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This paper deals with a novel motion control ap-
proach for a car-like vehicle evolving in a structured,
dynamic and partially known environment. The over-
all architecture of the control system is presented. We
focus on two modules: the Global Trajectory Plan-
ner (GTP) and the Manceuvre Execution (ME). The
key idea of the approach is to plan and carry out
sensor-guided manceuvres. A nominal trajectory is
generated, based on monitoring the environment and
a prediction of its evolution. In order to take into ac-
count unforeseen events, the motion control is carried
out within the reactive scheme. The automatic vehi-
cle adapts its nominal trajectory to avoid obstacles in
a reactive way. Since replanning is time consuming,
local trajectories associated with generic manceuvres
and based on perceptive information are planned and
followed by ME. The approach developed allows to ob-
tain the smooth motion of the vehicle. Experimental
results obtained with our automatic car-like vehicle are
presented for two kinds of manceuvres : a lane follow-
ing/changing and an autonomous parallel parking.

1 Introduction

The autonomous manceuvring of nonholonomic vehi-
cles in dynamic environments is being studied by many
research teams. The state-of-the-art of this domain re-
flects approaches of various complexity. A generalized
approach involves planning a global path/trajectory
generally based on Dubins’ curves within an available
map of the environment. Because of the computa-
tional costs, global planning is usually performed off-
line. The subsequent following of the planned nom-
inal trajectory involves reactive capabilities, in order
to avoid collisions with unexpected obstacles. These
two behaviors (trajectory following and obstacle avoid-
ance) are in conflict, their simultaneous operation can
lead to an oscillatory motion of the vehicle (if no local
trajectory is defined). However, if a nominal trajec-
tory which is obstructed by an obstacle can be modi-
fied locally to avoid the obstacle and then return to the
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nominal trajectory, the oscillations can be eliminated.

In this paper, we present a control architecture in
which we focus on two main modules : the Global
Trajectory Planner (GTP) and the Manceuvre Ex-
ecution (ME). GTP allows to generate continuous-
curvature trajectories (i.e. trajectories which can
be followed by car-like vehicle contrary to Dubins’
curves). ME executes the nominal trajectory follow-
ing or, if necessary, a local trajectory obtained from
a generic manceuvre (i.e. a type of manceuvre with
some parameters in order to determine the local tra-
jectory). Two manceuvres are considered : a lane fol-
lowing/changing and an autonomous parallel parking
with experimental results obtained using our car-like
automatic vehicle.This research work contributes to
the French Praxitele programme that aims to develop
a new urban transportation system based on a fleet of
electric computer-driven vehicles [1].

A kinematic model of a car-like vehicle is shown
in Fig. 1. The vehicle’s coordinates are denoted as
a configuration ¢ = (z, y, )7 relative to some refer-
ence coordinate system where z = z(t) and y = y(t)
are the coordinates of the midpoint of the rear wheel
axle, 8 = 6(t) is the orientation of the vehicle, and ¢
is time. The motion of the vehicle is described by the
equations

& = v cos ¢ cosb,
Y =1vcos¢sinb, (1)
6 = 1 sin¢,

where ¢ = ¢(t) is the steering angle, v = o(t) is
the locomotion velocity of the midpoint of the front
wheel axle, and L is the wheel base. The steering
angle and locomotion velocity are two control com-
mands (¢, v). Equations (1) correspond to a system
with nonholonomic constraints because they involve
the derivatives of the coordinates of the vehicle and
are non-integrable [2]. Equations (1) are valid for
a vehicle moving on flat ground with a pure rolling
contact without slippage between the wheels and the
ground. This purely kinematic model of the vehicle
is adequate to control low-speed motions, e.g. during
parallel parking or lane following/changing in areas
where only low-speed motions are allowed. For the



Figure 1: Kinematic model of a vehicle with front
wheel steering

high-speed motions, the dynamics of the vehicle must
also be considered.

The notion “automatic vehicle” means that the ve-
hicle is equiped with: (1) - a sensor unit to measure
relative distances between the vehicle and environmen-
tal objects, (2) - a servo unit for low-level control of
the steering angle and locomotion velocity, (3) - a con-
trol unit that processes data from the sensor and servo
units and “drives” the vehicle by issuing appropriate
servo commands. The sensor unit uses range sen-
sors to measure relative distances between the vehicle
and environmental objects. The servo unit consists
of a steering wheel servo-system, a locomotion servo-
system for forward and backward motions, and a brake
servo-system to slow down and stop the vehicle. The
microcomputer-based control unit monitors the cur-
rent steering angle, locomotion velocity, travelled dis-
tance, coordinates of the vehicle and range data from
the environment, calculates an appropriate local tra-
jectory and issues the required servo commands.

2 The Overall Architecture

Our control architecture is shown in Fig. 2. It fits the
‘Perception-Decision-Action’ paradigm. In the deci-
sion part, we focus on two main modules :

e the Global Trajectory Planner module computes
a nominal trajectory between the current config-
uration of the vehicle and its goal.

e the Manceuvre Execution module selects the most
appropriate generic manceuvre to execute in the
current context (e.g. lane following or lane change
in a road context), and carries out the selected
manceuvre.

Global Trajectory Planner. The purpose of this
module is to compute a time-ordered sequence of (con-
figuration, velocity) couples between the current con-
figuration of the vehicle and its goal. The determina-
tion of this trajectory relies upon 1) a priori informa-
tion on the environment of the vehicle (e.g. position of
the stationary obstacles), 2) sensory data (e.g. position
and velocity of the moving obstacles) and 3) prediction
about the evolution of the workspace. GTP has also

Prediction
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s 0

World Modelling
Sensor-Systems =
J

Figure 2: Overall architecture of the control system

.

to respect kinematic, dynamic and collision avoidance
constraints.

Of course the predictions made may not be reliable,
it is therefore necessary to give the vehicle the ability
to deal with unpredicted events. This is the purpose
of ME. It allows to follow the nominal trajectory as
closely as possible while reacting in real-time to unex-
pected events by locally adapting the trajectory actu-
ally followed by the vehicle.

Manceuvre Execution. Depending on the con-
text and the current traffic situation, EM selects the
most appropriate generic manceuvre to carry out. The
effective manceuvre is determined using parameters re-
quired for its execution (e.g. road curvature, available
lateral and longitudinal displacements relative to the
current position of the vehicle, velocity of the vehi-
cle, etc.) Whenever the situation changes (intrusion
of unexpected obstacles, etc.), it is detected by ME
that decides on a new manceuvre.

ME deals with the coordinated steering and veloc-
ity control of the vehicle. For each type of manceuvres,
the form of the steering and velocity controls can be
predefined (e.g. see [3], [4] for a parking manceuvre).
When a type of manceuvre is chosen, the correspond-
ing steering and velocity controls must be computed
and applied to the vehicle’s servosystems.

Since the form of the controls is known for the
manceuvre, the appropriate duration of the manceu-
vre as well as the magnitude and rate of the steering
and velocity controls must be computed according to
the parameter values.

GTP and ME are now detailed respectively in
sections 4 and 3. For the last one, two kinds of



Figure 3: (a) path planning and (b) velocity planning.

manceuvres are considered : a lane following/changing
manceuvre in order to avoid obstacles and a parking
manceuvre for a vehicle evolving in a structured envi-
ronment.

3 Global Trajectory Planner

As mentioned earlier, the purpose of the Global Tra-
jectory Planner (GTP) is to compute a nominal trajec-
tory between the current configuration of the vehicle
and its goal. The nominal trajectory is a time-ordered
sequence of states, i.e. (configuration, velocity) cou-
ples, it has to respect different types of constraints :

o Kinematic constraints: a car-like vehicle has a
limited steering range that restricts the geometric
shape of its motion.

e Dynamic constraints: these constraints due to
engine power, ground-wheel interaction, etc., re-
strict the accelerations and velocities that can be
applied to the vehicle.

e Collision avoidance constraints: collision with the
stationary and moving obstacles of the environ-
ment are forbidden.

Given that a trajectory can be represented also by a
geometric path and a velocity profile along this path,
GTP addresses the problem at hand in two comple-
mentary steps:

1. Path planning: a geometric path leading the ve-
hicle to its goal is computed. The left-hand
side of Fig. 3 depicts an example of such a
path: it is a continuous curve whose curvature
is upper-bounded (so as to respect the kinematic
constraints of a car-like vehicle). Besides it is
collision-free with the stationary obstacles of the
environment.

2. Velocity planning: the velocity profile of the vehi-
cle along its path is computed; this profile respects
the dynamic constraints of the vehicle and yields
no collision between the vehicle and the moving
obstacles of the environment. Velocity planning

requires the knowledge of the future behaviour of
the moving obstacles; this information is provided
by a prediction module. The right-hand side of
Fig. 3 illustrates the velocity planning: it depicts
a space-time diagram (the horizontal axis being
the position along the path and the vertical one
the time dimension). The curve represents the
motion of the vehicle through time whereas the
thick black lines are the traces left by moving ob-
stacles when they cross the path of the vehicle.

In the next section, we will focus on path planning.
The reader is referred to [5] and [6] for more details
about velocity planning.

3.1 Path Planning

A car-like vehicle is subject to two non-holonomic con-
straints: it can only move along a direction perpendic-
ular to its rear wheels axle (continuous tangent direc-
tion), and its turning radius is lower bounded (maxi-
mum curvature) [7]. Numerous works, e.g. [7, 8, 9, 10],
have been done to plan paths for such wvehicles,
but almost all of them generate sequence of Dubins’
curves [11], i.e. paths made of circular arcs connected
by tangential line segments. The main reason for this
is that these paths are the shortest ones for such a ve-
hicle [11]. The main drawback of these paths is that
their curvature is not continuous. Accordingly a vehi-
cle following such a path has to stop at each curvature
discontinuity in order to reorient its front wheels.

Since we are mostly interested in planning forward
paths only, i.e. paths without manoeuvres, we do not
want the vehicle to stop, except possibly at the initial
and final configurations. For this reason, we add a
continuous-curvature constraint to the classical non-
holonomic path planning problem for car-like vehicles.
In addition, we introduce a constraint on the curvature
derivative; it is upper bounded so as to reflect the fact
that the vehicle can only reorient its front wheels with
a finite velocity.

Addressing a similar problem (but without the max-
imum curvature constraint), Boissonnat et al. [12]
proved, using the Pontryagin’s Maximum Principle,
that the shortest path between two vehicle’s config-
urations is made up of line segments and clothoid!
arcs of maximum curvature derivative. Later, Kos-
tov and Degtiariova-Kostova proved that these short-
est paths are, in the general case, made of an infinity
of pieces [13, 14].

Similar results can be extended to the particular
problem we consider, adding circular arcs of maximum
curvature to the set of locally optimal paths. There-
fore, in order to come up with a practical solution to
the problem at hand, we define a set of paths, derived

1A clothoid is a curve whose curvature is a linear function of
its arc length.



from Dubins’ curves, that have continuous curvature
and maximum curvature derivative. These paths con-
tain at most eight pieces, each piece being either a
line segment, a circular arc of maximum curvature, or
a clothoid arc. They are called SCC-paths (for Simple
Continuous Curvature paths). They are used to design
a local path planner, i.e. a non-complete collision-free
path planner, which in turn is embedded in a global
path planning scheme, namely the Probabilistic Path
Planner [15]. The result is the first path planner for a
car-like vehicle that generates collision-free paths with
continuous curvature and maximum curvature deriva-
tive.

The reader is referred to [16] for a complete presen-
tation of this continuous curvature path planner.

Figure 4: experiments with 4 obstacles.
The path planner was implemented and then tested

in two environments taken from Laumond et al. [9]
respectively containing four and five obstacles. Both
correspond to a 40 m sided square workspace with a
2.5 m long and 1.5 m wide car-like vehicle. Various
experimental results are depicted in Figs. 4 and 5.

4 Manceuvre Execution
4.1 Lane Following/Changing

Autonomous lane following is performed by tracking
a nominal trajectory delivered by GTP. In the case of
unforeseen obstacles, the nominal trajectory is modi-
fied on-line, in order to avoid collisions. The modified
trajectory has to satisfy temporal motion constraints
and avoid collisions. In our earlier experiments, the
trajectory following and obstacle avoidance behaviors
were decoupled and considered independently, followed
by a fuzzy behavior merging process. However, exper-
iments showed that this produced oscillations of the
effective motion of the vehicle during obstacle avoid-
ance [17]. To remove these oscillations, a local trajec-

»

Figure 5: experiments with 5 obstacles.

tory is generated that avoids collisions with obstacles
detected on the nominal trajectory. The local tra-
jectory also allows the vehicle to catch up with the
nominal trajectory (i.e. geometrical path and velocity
profile along this path) after the obstacle avoidance.
The major difference with the previous behavior-based
approach is that the vehicle always follows a specific
trajectory.

Lane Following. A method of trajectory following
for a nonholonomic vehicle was described in [18]. This
method guarantees the stable tracking of a feasible tra-
jectory when the vehicle’s control commands are:

0=0,.; +vg,. (k,y. +k,sind,), (2)
UH = vR,re_f Co8 0& + kz; 'Z.e7 (3)
where q. = (z_,y.,0.)7 represents the error con-

figuration between the reference configuration gq,,,
and the current configuration ¢ of the vehicle
(¢. =4,., —q), 0., and v, . are the reference
velocities, v, = v cos¢ is the control command for
the locomotion velocity of the midpoint of the rear
wheel axle, k,, k,, k, are positive constants, and
¢ = arctan (va;’:)
R,ref

Lane Changing. Lane changing is carried out by
generating and following a local trajectory. Such
manceuvres are performed when the preplanned nomi-
nal trajectory would collide with an unforeseen obsta-
cle. When an obstacle is detected, the nominal tra-
jectory is translated to one side as shown in Fig. 6,
in order to avoid collisions with the obstacle. The al-
gorithm for collision avoidance involves the following
iterations:

1. Generate a local trajectory which connects the
nominal one with a collision-free local trajectory



“parallel” to it (i.e. a parallel translation of the
nominal trajectory).

2. Follow the local trajectory until the obstacle is
overtaken.

3. Generate a local trajectory which connects the
“parallel” trajectory with the nominal one.

4. Follow the local trajectory to catch up with the
nominal one.

nominal trajectory

obstacle

traffic lane
Figure 6: Translation of the nominal trajectory

A feasible trajectory for lane changing is obtained
as a quintic polynomial

3 4 5
s s s

d(s)=d, [10{— ) =15(— ] +6(— 4
o=t (o) () +o(2))
where d,, is a distance between the two traffic lanes, s,
is a length of the nominal trajectory which is necessary
to complete the lane changing manceuvre, and s = s,
is a length of the nominal trajectory since the start

of the lane changing manceuvre [19]. The distance d,,
is supposed to be known. The minimal value of s,. is

estimated as
m/kd
S min = TTa (5)

where C,_ . stands for the maximum allowed curva-
ture:

o) )

1)H,ref

Vonae 18 the maximum allowed lateral acceleration, and
k > 1 is an empirical constant (e.g. k = 1.17 in our
experiments).

When an obstacle is detected, a value s,. ,,,, is calcu-
lated according to (5) and compared with a distance
between the vehicle and the obstacle. A decision is
made, either to perform a lane changing manceuvre or
to slow down and possibly stop the vehicle. For the

lane changing manceuvre, the translation of the nomi-
nal trajectory is computed: at each instant ¢ since the
start of the manceuvre, the reference position p,, . is
translated along the vector d(s,).7 where i represents
the unit normal vector to the velocity vector along the
nominal trajectory. The reference orientation 6, is

+ arctan (%(st)), and the refer-

is obtained as

converted into 6, _,

ence velocity vy .,

) = B O P00

where dist stands for the euclidean distance.

4.2 Parallel Parking

Autonomous parallel parking involves localizing a suf-
ficient space (parking bay), obtaining a convenient
start location for the vehicle relative to the bay, and
performing a parallel parking manceuvre. During lo-
calization the vehicle moves slowly along the traffic
lane. Range data allows a local map of the environ-
ment alongside the vehicle to be built. Free spaces are
detected, their borders are localized, and their orien-
tation is calculated. The dimensions of the bay are
compared with those of the vehicle and a decision on
suitability for parking is made.

Drivers know from experience that before the park-
ing manceuvre starts, the vehicle must be oriented near
parallel to the parking bay and it must also reach a
convenient start position in front of the bay. A start
location for parallel parking is shown in Fig. 7 where
an automatic vehicle Al is in a traffic lane. The park-
ing lane with parked vehicles B1, B2 and a parking
bay between them is on the right hand side of the ve-
hicle A1. L1 and L2 are respectively the length and
width of A1, and D1 and D2 are the distances avail-
able for longitudinal and lateral displacements of Al
within the bay. D3 and D4 are the longitudinal and
lateral displacements of the corner A13 of A1 relative
to the corner B24 of B2. The distances D1, D2, D3

traffic direction L1
R Al4 All
D1
Al
traffic lane - L2
A13
_ - — D4 D3 — — Ag —

B14 B11 B;jﬁ& B21
D2 parking lane
parking bay
B13 B12 B22

border of the parking lane

Figure 7: Start location for parallel parking

and D4 are computed by the control unit from data
obtained by the sensor and servo units. The control
unit compares the length (D1-D3) and width (D2-D4)
of the parking bay with the length L1 and width L2



of A1, where L1 and L2 include sufficient clearance
for the vehicle to move around. If (D1-D3) > L1 and
(D2-D4) > 1.2, the parking bay is sufficient for parallel
parking.

During parallel parking, iterative low-speed
backwards-and-forwards motions with coordinated
control of the steering angle and locomotion velocity
are performed to produce a lateral displacement of
the vehicle into the parking bay. The number of such
motions depends on the distances D1, D2, D3, D4
and the necessary parking “depth” which depends
on the width L2 of the vehicle Al. The start and
end orientations of the vehicle are the same for each
iterative motion s =1,..., N.

For the i-th iterative motion (but omitting the in-
dex “i”), let the start coordinates of the vehicle be
z, = z(0), y, = y(0), 6, = 6(0) and the end coordi-
nates be =, = z(T), y, = y(T), 6, =6(T), where T
is duration of the motion. The “parallel parking” con-
dition means that

0,—-6, <0, <80,+6,, (8)

where §, > 0 is a small admissible error in orientation
of the vehicle.

The following control commands of the steering an-
gle ¢ and locomotion velocity v provide the parallel
parking manceuvre [3]:

O(t) = dmaz ko A(t), O

v(t) = VUmaz kv B(t): 0 S t S T’ (10)

IN

t < T, (9)

where ¢mez >0 and v, >0 are the admissible
magnitudes of the steering angle and locomotion veloc-
ity respectively, ks = £1 corresponds to a right side
(4+1) or left side (-1) parking bay relative to the traffic
lane, k, = +1 corresponds to forward (+1) or back-
ward (1) motion,

1, 0<t<t,
At) =1 cos B ¢ < g < T ¢!, (11)
-1 Tt <t<T,

where ¢/ = I=T° T* < T.

The commands (9) and (10) are open-loop in the
(z, y, 0)-coordinates. The steering wheel servo-system
and locomotion servo-system must execute the com-
mands (9) and (10), in order to provide the desired
(z, y)-path and orientation 6 of the vehicle. The
resulting accuracy of the motion in the (z,y, 6)-
coordinates depends on the accuracy of these servo-
systems. Possible errors are compensated by subse-
quent iterative motions.

For each pair of successive motions (¢, 7+ 1), the
coefficient k, in (10) has to satisfy the equation
kyi+1 = —ky,; that alternates between forward and
backward directions. Between successive motions,
when the velocity is null, the steering wheels turn to
the opposite side in order to obtain a suitable steer-
ing angle @paz OF —@maesz t0 start the next iterative
motion.

In this way, the form of the commands (9) and (10)
is defined by (11) and (12) respectively. In order to
evaluate (9)-(12) for the parallel parking manceuvre,
the durations T* and T, the magnitudes ¢4, and
Vmae Must be known.

The value of T™ is lower-bounded by the kinematic
and dynamic constraints of the steering wheel servo-
system. When the control command (9) is applied, the
lower bound of T™ is

T;in:ﬂmax{m,1lM}, (13)
¢maz d)maz

where éﬁmaw and q‘ﬁmaw are the maximal admissible
steering rate and acceleration respectively for the
steering wheel servo-system. The value of T, gives
duration of the full turn of the steering wheels from
—@®maz 10 Pmae Or vice versa, i.e. one can choose
T* =T,

The value of T is lower-bounded by the constraints
on the velocity v.,,4; and acceleration v,,,4, and by the
condition T* < T'. When the control command (10) is
applied, the lower bound of T is

27 o' (D1
Tmin = max { wa T } > (14)
vmaw
where the empirically-obtained function

v'(D1) < Vas serves to provide a smooth mo-
tion of the vehicle when the available distance D1 is
small.

The computation of T and ¢y,4, aims to obtain the
maximal values such that the following “longitudinal”
and “lateral” conditions are still satisfied:

| (m — ) cosOp + (yr — o) sinby | < D1, (15)

| (o — z7) sinfy + (yr — yo) cosby | < D2. (16)

Using the maximal values of T" and ¢4, assures that
the longitudinal and, especially, lateral displacement of
the vehicle is maximal within the available free park-
ing space. The computation is carried out on the ba-
sis of the model (1) when the commands (9) and (10)
are applied. In this computation, the value of vipas
must correspond to a safety requirement for parking
manceuvres (e.g. Vmaz = 0.75 m/s was found empiri-
cally).

At each iteration ¢ the parallel parking algorithm is
summarized as follows:



1. Obtain available longitudinal and lateral displace-
ments D1 and D2 respectively by processing the
sensor data.

2. Search for maximal values T" and ¢4, by evalu-
ating the model (1) with controls (9), (10) so that
conditions (15), (16) are still satisfied.

3. Steer the vehicle by controls (9), (10) while pro-
cessing the range data for collision avoidance.

4. Obtain the vehicle’s location relative to environ-
mental objects at the parking bay. If the “parked”
location is reached, stop; else, go to step 1.

When the vehicle A1 moves backwards into the
parking bay from the start location shown in Fig. 7,
the corner A12 (front right corner of the vehicle) must
not collide with the corner B24 (front left corner of the
bay). The start location must ensure that the subse-
quent motions will be collision-free with objects lim-
iting the bay. To obtain a convenient start location,
the vehicle has to stop at a distance D3 that will en-
sure a desired minimal safety distance D5 between the
vehicle and the nearest corner of the bay during the
subsequent backward motion. The relation between
the distances D1, D2, D3, D4 and D5 is described by
a function

F(D1, D2, D3, D4, D5) = 0. (17)

This function can not be expressed in closed form, but
it can be estimated for a given type of vehicle by us-
ing the model (1) when the commands (9) and (10) are
applied. The computations are carried out off-line and
stored in a look-up table which is used on-line, to ob-
tain an estimate of D3 corresponding to a desired min-
imal safety distance D5 for given D1, D2 and D4 [4].

When the necessary parking “depth” has been
reached, some clearance between the vehicle and the
parked ones is provided, i.e. the vehicle moves forwards
or backwards so as to be in the middle of the parking
bay between the two parked vehicles.

5 Experiments

The developed methods have been tested on an ex-
perimental automatic vehicle designed on the base of
a LIGIER electric car. This is a four-wheeled vehicle
with the front driven and steering wheels. The vehi-
cle can either be driven as a car, or it can move au-
tonomously. To allow autonomous motions, the vehi-
cle is equiped with a control unit based on a Motorola
VME162-CPU board and a transputer net. The sen-
sor unit of the vehicle consists of ultrasonic range sen-
sors (Polaroid 9000) and a linear CCD-camera. The
steering wheel servo-system is equiped with a direct
current motor and an optical encoder to measure the

steering angle. The locomotion servo-system of the ve-
hicle is equiped with 12 kW asynchronous motor and
two optical encoders at the rear wheels to provide data
on locomotion velocity of the vehicle. The vehicle also
has an hydraulic braking servo-system. The developed
steering and velocity control is implemented using OR-
CCAD software [20] running on a SUN workstation.
The compiled code is transmitted via Ethernet to the
VME162-CPU board.

An example of our experimental setup for lane fol-
lowing/changing on a circular road is shown in Fig. 8.
The LIGIER vehicle has to follow a nominal trajec-
tory along the circular traffic lane where another ve-
hicle is moving at a lower velocity in front of LIGIER,
as shown in Fig. 8a. When the obstacle is detected, a
local trajectory for a lane change to the right is gener-
ated to avoid collisions, and LIGIER performs the lane
changing manceuvre, as illustrated in Fig.8b. Then,
LIGIER moves in parallel to its nominal trajectory
until the obstacle is overtaken. Further, a new local
trajectory for a lane change to the left is generated,
and LIGIER performs the lane changing manceuvre to
return to its nominal trajectory, as shown in Fig. 8c.
Finally, LIGIER continues to follow its nominal tra-
jectory, as illustrated in Fig. 8d.

Figure 8: Sequence of motions for lane follow-
ing/changing on a circular road: a - following the nom-
inal trajectory, b - lane changing to the right and over-
taking, ¢ - lane changing to the left, d - continuing with
the nominal trajectory

An example of the control commands of the steering
angle and locomotion velocity during the lane follow-
ing/changing manceuvres on a circular road is shown in
Fig. 9. The corresponding motion of the vehicle is de-
picted in Fig. 10 where the nominal circular trajectory
and the local one are plotted. The vehicle performs a
lane change to the right, moves in parallel to the nom-
inal trajectory and performs a lane change to the left
to catch up with its nominal trajectory. The locomo-
tion velocity of the vehicle is increased when it moves
along the local trajectory: as it is illustrated in Fig. 10,
the duration of the motion along the local trajectory
equals the duration of the motion along the nominal



trajectory without the lane changing manceuvres.
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Figure 9: Control commands during lane follow-
ing/changing: a - steering angle, b - locomotion ve-
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Figure 10: Lane following/changing on a circular road

An example of our experimental setup for au-
tonomous parallel parking in a street is shown in
Fig. 11. Autonomous parking can be carried out in an
environment where there are moving obstacles, e.g. a
pedestrian and another vehicle. As shown in Fig. 11a,
the parking bay is in front of LIGIER at its right side
between the two vehicles. Initially, LIGIER was driven
to a position near the bay, the driver started the au-
tonomous parking and left the vehicle. Then, LIGIER
moves forwards autonomously in order to localize the
parking bay, obtain a convenient start location and
perform a parallel parking manceuvre. When during
this motion a pedestrian crosses the street in a dan-
gerous proximity to the vehicle, as shown in Fig. 11a,
this moving obstacle is detected, LIGIER slows down
and stops to avoid the collision. When the way is free,
LIGIER continues its forward motion. Range data is
used to detect the parking bay. A decision to carry
out the parking manceuvre is made and a convenient
start position for the initial backward movement is ob-
tained, as shown in Fig. 11b. Then, LIGIER moves
backwards into the bay, as shown in Fig. 11c. During
this backward motion, the front human-driven vehicle
starts to move backwards, reducing the length of the
bay. The change in the environment is detected and
taken into account. The range data shows that the
necessary “depth” in the bay has not been reached, so

further iterative motions are carried out until it has
been reached. Then, LIGIER moves to the middle be-
tween the rear and front vehicles, as shown in Fig. 11d.
The parallel parking manceuvre is completed.

An example of the control commands (9) and (10)
for parallel parking into a bay situated at the right
side of the vehicle is shown in Fig. 12. The corre-
sponding motion of the vehicle is depicted in Fig. 13
where the motion of the corners of the vehicle and the
midpoint of the rear wheel axle is plotted. The avail-
able distances are D1=4.9 m, D2=2.7 m relative to
the start location of the vehicle. The lateral distance
D4=0.6 m was measured by the sensor unit. The lon-
gitudinal distance D3=0.8 m was estimated so as to
ensure the minimal safety distance D5=0.2 m. In this
case, five iterative motions are performed to park the
vehicle. As seen in Fig. 12 and Fig. 13, the durations
T of the iterative motions, magnitudes of the steering
angle ¢4, and locomotion velocity vy,q; correspond
to the available displacements D1 and D2 within the
parking bay (e.g. the values of T', ¢naz and vp,q, differ
for the first and last iterative motion).

The developed methods of motion generation and
control for the lane following/changing and parallel
parking manceuvres were tested. Because the vehicle is
equiped with very simple ultrasonic sensors, only low-
speed motions were allowed during the experiments.
Also, small vertical objects such as posts can not be de-
tected reliably. The execution of the manceuvres was
found to be quite sensitive to the calibration of the
steering wheel servo-system. To avoid accumulation
of errors when computing the position and orienta-
tion of the vehicle during the lane following/changing
manceuvres, landmarks were to be used. In the future,
the experimental vehicle will be equiped with a more
advanced sensor system.

Figure 11: Sequence of motions for parallel parking:
a - autonomous motion to localize a parking bay,
b - obtaining a convenient start location, ¢ - backward
motion into the bay, d - parallel parking is completed



velociy [ms]

——

i

S

a o w o m e o @ b o 0 B0 ® @
ime s ime (5

Figure 12: Control commands for parallel parking
when backward and forward motions are performed:
a - steering angle, b - locomotion velocity

Figure 13: Parallel parking when backward and for-
ward motions are performed

6 Conclusion

In this paper, we have presented a control archi-
tecture for an automatic car-like vehicle evolving
in a structured dynamic environment. A Global
Trajectory Planner (GTP) and a Manceuvre Execu-
tion (ME) modules are detailed. GTP generates nom-
inal continuous-curvature trajectories, taking into ac-
count kinematic, dynamic and collision-avoidance con-
straints. It also uses a prediction of the environment
in which the vehicle evolves.

When the nominal trajectory cannot be followed ac-
curately, local trajectories are computed by ME, in
order to adapt and to catch up with the nominal tra-
jectory.

Motion generation and control methods to per-
form autonomous lane following/changing and paral-
lel parking manceuvres were developed. The vehicle’s
constraints were taken into account to obtain feasi-
ble trajectories and control commands for the vehi-
cle. The methods developed were implemented on an
automatic electric vehicle and experimentally verified.
The results obtained show the effectiveness of the de-
veloped methods of motion generation and control for
autonomous manoeuvres.
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