vehicle motion reference
and control. Related to the longitudinal control dynamics,
[7] proposes a three phase speed control strategy using
an acceleration-based evaluation index as control strategy
for improving passengers’ comfort. A comparative analysis
between Bezier-based speed profile generation and constant
jerk approach is presented in [8] where a combined lateral
and longitudinal acceleration evaluation is carried out. A
temporal optimization framework for speed profile genera-
tion considering multiple parameters as computational time,
comfort and safety is presented in [9]. Optimal control has
also been used to link the comfort constraints to the control
problem as in [10]. They designed a Model Predictive Con-
troller (MPC) and a learning approach to include the human
driving style in the optimization process. However this is
only done for the longitudinal actions. In [11] reinforcement
learning has been applied to infer drivers’ actions and then
apply them to automated driving. The authors argue that
individual perception of comfort is different among drivers
and the vehicle should adapt to each of them.

Even if lateral and longitudinal accelerations are intimately
related, previous works have been mainly focused on the
longitudinal dynamic and control, especially from a planning
point of view. Once a trajectory is optimized, the path tracker
must be able to follow that trajectory whereas minimizing
lateral and speed errors.

This paper proposes a controller with comfort considera-
tions, minimizing lateral actions and adapting the ego vehicle
performance to users’ requirements. It uses as input not only
the trajectory reference but also the lane width. The control
algorithm benefits from such information to minimize lateral
and longitudinal accelerations, while also avoiding to go out
of bounds. The problem is tackled from the control point
of view instead of the path planning to guarantee a given
performance level even when the control action is slow or
loose. The developed control system has been embedded in
a robotized vehicle and tested in roundabouts.

II. PROBLEM DESCRIPTION

Driverless shuttles’ acceptance depends on their ability
to provide a good ride-quality to the passenger. One of
the main advantages of this novel transport systems is the



passenger’s capacity to benefit from the time on board for
doing other activities [12]. This is strongly linked to the ve-
hicle’s performance when driving autonomously. Driverless
shuttle functional architecture relies on several functional
blocks (see [13] for further details). However, the ride-quality
depends mainly on the overall acceleration and jerk felt in the
vehicle. For a proper performance, longitudinal and lateral
actions need to adapt these accelerations and jerk profiles,
considering that the definition of comfort differ from person
to person [14].

The ability of driving autonomously in a given turn is
usually developed using a local path planner [15]. It con-
siders curvature-related information and the desired lateral
acceleration to provide a smooth trajectory. This trajectory
can be adapted accordingly to the optimization criteria or
the desired lateral acceleration. However, vehicle’s response
depends on the control algorithm. If it remains identical, the
way in which it recovers from lateral deviations remains the
same, minimizing the impact of that trajectory change. Ad-
ditionally, these trajectory changes don’t guarantee vehicle
stability from the full system analysis perspective.

Having this in mind, this paper proposes a passenger-
centered multi-controller structure, guaranteeing proper path
tracking with independence of the controller gains, allowing
to modify the vehicle response to the passenger’s desires.
This is done by designing the lateral control system (see 1)
to smooth as much as possible the proposed trajectory while
taking into account the passenger preferences. The starting
point will always be the most performant controller (i.e. the
one with the best tracking capabilities), being able to modify
controller gains accordingly to passengers’ preferences.

A. General assumptions

The following assumptions are considered for the present
work:

e Only the lateral controller design is addressed in this
work. Speed is known and properly followed by the
longitudinal controller (the maximum speed was of 10
m/s).

o A given speed is set for turning, such speed is expected
to be achieved before entering the turn.

e A proper trajectory is provided as an input to the
controller (i.e. next x,y coordinates, reference speed or
curvature among others).

o The road layout has always enough space for the vehicle
dimensions.

o Lane limits are known, as well as obstacles.

o Road layout information is known in a given horizon to
allow control response optimization.

III. VEHICLE CONTROL

The general control structure is based on a speed-
dependent feedback controller (see details in [16]), as it
provides good tracking capabilities for a given reference
trajectory, with a simple control structure. Fig. 1 presents
the lateral vehicle control block diagram. It is based on the
control minimization of the desired curvature provided by
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Fig. 1: Lateral vehicle control block diagram

the navigation stage (k4) and the current vehicle curvature
(ky,) calculated from the measured yaw rate (v,) and the
longitudinal vehicle speed (v;).
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Equation 1 shows the controller transfer function C, where
g is the controller gain and L is the inverse of the controller
look-ahead time control point (L = 1/look — ahead — time,
where the look-ahead-time can be described as the future
point the vehicle aims to be with respect to the planned
trajectory). It provides as output the desired steering wheel
angle command (J..).

Multiple controllers have been developed with the goal of
not only being able to perfectly track the center lane but also
to benefit from the available lane width. The control point
selection in look-ahead speed dependent controllers plays a
key role that impacts the vehicle performance. To provide a
passenger-centered design, a two step process was followed:

C(s) =

« A control objective with a phase margin over 30 degrees
and a damping of 0.7 was set. This design criteria
was applied in an optimization process up to finding
the minimum look-ahead distance that guarantee such
response.

o Controller gains were adapted to keep the system re-
sponse for greater look-ahead values. This process was
repeated up to the electronic horizon for each speed (in
an offline optimization process), being able to provide a
stable controller with the same response for each look-
ahead distance higher than the minimum one.

Figure 2 shows the Bode response for the different con-
trollers. One can appreciate how the phase margin remains
the same whereas the look-ahead distance increases. It re-
duces the closed loop system bandwidth, providing a slower
response. In terms of passenger-centered approach, this can
be seen as the trade-off between keeping a good control
performance and increasing the comfort thanks to the lane
width. It means that the vehicle will follow the trajectory as
close as possible when applying the minimum look-ahead,
being the faster controller. The higher the look-ahead, the
smoother the response. The main idea is to reduce lateral
acceleration, and consequently improve passengers’ comfort
and acceptability of the system.

A. Passenger’s acceptability considerations

To have a passenger-oriented vehicle response, it is first
necessary to define certain design parameters to include
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Fig. 2: Frequency response for different look-ahead time (from 0.8 s to 2.5 s) at 10 m/s with the same phase margin (from

close-loop in Fig. 1).

safety and comfort. Those are focused in users’ needs and
expectations as follows:

o Lateral acceleration and steering wheel angle behavior
as main design factors to follow the trajectory as hu-
mans do, reducing lateral accelerations in the path by
profiting from the whole road width.

o Position of the vehicle in the road. The controller can be
as smooth as possible, but the vehicle needs to always
stay within the road boundaries.

B. Physical trajectory constraints

The optimization of the control response can be done up
to the road boundaries. This means that the trajectory the
vehicle will cover is safe and it will not encounter any curb
or obstacles (we assume that the planned path of the vehicles
is free from other road users and is dynamically feasible).

The dynamic (bicycle) vehicle model [17] can be used to
this end, where future vehicle states can be predicted with
different controllers. The vehicle model (G,) is as presented
in Eq. 2:

X, = A, X, + Byu,
YU = Cva

where the state vector is:

Xv:[yv Uy ¢v %]T

Yo Vys Yo, @_/}v are the vehicle lateral position, lateral velocity,
yaw angle and yaw rate respectively, u, = J. is the steering
angle in the front tire (assuming the rear wheels have zero
steering angle). The system’s matrices A,,B, and C, are
described below:
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where the longitudinal speed of the vehicle is denoted by
vz, @ and b are the distances from the front and rear wheels
respectively to the vehicle’s center of gravity, m is the mass
of the vehicle and, C'y and C,. are the front and rear cornering
stiffness respectively. Finally, the trajectory of the vehicle is
given by Eq. 4:

& = vy cos(,) — vy sin(1hy)
y = Vg Sin(¢v) + Uy COS(%)

where & and g are the global coordinates speeds.

The simulated future vehicle states predict the trajectory
the real vehicle will cover per each controller configuration.
These states can be evaluated, up to a horizon, to determine
if any of them violates the boundaries of the road. The
problem can be defined as to avoid the group of manifolds in
which the vehicle overlaps any obstacle [18]. With a small
modification, it is defined as in Eq. 5:

“4)

Crree ={q€C|AGHNO =10} (5)

where Cgre. is the set of all vehicle configurations ¢ =
(z,y,1) where A is without collision. C is the total configu-
ration space, where C¢r.. C C, A and O are the ego-vehicle
and obstacles rigid bodies respectively, and ¢ represents the
configurations of A.

To verify this, the vehicle rigid body A can be repre-
sented as a 2-D bounding box, the road boundaries O can
be described as a convex polygon formed from the lane
boundaries information (i.e. a digital map for long enough
road layout information is considered) and ¢ is represented
by the simulated closed loop vehicle states while following
the trajectory. Figure 3 gives a graphical representation of
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Fig. 3: The obstacle free area of the current roundabout path
is presented in blue, the planned trajectory in yellow, soft
and hard limits are in black.
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Fig. 4: Bird view of the simulation scenario. The itinerary
started at point 1, passing through point 2, both roundabouts
and finally reaching point three.

the verification (each vehicle position represents a state),
which is done by solving the point-into-polygon problem.
Boundaries are given in blue whereas the road center-lane
is depicted in yellow. The vehicle model is evolved through
time to find the set of A,y configurations that comply with
Eq. 5.

Each of the bounding box vertices are evaluated to be
within the road boundaries polygon. The evaluation is done
by making the projection of each vertex to a sufficiently
far away point and counting the number of intersections
against each of the polygon segments. If the intersection
number is odd, the vertex remains within the polygon (see
green bounding boxes in Fig. 3) and is outside in case of no
intersection or a pair number (represented in a red bounding
box, indicating a violation of the boundaries).
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Fig. 5: Zoomed region 2 from Fig. 4
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Fig. 6: Lateral error, steering wheel angle and rate for
each controller configuration. The most restrictive controller
configuration is depicted in black and the most relaxed one
is presented in magenta. Other in-between controllers are
depicted in blue.

C. Simulation results

Simulation scenario is composed of two roundabouts,
straight segments and pedestrian crossings at the entrance
and exits of roundabouts. The vehicle is modeled with a
dynamic bicycle model (as in [17]) and the whole scenario
is simulated in MATLAB Simulink.

Initially, the vehicle is at full stop in point 1 of Fig. 4.
The proposed destination is set at point 3 of Fig. 4, traveling
through both roundabouts. Different controller configurations
are evaluated in real-time and the resultant trajectories can
be seen in blue in Fig. 5. Here, the road boundaries are
depicted in red, the road middle path is given in orange, the
most precise controller configuration is given in black and
the most comfortable one is given in magenta.

An example of different controllers’ responses can be seen
in Fig. 6. The lateral errors for the different cases are given in
Fig. 6a, where the controller tracking the trajectory as close
as possible is presented in black, showing a maximum lateral
error below 0.2 m; and the smoothest controller shows lateral
deviations close to 1.5 m (still within the lane boundaries).
Intermediate controller responses are depicted in blue.
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Fig. 7: Bird view of the real scenario.

The steering wheel angle and the steering wheel angle
rate are presented in Fig. 6b and Fig. 6¢. The controllers’
response are presented in black, magenta and blue for the
tight, loose and intermediate controllers respectively. Figure
6 shows that, even if lateral displacement increases when
implementing the loose controller, the vehicle needs less
important steering actions. This decreases both the steering
wheel maximum angle needed to turn and the steering
rate, providing smaller lateral accelerations and increasing
comfort. Any of the controllers allow the vehicle to come
back to the center of the lane when in straight segments,
ensuring also a proper behavior in these scenarios.

IV. SYSTEM VALIDATION

The proposed system has been tested in real scenarios.
The experimental platform is a computer-controlled Renault
ZOE. The vehicle is completely robotized, enabling the
control of the steering wheel, throttle and brake pedals. For
the sake of clarity, the tests were carried out using a precise
positioning system and no traffic interaction. This allow to
isolate the proposed control architecture for any failures from
other modules that can impact system’s evaluation.

Experimental tests were carried out at Rambouillet Ter-
ritories, France. Fig. 7 shows the whole scenario with the
two different controller configurations (tight and loose). The
zoom-in Fig. 8 allows to see the performance of the two
paths taken by the real vehicle, where the loose controller (in
magenta) diverts considerably more from the trajectory than
the tight one (in black), giving a more human-like response
while staying within road boundaries.

Figure 9a depicts the lateral error through the whole path.
The tight controller achieves lateral errors under 0.2 m, while
the loose configuration presents lateral errors close to 1.5 m.
The latter smooths the trajectory the vehicle will follow as
it increases comfort and reduces lateral accelerations, while
always keeping the vehicle within bounds.

Figure 9b shows the steering wheel angle described in
both runs. It is visible that the more the controller tries to

precisely follow the path, the higher is the required steering
wheel angle. In contrast, the loose controller prevents hard
changes in the steering wheel angle, avoiding jerky behav-
iors, improving comfort.

Fig. 9 also reveals that the vehicle implementing the loose
controller configuration gains a small amount of time while
travelling through the path. As a matter of fact, this is visible
as signals in Fig. 9b are somewhat synchronized at the
beginning of the test (around second 60) and the temporal
gain of the loose controller becomes more clear through time
(see second 170) when synchronization is lost.

V. CONCLUSIONS

Comfort and safety are key design factors for the accep-
tance of driverless shuttles technology. This paper proposed
a novel way of designing the control algorithm combining
the closed loop system bandwidth and the future vehicle
prediction states. This allows to smooth vehicle response
whereas it remains within the lane boundaries. Since the
definition of comfort and users’ perception of safety change
from user to user [14], the design allows the user adapt to
his/her preference the vehicle response.

This permits to establish a link between the control design
and the passenger, which is completely oriented to users’
acceptance. Safety is ensured by computing the different
controller configurations and ensuring the vehicle is always
within the lane. Results show how the trajectory tracking can
be either accurate, relaxed up to the lane boundaries or any
intermediate configuration, profiting from the full lane width
and increasing comfort without compromising safety.

The vehicle is able to travel within different scenarios
such as roundabouts, pedestrian crossings, straight stretches,
among others. The tests provided good results in simulations
and in real tests, showing that, even if the vehicle sacrifices
trajectory tracking performance, the gain in smoothness does
not compromise the safety. It also reduces the steering wheel
angle and steering wheel angle rate to take over turns and
roundabouts, while also preserving a proper behavior in
straight stretches. This translates into less lateral accelera-
tions, shorter travels, higher passenger comfort and a smooth
navigation, where all this is oriented towards increasing
passenger acceptance.

Future works will focus on including other road users.
This will inform the control block of the possibility to adopt
tight or loose trajectory following behaviors when obstacles
are present within the lane boundaries area. Also, future
experiments are foreseen to thoroughly test our approach and
assess passengers’ feedback in terms of comfort, safety, ride
quality and other different aspects; integrating these in the
vehicle motion planning and control design strategy.
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