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Abstract. This paper reportson RMP3D, a multipurpose software plat-
form dedicated to motion planning. RMP3D makes it possible to set up
motion planning experiments very quickly. The generality comes from a
dedicated software architecture allowing a rapid design of motion plan-
ners. Comprehension of concepts and algorithms involved in the robotics
field can be improved through the use of an interactive visualization tool.
We present an interactive tool for visualizing and editing motion plan-
ning environments, problem instances, and their solutions. RMP3D is
specialized for model-based randomized planners such as Probabilistic
Roadmap (PRM) methods. The paper focuses on recent results obtained
in robot motion planning, graphics animation, and behavioral animation.

1 Introduction

Robot motion planning refers to the ability of a robot to automatically plan its
own motions to avoid collision with the physical objects in its environment. Such
a capability is crucial, since a robot accomplishes tasks by physical motion in the
real world. This capability would be a major step toward the goal of creating au-
tonomous robots. This observation has motivated much research in robot motion
planning. The approaches to robot motion planning can be roughly divided into
two categories: the classical motion planning or model-based motion planning,
and sensor-based planning. The first approach, assumes that the robot system
has an explicit representation of the robot’s environment. On the other hand,
in the second approach, the environment is unknown and the robot is guided
directly from the sensory input without constructing internal representation for
the environment. This work considers solely the model-based motion planning
problem.

Motion planning problem is typically solved in the configuration space (C), in
which each placement of the robot is mapped as a point. The free configuration
space, F, is the subset of C at which the robot does not intersect any obstacle.
The dimension of C depends on the degrees of freedom (dof) of the robot, which
can be high. An exact computing of a high-dimensional configuration space is
impractical. For this reason, a large family of model-based planners has been
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developed [1], [2], [3], [4]. These algorithms have been successfully used to solve
challenging problems.

The most popular paradigm for model-based motion planning is the Proba-
bilistic Roadmap Method (PRM) [1]. The key idea of the PRM is to randomly
distribute a set of nodes in C and then connect these nodes using a simple local
planner, to form a graph (or a tree) known as a roadmap. An important property
of a roadmap is that it provides a good approximation of the connectivity of the
F. If the roadmap is successfully capturing this connectivity, motion planning
may be reduced to a graph search.

Motion planning has application in many other areas, such as assembly plan-
ning, design for manufacturing, virtual prototyping, computer animation, med-
ical surgery simulation, computational biology, etc. As stressed by Latombe (5],
non-robotics applications (e.g., graphics animation, surgical planning and com-
putational biology) are growing in importance and are likely to shape future
motion planning research at least as much as robotics.

In Section II, we present the software architecture of RMP3D. The following
sections give practical results obtained in problems arising in fields as diverse as
robot motion planning, planning motions for animated characters and behavioral
animation. Finally, Section VI presents the conclusions and future work.

2 RMP3D Architecture

RMP3D is composed of diverse modules associated with functionalities such as
the modeling of the mechanical systems (geometric modeling, steering methods),
geometrical tools (collision detection, distance calculation), motion planning,
and a graphic interface that allows to define the problems, call the algorithms,
and to display the produced results. Fig. 1 shows the structure of the motion
planning software RMP3D.

— the modeling module enables the user to describe mechanical systems and
environments.

the geometric tools for the collision detection algorithms.

the steering methods allows to compute local paths satisfying the kinematic
constraints of the mechanical systems.

the planning algorithms module contains many procedures based on ran-
domized techniques such as PRM, Lazy PRM, Gaussian PRM.

The following steering methods are actually integrated within RMP3D:

— Linear computes a straight line segment between two configurations, this
method works for any holonomic system like a manipulator arm.

- Nonholonomic computes smooth paths for both car models, Reeds &
Shepp (6] and Dubins (7] or articulated mobile robots.

Other methods could be easily integrated into this library. They can also
be combined to design more complex steering methods for mechanical systems
subjected to different motion constraints.
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Fig. 1. Architecture of RMP3D

The planning module integrates three of the randomized techniques proposed
recently. These techniques are based on the probabilistic roadmap methods that
first construct a roadmap connecting collision-free configurations picked at ran-
dom, and then use this roadmap to answer multiple or single queries. Addition-
ally to the planning methods, we added some generators of determinist samples
like Halton, Hammersley, Faure, Sobol, and Sukharev grid.

— Basic-PRM is based on the basic PRM scheme [1). The key idea of this
scheme is to randomly distribute a set of nodes in C and then connect these
nodes using a simple local planner (or a steering method), to form a graph
(or a tree) known as a roadmap.

— Gaussian-PRM is meant to add more samples near obstacles [8]. The idea
is to take two random samples, where the distance between the sampless is
chosen according to a Gaussian distribution. Only if one of the samples lies
in the F and the other lies in C,p5 do we add the free sample. It has been
shown that this leads to a favorable sample distribution.

— Lazy-PRM (9], the idea is not to test whether the paths are collision free
unless they are really needed. The goal of this variant is to minimize the
number of collision checks. The rational behind this is that for most paths
we only need to consider a small part of the graph before a solution is found.

The collision checker integrated is PQP! for determining whether a given
Path is collision-free or not (this is performed by multiple calls to the interference
detection algorithm). PQP is a library for performing three types of proximity
queries on a pair of geometric models composed of triangles.

B —
' A collision detection package from University of North Carolina at Chapel Hill
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All techniques were integrated in a single motion planning system called
RMP3D, implemented in Builder C++ under Windows XP. RMP3D automates
conducting experiments, i.e. statistics are automatically generated and pro-
cessed, decreasing the chance for errors. All experiments were run on a 2.4 GHz
Pentium 4 processor with 512 MB internal memory.

3 Robot Motion Planning

In this section, we discuss the field of model-based motion planning. In contrast
to methods that construct boundary representations of configuration space ob-
stacles, model-based methods? use only information from a collision detector as
they search the configuration space. The simplicity of this approach, along with
increases in computation power and development of efficient collision detection
algorithms, has resulted in the introduction of a number of powerful motion
planning algorithms, capable of solving challenging problems with many degrees
of freedom (dofs).

All of the recent methods rely on some method for generating samples over
the configuration space. Typically, the samples are taken at random from a statis-
tically uniform distribution; however, this method of sampling is not as uniform
as some deterministic methods [10]. Several weakness of random sampling were
shown in the context of the PRM in [11}, [12], [13].

Despite the success of PRM planners, narrow passages in a robot’s configura-
tion space create significant difficulty for PRM planners. A narrow passage is a
small region whose removal changes the connectivity of the free space. There are
several sophisticated sampling strategies that can alleviate this difficulty, but a
satisfactory answer remains elusive. Indeed, many of them only solved partially
the motion planning problem, e.g., the case of free-flying robots. We claim that
deterministic sampling is suitable to capture the connectivity of configuration
spaces with narrow passages [10]. Figures 2 and 3 show the stages of the PRM
approach.

Fig. 2. The start and goal configurations for the piano mover problem and the roadmap
graph

2 These methods are called sampling-based methods
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Fig. 3. An un-smoothed path for the piano problem and the path obtained by smooth-
ing

Figures 4 and 5 show some resolute examples, the examples correspond to
free-flying objets in a three-dimensional workspace, the objects have six dofs,
three translational degrees and three rotational degrees.

Fig. 4. Left, a famous test scene, in which an elbow-shaped robot passes through a
small opening. Right, the same elbow-shaped robot in other environment

The PRM approach has been applied to many different types of motion plan-
ning problems involving different kinds of robots. Unfortunately, the different
improvements suggested are difficult to compare. Each author used his or her
own implementation of PRM. Also the effectiveness of one technique sometimes
depends on choices made for other parts of the method.

With this tool, we provide a comparative study of a number of PRM tech-
niques, all implemented in a single system and run on the same test scenes and
on the same computer. In particular, we can compare basic sampling techniques,
steering methods and node adding techniques.

4 Planning Motions for Animated Characters

The design of autonomous characters capable of planning their own motions
continues to be a challenge for computer animation. We present a novel method
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Fig. 5. Two scenes with narrow passages. Left, a spaceship in a labyrinth. Right, an
object with complicated geometry in four roms with lots of space and with narrow
doors between them

for animating human characters. Our method is integrated in a probabilistic
roadmap method scheme. The navigation of the human character in this envi-
ronment is modeled by a composition of Bezier curves. The controllers are based
on motion data capture techniques.

Given start and goal positions in a virtual environment, our objective is to
find a sequence of motions of a human character to move from the start and to
the goal. Conventional motion planning techniques in robotics typically generate
very efficient mechanical movements rather that lifelike natural-looking motions
desired in computer animation applications. On the other hand, motion editing
techniques in computer graphics are not equipped with a high-level planning
capability to yield a desired motion. To rapidly plan convincing motions of the
human-like character with high-level directives.

Although the motion planning and following concept generally applies to
many types of characters and motions, we will concentrate on generating walking
or running motions for a human-like character. We would like the character’s
motion to be smooth and continuous, natural-looking, and follow the computed
path as closely as possible. For more details on this technique, you can review
the work in [14]. Our procedure consists of the following three steps: roadmap
construction, roadmap search, and motion generation. Figure 6 shows a high-
level description of the proposed approach.

A result of complete trajectory (composition of several local paths) is pre-
sented on figure 7. One can notice several specificities in this result: the model
strictly respects the initial and final configurations required. The structure of
the character is modeled in two levels. Pelvis and legs are used for the locomo-
tion, all the 18 dofs are said to be active dofs. The 34 other ones are said to be
reactive dofs, they deal with the control of the arms and the spine. The pelvis is
the root of five kinematics chains modelling respectively the arms, the legs and
the spine.
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Fig. 6. High-level description of our approach

Fig. 7. Walking through the chessboard and the labyrinth
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Figure 8 illustrates the result of the warping module, the goal of the warping
module is to locally modify the animation of the upper bodies of the character
(arms and spine) when collision occur in the animation produced by the module
locomotion-controller.

Fig. 8. Two snapshots to show the effectiveness of the warping module

The approach satisfies some computer graphics criteria such as realistic re-
sults, collision-free motion in cluttered environments and low response time.
The approach has been implemented in our RMP3D architecture and success-
fully demonstrated on several examples. The combination of randomized motion
planning techniques and motion capture editing techniques offer promising re-
sults.

We have presented a solution for digital actors locomotion problems. The
solution insists on the modularity of the approach. Each component can be
modified or replaced with ease. Our locomotion planner is still to be enhanced:
we want to introduce the ability for the digital actor to change its locomotion
behavior by crouching, crawling, etc.

Motion capture system have been widely used during the last few years for
creating new animations of virtual humans. These approaches assume that re-
alistic motions can be obtained by editing and tuning library of motion data.
The computational cost is low (O(n)) because each articulation is computed
separately. Although several convincing animations have been designed using
these methods, the parameter control is not simple: a number of trial and error
iterations is often needed before obtaining the desized result.

5 Behavioral Animation

Behavioral animation is a type of procedural animation, which is a type of com-
puter animation. In behavioral animation an autonomous character determines
its own actions, at least to a certain extent. This gives the character some ability
to improvise, and frees the animator from the need to specify each detail of every
character’s motion. These improvisational characters are, in the words of Ann
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Marion: “puppets that pull their own strings”. An early example of behavioral
animation was the 1987 boids model of bird flocking [15]. While in some limited
sense autonomous characters have a mind, their simplistic behavioral controllers
are more closely related to the field of artificial life than to artificial intelligence.

Like particle systems, behavioral animation is a vague term which refers to
a number of techniques. Also like particle systems, behavioral animation is used
to control the motion of many objects automatically. The primary difference is
in the objects being animated. Instead of simply procedurally controlling the
position of tiny primitives, motion is generated for actors with orientations,
current state, and interactions. Behavioral animation has been used to animate
flocks, schools, herds, and crowds. All of these require interaction between a large
number of characters with relatively simple, rule-based motion. Fabric can also
be simulated using behavioral techniques.

While many methods to simulate flocking behaviors have been proposed,
these techniques only provide simplistic navigation and planning capabilities,
})ec]ause each flock member’s behavior depends only its local environment [16],

17].

In this section, we show that complex group behavior can be generated using a
roadmap providing global environment information. The roadmap contains topo-
logical information and adaptive edge weights that enables the flock to achieve
behaviors that cannot modeled with local information alone. We propose new
techniques for different group behaviors: homing, goal searching, and traversing
narrow areas. We extended ideas from cognitive modeling to create behavior
rules in individual flock members and in the roadmap. These embedded behav-
iors enable the creatures to modify their actions based on their current location
and state.

These behaviors exploit global knowledge of the environment and utilize in-
formation gathered by all flock members which is communicated by allowing
individual flock members to dynamically update the shared roadmap to reflect
(un)desirable routes or regions.

Homing behavior consists of two sub-models, one representing the individual
behavior of flock members and the other influencing the global behavior of the
flock. Once a path is found (with our RMP3D tool), individual flock members
follow the path. The path is discretized to subgoals based on and individual flock
member’s sensor range. Each member keeps track of subgoals and as soon as a
subgoal comes within the sensory range the next subgoal becomes the steering
direction for the global goal. With other interacting forces from neighboring
flock members and obstacles, steering toward the subgoal has the lowest priority,
so individual members still move together while moving toward the goal. This
results in a flocking toward the goal and avoids getting trapped in local minima.

Goal searching is a type of exploring behavior. We achieve this behavior using
a roadmap graph with adaptive edge weights. Each individual member behaves
independently from its flock mates and uses the roadmap to wander around.
They follow roadmap edges and there are no predefined paths. If they reach
a roadmap node with several roadmap edges, they probabilistically choose a
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roadmap edge to follow based on weight of the edge. The edge weights represent
any preferences for the current task, i.e., searching for and reaching the goal.

A naive solution to achieve narrow passage traversal by the flock is to use
the homing behavior and to select two nodes as goals, first a node in front of the
entrance to the passage and then a node outside the exit from the passage. One
drawback is that flock members may bunch up and conflict with each other as
they try to move through the passage. A strategy that may avoid the congestion
problems of the naive idea is the follow-the-leader strategy. We first assemble the
flock in front of the narrow passage, and then select the closest flock member to
the entrance to the narrow passage as the leader. The remaining flock members
are arranged into a queue that follows the leader.

Figure 10 show some results obtained with our approach. The behavior rules
embedded in our roadmaps enable the flocks to modify their actions based on
their current location and state. Our simulation results for the three types of be-
haviors studied show that the performance of the rule-based roadmap behaviors
is very close to ideal behaviors that have complete knowledge.

Fig. 9. Complex behaviors, such goal searching can be improved using global informa-
tion

6 Conclusions and Future Work

Motion planning has been an active research field in robotics for more than
20 years. Within the 80’s, roboticians addressed the motion planning problem
by devising a variety of heuristics and approximate methods. While complete
and deterministic algorithms for motion planning are very time-consuming as
the dimension of the configuration space increases, it is now possible to address
complicated problems in high dimension thanks to alternative methods (for in-
stance PRM methods) that relax the completeness constraint for the benefit of
practical efficiency and probabilistic completeness.

This paper presented the software platform RMP3D developed at the Univer-
sity of Puebla (Facultad de Ciencias de la Computacién) for generic multipurpose
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Fig. 10. Complex behaviors, such Homing can be improved using global information

applications. A large number of variant PRM planners can be constructed by
combining the algorithmic components presented in our software platform.

RMP3D is a multipurpose tool for visualizing and editing motion planning
environments, problem instances, and their solutions. RMP3D offers a self-
explanatory graphical user interface that provides functionality that can help us
understand robotics and motion planning concepts. We are convinced that re-
searchers and students can take advantage of visualization tools such as RMP3D
which in addition to visualization, allows interaction with the robots workspace.

The aim of the projet RMP3D is to develop a general planning software for
providing systems with motion planning facilities. The examples shown in the
paper illustrate the kind of problems that can be solved today by the algorithms
integrated within RMP3D. It remains that additional work still needs to be
done for improving the efficacy of the planning techniques. Another challenging
issue is to develop more sophisticated planning algorithms (i.e., multiple robots,
manipulation planning).

Motion planning applications are emerging today in various domains such as
computer graphics, drugs design, medicine...

Finally, our paper does not introduce new algorithms, nor new analysis. It
should be viewed as an experience feedback in developing motion planning tech-
nology within the context of a well focused application field. The advantages
of our platform are many with respect to other proposals, but the most impor-
tant thing is the level of the modelling (environments and robots), since this is
possible by using Inivis AC3D.
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