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Abstract. Creating complex animation of virtual characters with sim-
ple high-level commands has been a design goal of animation software
for a long time. The 2-stages locomotion planning is an effective new
approach in this direction aiming to creating realistic animations [4].
Nevertheless, creating coordinated motion between animated characters
has always been a great challenge because of the computational com-
plexity of the problem. This paper describes a method to coordinate
the motions of several virtual characters, and to animate them. In the
method, we combined centralized and decoupled planning methods. The
success of this approach is demonstrated through several examples.

1. Introduction

Virtual humans are becoming increasingly popular both in the academic and
industrial domains. Applications featuring virtual humans include computer
games, virtual storytelling, movie industry, entertainment, military simulations
and behavioral modelling.

We know that many dynamic models were designed in the nineties in order
to synthesize human figure motion, but it is unlikely that dynamics simulation
will solve all animation problem. Researchers have thus turned to other kinds of
approaches. The recent progress in motion capture techniques makes it possible
to directly use human motion data. For most applications, the captured motion
needs to be modified in order to create a variety of specific animations, that may
take the synthetic environment into account [1]. In recent years, Mocap system
results in amount of realistic human motion data and is widely used in various
applications.

The human figure has been frequently represented in computer animation
with the articulated mechanisms used in robotics to control manipulators. With
this same idea, many techniques have been developed within both fields robotics
and computer animation having two different goals in mind. Applications in
computer animation have been focused in obtaining realistic-looking motions.
On the other hand, the robotic’s interest is to generate motions without caring
for realism.
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Several approaches to automatically plan motions for a human character have
been developed in recent years (see for example [2], [3], (4], [5], [6]). In [7], the
authors combined techniques used from robotics and computer animation fields
accounting for two behaviors: locomotion and manipulation. The main challenge
in this research, deals with 3D collision avoidance while preserving the believ-
ability of the motions and allowing cooperation between two or more virtual
characters. To accomplish the coordination task, a geometric and kinematic de-
coupling of the system is proposed. The decomposition enables the character’s
system to plan a collision-free path for a reduced version, then to animate loco-
motion and grasping behaviors independently, and finally to automatically tune
the animation to avoid residual collisions [8].

We present a novel method for animating coordinated virtual characters.
First, the geometric path for each character is calculated using a centralized
approach and then, the paths are transformed into trajectories; and finally the
coordinated motions are calculated using a decoupled approach. The problem
of coordinating multiple robots in robotics has studied intensively during the
last years [9], [10], [11]. We do not have knowledge of its application in the
coordination of multiple virtual characters.

The paper is organized as follows. Section II pres
robot planning approaches. The proposed procedure to coordinate motions for
virtual characters is discussed in Section III. The performance of this proposal
is evaluated in Section IV. Finally, we give some concluding remarks and future

ents an overview of the multi-

work in Section V.

2. Multi-robot Planning

The many approaches to multi-robot motion planning are usually compared
based on their algorithm’s speed, completeness and optimality. For complex
problems, it is difficult to meet all of these requirements. Algorithms based on
randomized sampling proved to be the only viable algorithmic tool for quickly
solving motion planning problems involving many degrees of freedom. Informa-
tion on the configuration space is acquired by generating samples and finding
simple paths among them. Paths and samples are stored in a suitable data struc-
ture. Probabilistic Roadmap planners have recently gained popularity because
of their speed [11]. However, effective sampling strategies are crucial to achieving
successful PRM planning.

We suppose that there are multiple robots that share the same world, W . A
path must be computed for each one that avoids collisions with obstacles and
with other robots. The i-th robot will be denoted by A ‘. Suppose are n robots,
Al,A%, .. A™ Each robot, A, has its associated configuration space, C?, and its
initial and goal configurations, ¢¢,,;, and qzoa,. The formulation for multiple-robot
motion planning is [12]:

— The world, W and obstacle region O .

_ ) 2 . ;
Thefe are 7 robots A1, A2, ..., A", which each may consist of one or more
moving bodies.
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— Each robot, A, for 1 s i s n has an associated configuration space, C'.
— The state space, X, is defined as the Cartesian product

X =c'xc?x ---x C" (1)

The obstacle region in X is

Xobs = (L,l’h%s) U (Lixéz]u) , (2
i= i5,i#j

in which XJ,, and X, are the robot-obstacle and robot-robot collision
states.
— Astatex; X free is designated as the initial state, in which z; = (g}, .., q7).
— A state £g X free is designated as the goal state, in which z4 = (gj, ..., q7).
— The task is to compute a continuous path, 7 : [0,1] X free such that
7(0) = Tinit and 7(1)  Zgoal-

Multi-robot motion planners are usually classified according to whether the
planning is centralized or decoupled.

Centralized planning consists of considering all the robots as if they were
forming a single multi-robot, by encoding their degrees of freedom (dof) in a
single “composite” C and searching that space for a free path between the initial
and goal configurations. In principle, any sufficiently general motion planning
algorithm can be used to implement centralized planning. In the past, this type of
planning has not been considered practical because it usually leads to searching
large-dimensional configuration spaces that are beyond the practical capabilities
of existing planning techniques (10].

The complexity of the centralized approach led to the emergence of the de-
coupled approaches to multi-robot motion planning, where completeness is sac-
rificed in the favor of complexity. These approaches first design motions for
the robots while ignoring robot-robot interactions. Once these interactions are
considered, the choices available to each robot are already constrained by the
designed motions. If a problem arises, these approaches are typically unable to
reverse their commitments. Therefore, completeness is lost. Nevertheless, de-
coupled approaches are quite practical, and in some cases completeness can be
recovered [9].

Decoupled planning is a two-phase approach, in the first phase, a collision-
free path is generated for each robot by considering only the obstacles in the
environment and ignoring the other robots; in the second phase, called the ve-
locity tuning, the relative velocities of the robots along their respective paths are
selected to avoid collision among them. Velocity tuning consists of searching a co-
ordination space [10]. Decoupled planning leads to searching lower-dimensional
spaces than centralized planning.

A straightforward approach to decoupled planning is to sort the robots by
priority, and plan for higher-priority robots first. Lower-priority robots plan by
viewing the higher-priority robots as moving obstacles [13].



Fig. 1. Coordination space for three and two robots [14].
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Fig. 2. Two mobile manipulators. The paths were computed by using a centralized

approach.

3. Coordinated Planning for Virtual Characters

The issue of robot motion planning has been studied for a couple of decades
and many important contributions to the problem have been made [9]. Most of
these algorithms are based on the use of the C. The inherent difficulty with this
approagh is its high dimensionality. It is well known that the worst-case time
bound for any complete motion planning algorithm is exponential in the dimen-
sionality of C. For this reason, attention has focused on randomized or proba-
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bilistic motion planning methods. Probabilistic Roadmap Methods (PRM) is a
general planning scheme building probabilistic roadmaps by randomly selecting
configurations from the free-configuration space (F ) and interconnecting certain
pairs by simple feasible paths. This process continues until the graph covers the
connectedness of the space.

The application of motion planning techniques in computer animation is more
recent. Much works has been shown to be effective in facilitating the automatic
generation of complex animations for human characters. We have developed two
multi-robot planners respectively based on centralized planning and decoupled
planning.

Animating very complex model such as virtual humans is usually done by
extracting a simpler representation of the model, a “skeleton”, that is an articu-
lated figure made of rigid links connected by hinges. We first prepare a skeleton
model represented with a hierarchical structure of rotational joints. The num-
ber of joints of the model and the degrees of freedom depend largely on the
desired reality or quality. In this work, we employ a relatively simple model with
52 degrees of freedom (dofs). The structure of the character is modelled in two
levels. Pelvis and legs are used for the locomotion, 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. Root’s trajectory
problem concerns only [z,y, ,8, ,%] parameter’s evolution. The inputs are two
collision-free configurations of the character in the C. Bounding the character’s
geometry by a cylinder allows motion planning for navigation to be reduced to
planning collision-free trajectories for this cylinder in 3D.

The centralized approach is exactly the PRM planner running in the com-
posite C of the characters (cylinders). The collision test of a point in C is done
by calling the collision checker on every pair consisting of a rigid body of a char-
acter and an environment obstacle, and on every pair of rigid bodies belonging
to two distinct characters. To handle the requirement for speed, a single-query
probabilistic roadmap planner is adapted for this purpose.

The decoupled approach makes n + 1 calls to PRM planner, where n is
the number of characters: n calls to plan the path of each character (ignoring
the other characters); then, another call to plan a collision-free path in the
space X = [0,1]*. The roadmap in X is built by considering the start and goal
configurations at (0, ...,0) and (1, ..., 1). The collision test of a point in X is done
by calling the checker on every pair of rigid bodies belonging to two distinct
characters.

Our procedure consists of the following steps:

1. Roadmap construction: Given a virtual environment, we randomly sam-
ple valid configurations of the cylinder bounding the lower part of the char-
acters. The roadmap can be modeled as a directed graph whose nodes repre-
sent valid samples of the configuration space. A pair of nodes are connected
by and edge if the character can move from one node to the other with a
prescribed motion while preserving its lifelikeness.
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. Roadmap search: Once the roadmap reflects the connectivity of F, it can
be used to answer motion planning queries (15]. Then, a path in the roadmap
corresponds to the motion of each character. The first path is smoothed by
a classical dichotomy technique.

3. Motion generation: Simply computing a collision-free path in the environ-
ment is not enough to produce realistic animation. This step transforms the
obtained path into a discrete set of time stamped positions for the character
along the trajectory, respecting some criteria of velocities and accelerations.
Finally, a locomotion control procedure transforms a set of time parameter-
ized positions into a walk sequence, or other sequences. )

4. Coordinated motion: Let suppose that each character, A® is constrained

to follow a path 7; : [0,1] C}ru, which can be computed using any mo-

tion planning technique. The n-dimensional state space for n characters is
called a coordination space. The schedules of the characters motions will be
performed in the coordination space without collision.

For n characters, the coordination space, X is defined as the n-dimensional

unit cube X = [0,1]". The ith coordinate of X represents the domain S; =

[0,1], of the path 7;. A state,z X, therefore indicates the configuration of

every character. For each i, the configuration ¢'  C' is given by ¢ = 7(z;).

At state (0,...,0) X, every character is in its initial configuration, q,;, =

7:(0), and at state (1,..,1) X, every character is in its goal configuration

@} ot = Ti(1). Any continuous path,o: [0,1] X, for which ¢(0) = (0, ...,0)

and o(1) = (1,...,1) will move the character toward their goal configurations.

The path o does not even need to be monotonic, in contrast to prioritized

~

planning.

4. Experimental Results

The RMP3D software, developed at the Computer Science Department - BUAP,
has been used as support platform for implementing the method. The mo-
tion planning platform RMP3D was implemented on an Intel ¢ Pentium IV
processor-based PC running at 2.6 GHz with 1Gb RAM, using Builder C++
Version 6.0 and OpenGL. RMP3D is a multipurpose tool for visualizing and
editing motion planning environments, problem instances, and their solutions.
The advantages of our platform are many with respect to other proposals, but
the most important thing is the level of modelling (environments and characters),
since this is possible by using ¢ Inivis AC3D.

Given start and goal positions in a virtual environment for each character,
our objective is to find a coordinated motion of the human characters to move
them from the start to the goal.

Figures 3 and 4 show different stages of our method. It can be seen the
un-smoothed paths obtained with the centralized approach. Due to the proba-
bilistic nature of the algorithm and the absence of cycles, paths built during the
roadmap construction are long and irregulars. We used an iterative relaxation-
based method that incrementally reduces the path length. Once the path has
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been smoothed, this path comes near to a composition of Bézier curves respect-
ing C! continuity constraint. Then, the resulting geometric path is transformed
into a trajectory respecting some criteria of maximal velocities and accelerations.
The locomotion controller generates an animation for all previously computed
key-frames from a motion capture data set. In order to obtain the coordinated
motions of the characters, we applied a decoupled approach. Finally, we can see
the animation of coordinated movements.

In last few years, motion capture techniques have been widely used to an-
imate 3D rigid body skeleton. By using magnetic or optical technologies, it is
possible to store the positions and orientations of points located on the human
body. A further computation provides the correspondence between the synthetic
skeleton and the real skeleton, in order to adapt data to the new morphology. For
most applications, the captured motion needs to be modified in order to create a
variety of specific animations, that may take the synthetic environment into ac-
count. All techniques that take well-known trajectories (described by keyframes
or motion captured trajectories) and modify them in order to change the motion
are called motion warping.

The motion warping is an editing technique introduced in [16]. The Witkin
and Popovic’s method modifies the original motion curve z(t) by interactively
turning the positions of pre-selected z-coordinates and by scaling and shifting
the motion curve as a whole. The pattern of the original motion curve is pre-
served, but the resulting curve satisfies the constraints of new key-frames. A
key advantage of motion warping is that it fits well into the familiar key-frame
animation paradigm. It slightly modifies the predefined animation on the reac-
tive degrees of freedom. In such a way the realism of the original animation is
preserved at the best. In the figure 4, the characters would collide with the sheep
and the tree placed in the virtual scene.

Fig. 3. Roadmap construction and roadmap search.

Obstacle avoidance is taken into account at two distinct levels. The first
planned path is guaranteed to be collision-free for the lower part of the each
character body. Then by applying the motion controller along that path, all
degrees of freedom of the every character are animated. Only the upper parts
of the body can be in collision. This obstacle avoidance module is important
since the collision-free motion planning is only assured for the active degrees of
freedom of the character (i.e., those degrees of freedom bounded by a cylinder).
The goal of the warping strategy is to locally modify the animation of the upper
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Fig. 4. Each path is smoothed with a dichotomy technique and a snapshot where one
can see the execution of the coordinated motions.

bodies of the character (the arms and spine) when a collision occurs in the
produced animation. The animation is a sequence of key-frames that specifies
all the degrees of freedom of the character. In each key-frame of the sequence is

performed a collision test.
The motion library is provided by the CMU Graphics Lab Motion Capture

Database. In our experiments presented in this paper, we only showed examples
of simple movements like walking or running, although with our approach it
is possible to use any other movement. Figures 5 and 6 illustrate examples of
coordinated motions. In both cases the characters must avoid collisions with the
obstacles while they execute their motions (this concerns the reactive degrees
belonging to the arms or the head). In the chess environment (figure 6 at the
left), one of the characters collides with a black chess piece (the character with
clothes in white), the realism of the motion is preserved after the application of
the warping module. In the forest environment, both characters collide with the

branches of the trees (figure 6 at the right).

Fig. 5. Two different views of the execution of coordinated motions in an environment
that contains some sheep as obstacles.

The automated synthesis of motion for characters in unstructured environ-
ments is difficult because it requires solving a planning problem subject to mul-
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tiple constraints. Obstacles in the environment constrain the motion in an obvi-
ous fashion, as typified by narrow passages. Other types of constraints include

a character’s joint limits, the requirements for balance, the character’s natural
disposition for particular postures and motion, and so on.

Fig. 6. Two different scenes that show the coordinated motions of two characters.

The increase in the running times when the number of characters grows is
caused by the following observations: i) the quadratic increase in the number of
pairs of bodies that must be proved by collision and ii) the great difficulty of
the problems due to the constraints imposed by the additional characters upon
the motions of the others. After executing many tests in different scenes with
different number of characters, we can mention that in the coordination module,

the planner fails in certain canonical problems (see for example, figures 7 and
8).

81
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Fig. 7. The crossing in the same uniform route.

The experimental results show examples of up to 3 characters, because the
time to coordinate and to generate the movements of them grows exponentially.
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Fig. 8. Surpassing in the same route.

5. Conclusion and Future Work

This paper takes advantage of both view points computer graphics and robotics
to address virtual human coordination. It focuses in the following problem: how
to automatically compute a coordinated motion of several characters in a virtual
environment while guaranteeing 3D obstacle avoidance?

Virtual environments are widely used in computer entertainment, where mul-
tiple agents are moving around in the virtual environment and their motions
have to be coordinated. Motion planning and path finding have been studied
extensively, both in the game community, and in the robotics community. The
standard approaches for motion planning of multiple agents in the robotics com-
munity can be divided into two major categories: centralized planning and de-
coupled planning. The former considers all agents as one robotic system with
many degrees of freedom, and its time complexity is exponential in the dimension
of the composite configuration space.

We have presented the application of both approaches. The obtained results
were interesting and the running times are acceptable (see Figure 9). We be-
lieve that this approach could be easily adapted to the case of multiple virtual
characters in dynamic environments.

The core planners employed in both centralized planning and decoupled plan-
ning require either an expensive pre-processing phase (for multi-query planners)
or more expensive query times (for single-query planners), particularly for a large
number of agents. To plan motions of multiple agents in virtual environments and
games, a planner may not spend more than a few seconds in the pre-processing
phase, and it must be able to perform path query in real-time (when the game is
being played). The runtime of such a planner must also scale well with the num-
ber of agents in virtual environments. For difficult motion planning problems,
centralized planning may be necessary in order to find feasible paths; however,
virtual environments in computer games are often structured. Often these en-
vironments can be characterized as open spaces connected by multiple narrow
passages.

An interesting idea would be to consider human behaviors, especially in the
context of interaction with physical objects. To generate complete motion se-
quences of one or more virtual characters transporting a bulky object in cluttered

environments, can be future research.
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(e) Partial execution (f) Coordination

Fig. 9. Snapshots showing the complete approach.
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