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Abstract: We describe in this paper a new motion planning approach for a
non-holonomic mobile robot moving on a uneven terrain and subject to strong
physical interaction constraints. The novelty of this method is that it deals
with the dynamics of the robot and its physical interactions with the terrain at
the planning time, together with the kinematic and the geometric constraints of
the task. The planner basically combines a geometry based reasoning strateqy
operating on a subset of the configuration space of the robot, and a local
continuous motion generation technique based on the use of a physical model
of the task. We will describe each level and its corresponding models, and
present how they are integrated in order to find safe and executable motions
for a rover.
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Planification de mouvements dynamiques pour
un véhicule autonome tout-terrain

Résumé : Nous décrivons dans ce papier une nouvelle approche pour la plani-
fication de mouvement d’un robot mobile non holonome évoluant sur un terrain
accidenté et soumis a d’importantes contraintes d’interactions physiques. La
nouveauté dans cette méthode est la prise en compte, en plus des contraintes
géométriques et cinématiques de la tache, de la dynamique du robot et de ses
interactions avec le terrain pendant le processus de planification. Le planifi-
cateur est basé sur un processus a deux niveaux. Le premier niveau considere
une formulation purement géométrique du probleme de planification et opere
sur un sous ensemble de ’espace des configurations du robot. Le deuxieme
niveau est basé sur I'utilisation d’'un modele physique de la tache et consiste a
déterminer une trajectoire exécutable par le robot tout en tenant compte des
aspects dynamiques de la tache. Nous détaillerons les deux niveaux de raison-
nement utilisés ainsi que les modeles correspondants, et nous présenterons leur
combinaison et intégration dans un processus de planification de mouvements
d’un robot tout-terrain.

Mots-clé : Planification de mouvement, dynamique, modeles physiques, ro-
bots non holonomes, véhicules tout-terrain.
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1 Introduction

The behavior of a wheeled robot moving in a natural environment depends
on the combination of various geometric and physical criteria: the mechanical
architecture of the vehicle, the interactions between its wheels and the terrain,
the characteristics of the strategic orders, and the motion control law which are
applied. Indeed, kinematics and dynamics together with phenomena such as
friction, sliding or skidding play a major role in searching executable motions
to achieve a task. In this paper, we address the problem of planning the motions
of a non-holonomic all-terrain vehicle when dealing with parameters depending
on the above-mentioned features. The method we propose basically combines
two levels consisting of a discrete search strategy operating on a subset of the
configuration space of the robot, and a local continuous motion generation
technique based on the use of a physical model of the task.

1.1 The Problem

Let A be the robot, 7 be the terrain, and Qg and @ .0 be respectively
the initial and the final configurations of A. We will denote in the sequel the
workspace by W, the configuration space of A by CS4, and its state space
by §S4. Let SC and EC be respectively the set of geometric constraints and
the set of kinematic and dynamic constraints to be satisfied during the exe-
cution of the task. SC is formulated in CS4; it includes classical non-collision
and contact relation constraints. These last constraints express the fact that
contacts between several wheels of A and the terrain have to be maintained.
This will allow to allow cases of tip-over of A. EC is generally expressed in S 4;
it includes constraints resulting from the non-holonomy and the dynamics of
A, and the constraints imposed by the set of forces and torques created by
both the vehicle/terrain interactions and the applied control strategy.

The problem to solve consists in finding a safe and executable continuous
motion I'(Qstart, @goat) and the corresponding sequence of controls U allowing
to move A from Qszart 10 @ 4oar While respecting the constraints of both SC and
EC. A motion is considered to be safe if it satisfies the constraints of SC, and
executable if it satisfies the constraints of SC. As we will present further down,
the problem of coping with the dynamic constraints of £C when searching for
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4 M. Cherif

I'(Qstart, @ goat) is solved by using an appropriate physical model of the task
allowing the processing of the dynamics of A and its interactions with 7.

1.2 Related Works

The problem of planning paths for a robot moving on a planar area and subject
to non-holonomic constraints has been addressed by many authors during the
last years. Several techniques have been proposed to solve for such paths in
different cases depending on the presence of obstacles [1][12][14][15] (see [11]
for a survey of the problem). Few results have been obtained when additional
dynamic constraints have to be processed, or when the robot has to move in a
uneven environment [4][7]. However, some interesting contributions addressing
some instances of the motion planning problem for a non-holonomic vehicle
moving on hilly terrains have been reported ([3][16] and [17]).

In the approach proposed in [16], the optimal time motion planning problem
is solved using an iterative two-stage process which determines a nominal path
considering the shape of the terrain, and optimizes the trajectory on each of its
involved patches. The main feature of this method is to consider both kinematic
and simple dynamic constraints during the trajectory generation step. This is
done by searching a motion constrained by a velocity curve representing the
bounds of the speed of the robot along the considered nominal path. A second
approach consists in finding a safe path by applying a discrete search technique
through a subset of the configuration space of the robot, considering the non-
holonomic constraint and a discretized model of the surface of the terrain [17].
No dynamics is taken into account during the planning process. This is reduced
to determining a sequence of configurations satisfying the static equilibrium
of the robot on the terrain. The considered robot/ground interactions, as also
in [16], are mainly restricted to simple criteria based on the formulation of
no-sliding, no tip-over and no-collision constraints.

Despite the solutions provided by these techniques, such assumptions may
be insufficient to generate executable motions since the behavior of the robot
strongly depends on its dynamics and on the effects of the physical interactions
with the terrain. The main idea of our approach is close to that proposed in
[17] but extended to cope with dynamics and physical interactions constraints.

INRIA
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2 The Approach

The vehicle considered in this paper is an articulated non-holonomic vehicle
having a locomotion system composed of three axles each having two motori-
zed wheels. The rear and front axles are connected to the main body of the
robot by revolute joint mechanisms allowing them to have roll and pitch mo-
vements (see Figure 1). The purpose of such mechanisms is to allow A to be
constantly in contact with the ground and to adapt its configuration to the
irregularities of the terrain. However, this leads CS 4, and consequently S84,
to be of a high dimension since a full configuration @) of A is given by 6 + ng
parameters: six parameters (z,y, 2,8, @, 1) specifying the position/orientation
(yvaw,roll and pitch) of the main body in the reference frame of the workspace
W, and ns parameters specifying the values of the joints corresponding to the
axles and the wheels.

Pitch Motion of
the Front Axle

% Roll Motion o

Figure 1: The six-wheeled robot A.

Besides, dealing with dynamics and physical vehicle/terrain interactions
when solving the global motion planning problem (between Qsq,t and @ yoa1)
may lead to heavy computational burden. This is due to the fact that we
have to operate in the state space SS4 in order to cope with both complex
differential equations depending on the constraints of £C and more classical
constraints of SC. In order to make the addressed problem more tractable, we
propose a two-level planning method based on the following features:
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6 M. Cherif

A. Discrete Searching of a subset of CS4 As mentioned earlier, only the
configurations ) of A satisfying the constraints of SC are considered. In that
case, the parameters of () are not independent and the inter-relations between
them depend on the vehicle/terrain relation (i.e. distribution of the contact
points according to the geometry of the terrain). A practical consequence of
this property is that it allows to reduce the search space into a reduced subset
Csearch 0f CS4 defined on (x,y,0) —the horizontal position and the heading
angle of the main body of A denoted from now by ¢. Afterwards, the solution
is iteratively computed between ¢gurs and ggoq corresponding to (siqp¢ and
(40al, by applying a discrete search technique (an A* algorithm, for instance)
through an incrementally generated directed graph G representing the explored
configurations of Cseqren. Such an approach has already been used in [1] and
[17] to find non-holonomic paths for a robot moving on planar and 3D areas,
respectively.

B. Solving locally continuous motions of A under £C constraints
Since the generation of the successors of a node N(q) of G does not account
either the geometric shape of 7 or the dynamics of the task, we process the
second level in order to cope with such features. This consists of computing
locally a continuous motion of A satisfying the constraints of EC between ¢
and Guezt. Gnezt corresponds to the configuration of the best successor node of
N{(q) when searching G. This is solved by formulating the planning problem in
S84 and using a physical model of the task.

Unlike methods operating in two stages: processing a geometric path, and
afterwards generation of a full trajectory of the robot when considering the
task execution constraints, our approach allows to introduce dynamics and
vehicle/terrain interactions at the planning time. Indeed the exploration of
Csearch 1s mainly used to guide the search process, and to give us only potential
intermediate configurations of A approximating the final solution. The real
trajectory of the robot is provided by the sequence of the local motions com-
puted when the physical model of the task are processed. The main advantage
of such an approach is to cope locally with the dynamic constraints of the task
as it has been already proposed in [5].

INRIA



Dynamic Motion Planning of Autonomous Off-Road Vehicles 7

Geometric Obstacle . Collision Detection
’ .~ GeneratedSub-goals
e NextSub-goal

Agoal
Qeurrent oo i T .g,
r, : = I_J- ~o
: . Physical
v C
Astart l ; ~ Failures
GeneratedSub—goals / Physical Obstacle
UnreachableSub—goa (SlipperyArea)

Figure 2: The general scheme of the planning approach.

At a given step of the algorithm, the potential successors of the current
configuration ¢ are explored in order to verify the safety constraints of the task
(e.g. no-collision with the geometric obstacles). Afterwards, a motion I'(¢, gnext)
is computed to move A from ¢ towards its best safe neighbor ¢,c.:. The so-
lution I' is incrementally built until reaching the goal configuration gg.q. For
instance, the motion solution I' to be processed in figure 2 is given by the
previously computed motion I'y between ¢4+ and ¢, and the concatenation of
the sub-motions I'(¢, gnezt) and I'(gnest, ¢goar) which have to be processed. If the
I'(q, gnest) cannot be computed because of sliding or skidding of A on slippery
areas (such as when computing I'; and I';), the algorithm backtracks in order
to select an other potential intermediate configuration to reach and to guide
the search until g,q;. The physical modeling of the task and the geometric
and physical levels of the planning algorithm are presented in §3, §4 and §5,
respectively.

3 Task Modeling

3.1 Physical Modeling of the Robot A

In order to build the dynamic model of the robot, we have considered A as
a network of interacting rigid objects {); obeying the laws of physics of solids
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8 M. Cherif

connected by visco-elastic connectors [5]. This enables to couple directly each
element of the robot to those others that are in contact with it. It is different
from the dynamic model based on a joint space formulation where every link
is related to the one immediately before it, and every motion is sensed in
relative and require successive transformations processing which can be time
consuming.

Let r;(t) and «;(t) be, respectively, the position and the orientation para-
meters at time ¢ of a given ; of A. The motions of €); are specified by the
Euler/Newton equations: F; = m,;#;(t) and T; = Lz(t) = Ig, &i(t), where F;
and T; are respectively the sums of forces and torques applied on €, L;(t) is
the angular momentum about the center of mass Gg,, and Ig, is the inertia
tensor of §2; about the frame axes. Lz(t) is also related to Coriolis and cen-
trifugal terms (see [8]), but we will make the assumption that such terms are
negligible. Then, F; and T; can be computed using the Fuler’s principle of
superposition: Fy = Fy + Y g0 Fij and Ty = U + Y4000 :(Ga, Py ¥ Fij).
Ty are the torques acting on );, P, ; are the points where the forces F; ; are
applied, Gg, P, ; is the vector from Ggq, to P, ;, and X is the outer product.
The term F; includes the gravity forces and additional viscous forces of the
environment. The set of forces F;; results from the the physical interactions
of ©; with the other components of A —through the joints of A— and with
the involved components of the terrain —through the wheel/ground contact
interactions. When 2; is a wheel, U; corresponds to the torques generated by
the control mechanisms (i.e. the “physical effector”) applied on ©Q;, otherwise
this term vanishes.

ch(sk)

Visco-Elastic
Interactions

Figure 3: Modeling a 3D revolute joint mechanism.
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Each articulated mechanism associated with the joint 6, of A is represented
by a network ®(é;) combining a set of connectors ¢, and a set of specific points
selected on the rigid bodies §2; corresponding to the joint é;. The connectors are
defined in terms of visco-elastic laws (i.e. combination of springs and dampers).
For instance, we have represented 3D rotoid joint mechanisms by two rigid
bodies connected through two pairs of points respectively selected on them
and belonging to the rotation axis (see Figure 3). Such a representation has
been initially proposed in [10] to model a robot entirely described in terms of
elementary particles and visco-elastic connectors.

3.2 Modeling the Terrain 7

The terrain 7 is initially described by a set of interconnected patches built from
an elevation map, i.e. a regular grid (z,y) expressed in the reference frame of
W. Dealing with robot/terrain interactions requires to build a representation
®(7T) of the terrain which is able to capture both the geometric and the physical
properties of 7 and which allows the formulation of such interactions. For that
purpose, we have implemented a model inspired by the concept of discrete
deformable models [13], initially proposed for computer graphics applications.

According to this concept, the terrain is represented by a set of intercon-
nected particles ®(P;) having the following properties [10][13]: (1) each particle
is seen as a point mass m; which obeys Newtonian dynamics —given by the
equation Fp, = m,ip, where rp, is the position of ®(F;) in W— and which
is surrounded by a spherical non-penetration “elastic” area; (2) the set of
particles corresponds to the inertial and spatial occupancy characteristics of
the modeled area of 7T; (3) the particles are interconnected using interaction
components referred to as the “connectors”. Each connector corresponds to a
type of interaction, and is modeled using appropriate physical laws allowing
several types of behaviors (e.g. viscous/elastic or elastic cohesion, dry friction
interactions).

The discretization of the terrain in terms of such elementary physical com-
ponents accounts several criteria such as the terrain surface shape, the average
distribution of the contact points between the wheels and the ground, and
the complexity of ®(7) (i.e. the number of the processed particles). In the
current implementation of the system, the particles distribution is determined

RR n"2370



10 M. Cherif

by computing a set of spheres S; whose profile approximates the surface of 7
given by the set of the initial geometric patches. This is done in such a way
that each point of the terrain surface should be located on the surface of at
least one S;. Afterwards, a dynamic behavior is “given” to the computed set
of spheres by placing a particle ®(F;) at the center of each S; (Figure 4). The
main advantage of such a representation is related to the fact that it allows
us to maintain the geometric features of the motion planning problem (i.e.
checking the geometric constraints as the non penetration in the ground), and
to uniformly process the physical behavior of 7 and its interactions with A.

Spatial Occupancy of T Interaction Area -4/T

Cohesion Interactions of T
{visco-elastic law)

Figure 4: The Physical model of the terrain.

3.3 Coping with A/7 Interactions

The most difficult problem to solve when dealing with a vehicle moving on a
terrain, is to define realistic vehicle/terrain interaction laws. Such interaction
laws depend on both the distribution of the contact points and the type of the
surface-surface interactions.

A. Computing the contact distribution Describing 7 in terms of spheres
allows us to handle a smaller amount of information to represent its geometric
shape (as shown in Figure 4). Furthermore, the combination of such simple
primitives with an appropriate hierarchical description of the wheels allows us
to compute easily the distribution of the contact points using a fast distance
computation algorithm involving the structured sets of the considered spheres

INRIA
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[9]. Once a contact between the wheels of A and a sphere S; corresponding
to 7 is detected, the corresponding physical interaction is easily computed by
activating the associated dynamic laws.

B. Processing the interactions The surface-surface interactions are pro-
cessed using two types of constructions: a visco-elastic law associated with
the set of S; involved in the contact, and surface-surface interactions. In or-
der to solve the second point, we make use of a finite state automaton since
complex phenomena like dry friction basically involves three different states:
no contact, gripping, and sliding under friction constraints. The commutation
from one particular state to another is determined by conditions involving grip-
ping forces, sliding speed, and relative distances. Each state is characterized
by a specific interaction law. For instance, a viscous/elastic law between the
interacting points of the wheels of A and 7 is associated with the gripping
state, and a Coulomb equation is associated with the sliding state (see [10]).

4 The Geometric Level

4.1 The Basic Algorithm

The general algorithm basically consists of applying an A* algorithm to find a
near-optimal solution in an incrementally generated directed graph G represen-
ting the explored configurations of Cseqren. In order to reduce the exploration
time of the algorithm, each node N(q) of G is defined by a neighborhood of
the corresponding configurations ¢. During the construction of G which is star-
ted from the node N(gstqrt), two lists of nodes are handled. The first list LC
contains all the generated nodes that have not been expanded! yet. LC is
maintained sorted according to the considered cost function. The second list
LEC contains all the nodes that have been checked for safety and execution
constraints and eventually also expanded.

At each iteration of the algorithm, a node N(g;) which has been previously
generated is selected from LC', removed to LEC', and checked if it corresponds

!A node N is expanded if its successors have been generated in G , i.e. it is the start
point of at least one arc of G.
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12 M. Cherif

to a safe configuration. This consists in computing the “placement” relation-
ship Q; = P{(g¢;) providing the associated complete configuration of A when
evaluating the constraints imposed by the wheel/ground contacts, the joints
characteristics, and the stability of A on the terrain (see [2]). If ¢; does not
satisfy SC constraints, the node N(¢;) is discarded. Otherwise, we apply the
physical level of the algorithm in order to compute locally an executable mo-
tion between ¢; , and ¢; (as described in §5), where N(g;,) is the node which
the expansion has previously provided ¢;. In the case that such a motion cannot
be generated, N(g¢;) is discarded, otherwise it is expanded. As we will present
further down, this consists in generating the set of its potential successors
using “simple” non-holonomic paths. A node in G is then associated to each
resulting configuration, before being stored in the list LC'. As we intend to find
a continuous motion of A, the expansion of N(g;) is actually achieved starting
from the configuration ¢;, reached after having processed the local physical
motion of A, and located in the neighborhood of g;.

The exploration of Cseqren (see Figure 5) iterates until the list LC is empty,
or the node N(gg0q1) is reached. In this case, the trajectory solution I'(¢start, ¢0at)
of A is provided by the sequence of the sub-motions I'; computed between the
set of intermediate nodes of G located on the best path ending at N(g,0q1) and
starting at N(gstart)-

4.2 Expansion of a Node N(g;) of G

Let L be the length of A and let the spent time correspond to 0 at the configura-
tion ¢; (i.e. ¢; = ¢(0)). Assuming that A4 moves without sliding, the parameters
of ¢ at time ¢ are written, according to the non-holonomic constraint of A as:

#(1) = veos(0), §(1) = vsin(f), 6(t)= %tan(@
where ¢ is the steering angle of A and v is the velocity of its main body. If
Omar > 0 and V., > 0 are the maximum steering angle and the maximum
linear velocity of A, respectively, we have at each time ¢ = ¢c4¢.q, and
v = €, Vinaz, Where |g4] < 1 and |g,| < 1. This means that the velocity v
is upper-bounded by V,.., and the turning radius p, of A is at each time
lower-bounded by pg,... = L/ tan(dmaez).

INRIA
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By assuming that ¢, and ¢, remain constant within the time interval

[0, AT¢], and integrating the equations of (&, y, 8), the new configuration ¢(ATg)

of A is written as?:

t(ATg) = 2(0)+ =L (sin(0(ATg)) — sin(0(0)))
YATE) = y(0) — b (cos((ATe)) — cos(0(0)
0(ATg) = 0(0)+ 7 tan(¢) ATg

The successors of ¢; are then easily computed by instantiating ¢(AT¢) with
a set of discrete and time constant values of (¢4, €,) within the interval [—1, 1]%.
In the simulation results presented in this paper, (¢4,¢,) is selected among the
set {—1,0,1} x{—1,1}, and AT is chosen so that the distance between ¢; and
its successors is of the size of A (as in Figure 5). This allows to generate 6 types
of motion: 3 forward movements satisfying the non-holonomic constraints of
A (left turn, straight, and right turn), and 3 similar backward movements.

right left
CbackSoackaack (qi 'qgoa])

Mgt % p
Yw
A
qstart
Sjcc@}s of qi o
Ow Xw

Figure 5: The geometric planning level.

2If ¢ = 0, ¢(ATg) is given by (2(0) + v cos(0(0)).ATg, y(0) + vsin(6(0)).ATg, 6(0)).
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14 M. Cherif

4.3 The Cost Function

The cost function considered in this paper expresses the length of the gene-
rated trajectories of A. For a configuration ¢ that have been expanded (i.e.
verifying the safety and execution constraints), it is given by the length of the
sequence of the local motions previously computed by the physical level of the
algorithm between ¢4+ and ¢, and an heuristic term estimating the value of
the remaining distance to reach ¢,.,. Using a simple and admissible heuristic
based on the Euclidean distance may not in some cases be suitable for non-
holonomic systems. In order to mitigate the problem, we have implemented a
more informed and simple heuristic which takes into account the constraint on
the minimum turning radius py,,,, of A. It consists in computing the shortest
path length between the set of geodesic paths connecting ¢ and ¢y0. and of
the form C;5C,, C1S|Cy, C1|SCy or (1]S]|Cy. €1 and Cy denote two circular
arcs of radius py,... tangent to g and g,.q; respectively, and S is a segment of
a straight line tangent to Cy and Cy (see Figure 5). The symbol |, if it exists,
indicates if the robot changes its direction at the intersecting point between
one C' and S. In some cases, one or more of the symbols Cy,Cy and S may
vanish (e.g. when the shortest path is of type C' when ¢ and ¢y., have the
same center of gyration, or of type S when ¢ and ¢,.q; are collinear). We have
used these simple forms of paths for tractability. The problem of using com-
plete metric for non-holonomic robots based on shortest geodesic curves such
as Reeds-Shepp curves [15] is mainly due to the required processing time. An
interesting technique has been presented in [14] allowing to use such metric
via an optimized table built off-line.

5 The Physical Planning Level

5.1 The Problem

The purpose of this level is to plan a local executable motion I'; allowing A to
move between two successive configurations ¢; , and ¢; when the kinematic and
dynamic constraints of A and its physical interactions with 7 are dealt with. In
order to take into account such features, we reformulate this planning problem
in the state space SS4 since it is required to process differential equations of

INRIA



Dynamic Motion Planning of Autonomous Off-Road Vehicles 15

motion of A. It is solved by searching the sequence U; of bounded controls
U(t)? allowing A to move continuously between the two states s(¢;,) and s(g;)
corresponding respectively to ¢;, and ¢;. U(t) denotes the controlled torque
vector applied on the physical effectors (the wheels) of A. Since ¢;, has been
previously reached and expanded in G, the state s(¢;,) is completely known.

As described in §4.2, only simple non-holonomic path (circular arc or
straight line) denoted by P? and plotted on the horizontal plane is consi-
dered during the geometric generation of g;. No relief of the terrain is taken
into account. Furthermore, the velocity and the angular gyration of A are as-
sumed to be constant along this path. This may be, in some cases, difficult to
ensure —for instance when A has to cross a slope with bounded controls U(t).
Indeed, such assumptions require that A should turn or change direction ins-
tantaneously which necessitates near infinite accelerations at the turning and
maneuvering points, or that it should stop, change its steering angle and then
move which constrain to have a large execution time and non smooth motion.
All these assumptions may be obviously restrictive to predict the complete
state s(¢;) of A.

In order to estimate s(¢;) and to achieve the smoothness of the global
planned trajectory I' of A, we have defined a set of conditions on the local
searched solution I'; and on the parameters of s(¢;). These conditions depend
on the fact that ¢; corresponds to a maneuvering point, or located on a turning
or a straight path?. At each time ¢, A is constrained to have a linear velocity
v(t) < Vs If A executes a straight motion, its angular velocity at each time
t should be approximately zero. When ¢; is a maneuvering point, A has to
converge towards the neighborhood of ¢; with a null linear velocity. In order
to ensure the smoothness of I' and to minimize the skidding of the wheels, A
is controlled to execute the turns with a velocity upper-bounded by a positive
term V' This term depends in general on the acceleration of A, friction

max

and the type of interactions between A and 7. In the sequel, V2" is given

by an arbitrary value so that V" < V,,,.. Besides, in the cases where ¢; is

3U(t) is a 6-dimensional vector. Each element U, (t) corresponds to the r'* wheel of A,
and is constrained by |U,(t)| < Unaz, Vt.

4This is determined by comparing the path P? (of type S or C) used to generate g;
during the expansion of ¢; , (§4.2), and the first sub-path of type C or S of the shortest
geodesic path estimating the distance between ¢; and ggoa1 (§4.3).
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16 M. Cherif

a maneuvering point or corresponds to a point where the steering angle ¢ has
been changed (e.g. intersection point between a turn and a straight motion and
vice-versa), we constrain A to converge towards ¢; with a minimum angular
velocity (8(g;) & 0). This allows to avoid the sliding and/or the skidding of
the wheels when starting from ¢; in the following iteration of the planning
algorithm.

5.2 The Physical Planning Algorithm

We detail in this section the local planning algorithm allowing to move A from
s(¢ip) towards s(g;). Let consider that the state s(0) of A at time 0 coincides
with s(g;,). We assume that the time ATy, required to move A towards ¢; is
unknown and unbounded since we cannot establish a direct relation between
it and the time increment ATy used in the geometric level which does not
include the execution constraints of the task. Let 6¢ be the time increment of
the trajectory planning process and corresponding to the integration time step
when solving the equations of motions of A and 7. We denote in the sequel
by (F,a/r(t), T, 4/r(t)) the resultant force/torque vectors applied on the rt*
wheel and provided by the interactions with the components of A linked to
it (see §3.1) and the interactions with 7 (see 3.3). @ will refer to the angular
velocity vector of the wheels required to move A along a given path without
accounting the dynamics of the task.

The local planner is based on an iterative process involving two comple-
mentary steps. At each iteration k, the first step consists in hypothesizing a
nominal sub-path 772»]“ with no maneuvers between a configuration g.,, corres-
ponding to the best state s.,, selected from the list of the sub-motions pre-
viously computed, and ¢;. Afterwards, a motion I'¥ along PF is searched while
processing the physical models of A and 7, the interactions between them,
and the execution and convergence constraints. During the computation of the
solution (I';,U;, ATr,), a list LT of the generated sub-trajectories I'¥ and their
associated controls U is maintained. The basic algorithm is described in the
following and illustrated in Figure 6. It starts from s(¢;,,) when considering as
initial nominal path P? provided by the geometric level.
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algorithm PlanninglocalMotion(s(¢;,),s(¢:))

1 (nguiovtl“f) - ({S(qiyp)}v(av O);

2 Insert((I,U},tre), LT);

3 k<0

4 dowhile (- Empty(LT))

5 Failure < False;

6 Scur — SelectBestState(LT1);

7 P} < ComputePath(qeur, ¢i, Peur);

8 if (Pf=0)

9 Let Fg be the trajectory ending at s.,,;

10 Remove((TL, U}, 1), LT);

11  endif; l

12 dowhile ((— Failure) A (Pf # 0))

13 if (Convergence(s.ur, 5(¢;)))

14 Insert((I'¥,UF, trr), LT);

15 (L, U;, ATr,) E;ctractTrajectory(LT);
16 return(l;, U;, ATr,);

17 endif

18 & « TrackingVelocity (PF, Scur, Geur, $(¢:));
19 for (r = 1..NumberW heels) do

20 ComputeWheelInteractions (F,. 4/7, T, 4/7);
21 U, (trx) + ComputeControl(w,, T, 4/r);
22 endfor

23 ComputeInternallnteractions(.A,7);

24 Seur — SolveMotion(s.,,,dt, A, U(tpf),T);
25 Failure « FailureChecking(s..,, ¢, P});
26 if (- Failure)

27 (I, Uf) — (IFUF) U ({seur }; {U(tre) })5
29 else

30 Insert((T},Uf, tr+), LT);

31 endif;

32  enddo;

33 ke k4 1:

34 enddo

35 return(Null);

endalgorithm;
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A. Generation of PF (line 7): In the current implementation of the algo-
rithm, P¥ is constructed using a technique derived from the Dubins’ approach
[6]. The obtained sub-path 732-]“ connecting g, to ¢; is a curve without maneu-
vering points of the form C1.5C; where S is a straight line segment, and C4
and C3 two circular arcs of radius equal to ps.,, = L/tan(¢e,) and pg,...,
respectively, where ¢, is the current steering angle of A.

Failure Detection

AN i -

} . 0
Dynamic Motion l‘i
Generation

Nominal Paths
Generation

' Pi2 (CSC form)
.. Pl (CsCform)
Pi0 (C form)

Figure 6: The dynamic motion planning scheme.

B. The tracking function (line 18 to 24): At each time trx, the angular

velocity vector & of the wheels required to track P¥ is computed from the

desired linear and steering speeds v and 0 corresponding to the reference point
of A. Afterwards, @ is converted into the control vector U to be applied on
A using the inverse dynamics of the wheels when considering their angular
velocity w at time tpr — 60t and the interaction torque vector T,7. If there
exists a control U, which is not within the admissible interval [—U, 4z, Upnaz),
we replace it by U4, or —U,,4, according to the sign of the computed U,. We
give further down @ when A is executing a sub-path of PF corresponding to a
left forward gyration. For a given axle of A, if vp is the velocity of its middle

point, deduced from © and 9, the velocities of its left and right wheels are:

{ Orest = Om(L — Isin( ey, )/ (LRwh sin(eyy))
Oright = On(L + sin(¢eur ) /(L Rw sin(¢eur )

where [ is the half of the width of the axles of A, and Ry, is the radius of the
wheels. If ¢>cu7« = 0, J)left = J)'right = ’lN)M/RW/h.
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After having computed the control vector U and the interactions (F4/7, Ta/7)
of the wheels, we process the internal forces and/or torques applied on 7 and
on the remaining components of A as presented in §3.2 and §3.1. The equa-
tions of motion of A and 7 are then solved using the time increment 6t and
the computed forces/torques and the control U.

C. Failure checking (line 25): A failure is detected when A violates the
execution constraints of £C or when it moves away from the nominal path
PE. The first case may occur following an important sliding or skidding of the
wheels on 7, the violation of the contact relationship between A and 7 —for
instance when several wheels are not in contact with 7—, or when A is locked
on 7—when A does not move even the angular velocities w of its wheels are
non null.

Since the generation of PF has not accounted the dynamics of the task,
the configuration q(:ur(trf) obtained after having applied n successive controls

U may be located far from PF. This is considered as failure by the algorithm,
and is detected if the nominal path P.,, connecting ¢.,, and g; is longer and
of different form than PF.

5.3 Convergence of the Algorithm

At each time increment 6t, the algorithm checks if A is located at a confi-
guration g¢;, in the neighborhood of ¢; and verifies the final conditions defi-
ned in §5.1. In that case the motion solution and the corresponding controls
(Ts,U;, ATr,) are deduced from the list of the computed sub-solutions (Ff U trs)

of LT and returned to the geometric level. The node N(¢;) initially correspon-
ding to ¢; is then expanded in the search graph G starting from the reached
configuration ¢;,. It the list LT is empty, ¢; is considered as physically unrea-
chable and the corresponding node N(g¢;) is not expanded.

In order to reduce the processing time of the local physical planner and to
account for the considered global cost function (the length of I'(¢start, Ggoal)),
only shortest sub-paths P! having a length upper-bounded by an arbitrary
value { are generated. This allows to avoid the cases when A has to move far
away from ¢; before trying to converge towards it. The term £y depends on the

RR n"2370



20 M. Cherif

distance between ¢; , and ¢; and the elevation of the terrain between them. For
instance, we have considered {, twice the length of P?.

6 Simulation Results

We have shown how a two-level technique combined with a physically based
model of the task may help in finding safe and executable motions for a rover
moving on a 30D terrain. This is based on the use of the physical model of
the task, and combines a continuous motion technique and a discrete search
strategy in order to deal with several non-trivial features such as collision
avoidance, kinematics and dynamics of the vehicle, and its physical interactions
with the terrain.

The approach has been implemented on a Sun Sparc workstation. Several
experiments for a non-holonomic six-wheeled rover A have been successfully
performed in simulation. As we have mentioned in §2, the advantage of the
presented planner is that it deals with dynamics at the planning time. Methods
operating in two steps: a full geometric path planning step (as in Figure 7)
followed by a dynamic trajectory generation step (Figure 8) require to solve
several problems related to the starting configuration to consider when re-
planning after having detected a failure, and to the length and the optimality
of the resulting solution. These problems are implicitly dealt with by the two-
level planning process described in this paper. Figure 9 shows the safe and
executable motion solution provided by the planner when solving the same
task as in Figure 7. Figure 10 shows a solution when the behavior of the robot
is not strongly affected by the local skidding of some of its wheels. In Figures
11 and 12, we show a motion with maneuvering points provided by the planner
and the corresponding velocity curve.

The processing time of the planning algorithm depends on several criteria:
the irregularities and physical properties of the terrain, the start and goal confi-
gurations of the robot, the considered time increment 6t to solve the equations
of motions of the task, the discretization time AT of the geometric planning
level, and the failures checking (such as allowing the sliding/skidding of some
wheels while maintaining an admissible behavior of the robot or not). In gene-
ral, the solutions provided by the planner require between 20 and 50 minutes
depending on the above-mentioned criteria.
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7 Concluding Remarks

We have considered in the presented examples a terrain with no surface mo-
bility. This is only used to demonstrate the approach and to limit the total
computation time required to carry out these experiments. In the case of the
alteration of the surface of the terrain, several instantiations of the presented
physical model of 7 have to be used in order to model components such as
rocks or movable areas (see [10] for more explanation). Furthermore, the set of
the states of the different particles used to represent such components has to
be saved and updated each time the algorithm backtracks —which may lead
to much computational burden. This is necessary when different local motions
located in the same region are searched at different steps of the algorithm.
Besides, we assume that the geometric obstacles are of the tail of the vehicle.
This allows to make the problem of the collision avoidance more tractable by
solving it only at the geometric level when expensing the different nodes of G.
Future work will focus on the automatic construction of the physical mo-
dels of the terrain, and the identification of the corresponding parameters (i.e.
number and distribution of the elementary particles, structure of the corres-
ponding network, and finally the types of interaction between them).
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