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Introduction

This course aims to introduce the area of human body modeling and animation for
researchers involved with computer graphics and image processing in general. Our goal is
to present a multi-disciplinary subject where there is still a large amount of work to be
done. Another interesting aspect of the area is the possibility (or necessity) of
collaboration between several knowledge domains.

The course is divided in two main parts:

• Modeling of human bodies,

• Animation of virtual humans and

• Some applications using virtual humans.
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MODULE 1:
Human Body Modeling

 1. Introduction

The goal of this module is the presentation of the main steps used in the design of
a virtual human. A review of the main existing methods for body modeling is presented.
The three-dimensional models developed until now can be classified into four categories:
stick figures models, surface models, volume models and multi-layered models. The face
modeling processes are presented as well as a method to reconstruct hands by using FFD
(Free-form deformation). Some methods to simulate the hair are quickly described.
Finally, the simulation of clothes is also presented as a necessary complement to virtual
humans final presentation.

 2. The Body

The human body can be structured in three levels: the skeleton, the net of the
muscles and the envolvent surface of the skin. Most of the systems base their
modelization on this “anatomic” structure and generate a geometric model, articulate in a
similar way to the skeleton [Steketee 85, Cachola 86, Magnenat 85], a sculptured surface
model similar to the skin [Fetter 82] or a mixed model dealing with both levels, skeleton
and skin [Armstrong 86].

Other systems try instead to model the human body as a collection of primitive
volumes as spheres, ellipsoids or cylinders [Badler 79, Herbison-Evans 78]. All these
systems present several advantages and disadvantages as we will discuss next.

 2.1. Stick Figure Models

Systems using stick figure models consist of a hierarchical set of rigid segments
(limbs) connected at joints. These models are called articulated bodies and may be more
or less complex, depending on the number of limbs and joints involved. Each joint can
have up to three degrees of freedom (DOF) and the model can be more or less complex,
reaching more than 200 DOFs as the real human skeleton [Zeltzer 82]. The main
advantage of the stick figure model is that the motion specification is very easy. It is only
necessary to give for each joint a three-dimensional transformation matrix corresponding
to its three DOFs. On the other hand, this kind of representation produces rather
unrealistic simulations. Its lack of volume makes the perception of the depth difficult and
causes ambiguities in the pictures. Several movements are impossible to represent, like
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twists. An example of modeling and animation of a stick figure with 32 segments and 15
joints (“Hipi” - from “Dream Flight”, 1982) is presented in Figure M1.1.

Figure M1.1: Hipi flying (from Dream Flight) [Thalmann 90]

 2.2. Surface Models

Surface models are conceptually simple, containing a skeleton surrounded by
surfaces composed of planar or curved patches, simulating the skin. Several models have
been developed since the sixties when Fetter [Fetter 82] introduced his first man model
composed of only seven segments. A second, more fully articulated man was introduced
in 1969, then the third man and in 1981, the fourth man and woman, in which several
levels of complexity of the model were available. Other models are based on
anthropometric data and presented by Dooley [Dooley 82].
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Figure M1.2: The virtual Marilyn, generated with JLD operators [Thalmann 90]

 2.3. Volume Models

 The volume models approximate the structure and the shape of the body with a
collection of primitive volumes, such as cylinders [Evans 76][Potter 75], ellipsoids
[Herbison-Evans 74], or spheres [Badler 78]. A few cylinders or ellipsoids can capture
the surface and longitudinal axis properties of many body parts, although the similarities
are quite stylized, like cartoons. Those models were developed at the early of human
animation when graphic systems had very limited capabilities. They cannot produce
better results than surface models, and suffer from inadequate control mechanism of large
set primitives during the animation.

Figure M1.3: Ballerina made of metaballs [Yoshimoto 92]
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A recent and interesting example of human representation by the use of volume
primitives was presented by Yoshimoto  [Yoshimoto 92]. He proposes the use of
metaballs, that consider the volume as a potential function and produce good and natural
results, to create very realistic ballerinas. About 500 metaballs and some ellipsoids were
used to design the ballerina’s body and costume shown in Figure M1.3.

 2.4. Multi-layered Models

Recently, multi-layered models have been developed to represent human figures.
In this approach, normally a skeleton is used to support intermediate layers that simulate
the body volume (bones, muscles, fat tissues and so on) and the skin layer. Sometimes a
clothing layer can be also considered. A layer can be defined as a conceptual simulation
model which maps higher level input parameters into lower level outputs. The animator
specifies various constraint relationships between the layers and can control the global
motion from a high level.

A good example of layered construction and animation of deformable characters
are presented by Chadwick et al. [Chadwick 89]. In their approach, the geometric skin is
not simply fitted to an articulated skeleton. This captures the fluid squash and stretch
behavior of the surface geometry by providing volumetric muscle bulging, dynamic fatty
tissue response, and creasing at the joint. A four layered model from high to low levels
was designed: the motion specification, referred to as the behavior layer in the system;
the motion foundation, represented by an articulated skeleton layer; the shape transition,
squash and stretch, corresponding to the muscles and fatty tissues layer; and the surface
description, surface appearance and geometry, corresponding to the skin and clothing
layer.

Figure M1.4: Bragger Bones, a character designed by the Critter system
[Chadwick 89]
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The skeleton layer provides the foundation for controlling the motion of the
character and is composed of a tree structure hierarchy of robotics manipulators, robotics
joint-link parameters, joint angle constraints, and physical attributes. The muscle layer is
added on top of and attached to the skeleton hierarchy. The foundation for the muscle and
fat are based on Free Form Deformations (FFDs) [Sederberg 86]. The control points of
the deformations are constrained by the positioning (joint angles) and forces (joint
torques) applied to and by the underlying skeleton. Then, these deformations act to glue
and deform the geometric skin to the underlying skeleton. The skin layer represents the
actual visible surface geometry to be rendered. Figure M1.4 shows an example of human
character generated using this layered approach.

The Body Builder system developed by Shen [Shen 95, 96], consists of a highly
effective multi-layered approach for design and animation of realistic human bodies. This
layered model is based on three levels, similar to those proposed by Chadwick et al.
[Chadwick 89]. The first layer is composed by an articulated skeleton hierarchy with only
articulated line segments whose movements are pre-specified. It may be a dynamic
skeleton governed by rigid body, physical simulations, or a geometric one, animated by
key-framing. The second layer is composed by volume primitives designed to simulate
the gross behavior of bones, fat and muscles. These primitives fall into two categories:
blendable volume which will blend with other blendable volumes in the same group;
unblendable volume which will not blend with other primitives. The volume primitives,
arranged in an anatomically-based approximation, are attached to the proximal joints of
the skeleton.

The third layer is the skin surface of the body which is automatically derived from
the position and shape of the first and second layers. An implicitly surface defined by
volume primitives is sampled with ray-casting on semi-regular cylindrical grids. These
sample points are used directly as cubic B-spline control points to smooth out the skin
surface. Individual B-spline patches are triangulated, and these triangular meshes are
stitched together to connect different parts of the human body for final rendering and
output. The Body Builder system is characterized by simple, efficient algorithms, and
realistic, robust deformations. The system provides an intuitive tool for animators to
efficiently design a rich variety of human shapes. Figure M1.5 shows the various stages
in the construction of a layered human body model .
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Figure M1.5: Stages in the construction of the human body model [Shen 96]

Scheepers et al. [Scheepers 97] presented an approach to human figure modeling
similar to the one taken in artistic anatomy - by analyzing the relationship between
exterior form and the underlying structures responsible for creating it, surface form and
shape change may be understood and best represented. They considered the influence of
the musculature on surface form and developed muscle models which react automatically
to changes in the posture of an underlying articulated skeleton. The first layer of the
Scheepers’ model is the skeleton. They have developed a procedural model for skeletal
support, implemented in AL [May 96], a procedural modeling and animation language
with facilities for defining and manipulating articulated models.

Muscles are the second layer and were the first goal of this work. Ellipsoids were
used to represent muscle bellies because they consist of natural and convenient primitives
that can be scaled along their three major axes to simulate bulging. Many skeletal
muscles are fusiform and act in straight lines between their points of attachment. For
these muscles, a simple model with relatively few parameters, called the fusiform muscle
model was used. To simulate the shape of complex muscles that cannot be modeled with
the straight fusiform muscles, a generative approach in which any number of muscle
bellies may be positioned automatically was used, the so-called multi-belly muscle model.
Implicit versions of the simple geometric modeling primitives are used to adjust the
control points of bicubic patch meshes representing the skin, the third layer of this model.
This technique also allows the modeling of fatty tissue between the muscles and the skin -
adjusting the radius of influence of the implicit functions allows different thickness of
fatty tissue deposits to be modeled. Figure M1.6 shows an example of muscle
reconstruction of the upper arm and torso.
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Figure M1.6: Example of Scheepers’ anatomy-based human model [Scheepers 97]

The work developed by Wilhelms and Van Gelder [Wilhelms 97] describes a new
modeling and animation approach for animals and humans that is based on actual three-
dimensional representations of individual body components. The body consists of four
types of materials: bones are rigidly embedded in segments; muscles are attached to
bones; generalized tissue gives shape to regions where detailed bones and muscles are not
used, and for features such as eyes and nails; an elastic overlying triangle-mesh skin is
attached to underlying tissues with anchors, but adjusts in response to forces from
neighboring skin vertices.

The skeleton and generalized tissues were modeled as triangle meshes or
ellipsoids. To model each muscle, a model based on a deformed cylinder was developed.
Therefore, each muscle is a discretized, deformed cylinder whose axis is a curve that
proceeds from the midpoint of the muscle origins to the midpoint of the muscle
insertions. The skin is an elastic triangle-mesh surface that is attached to underlying
components but can move relative to them; i.e., a separate, controllably loose layer over
underlying components. Animation involves repetition of the following steps: motion
specification at joints; reposition and deformation of the underlying components
accordingly to new positions; mapping of the skin vertices back to world space;
application of the iterative relaxation algorithm, adjusting skin vertices to achieve the
equilibrium of the elastic membrane forces. Figure M1.7 shows a monkey model with 85
body segments, 156 bones, 52 muscles, 54 generalized components and a skin surface
composed of about 150,000 triangles.
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Figure M1.7: Anatomical components of a monkey in rest posture:
skeleton (white), muscles (red), generalized tissue (purple), and skin
(lower right) [Wilhelms 97].

Other multi-layered models were also developed but there are not stressed here
because they do not present a direct application on humans modeling. However, their
concepts can be used to model humanoid characters. Gascuel et al. [Gascuel 91], for
example, propose a general model using a rigid skeleton layer, deformable cylinders
associated with each link of the skeleton to model elastic flesh; and a third layer to model
the propagation of deformations from one flesh primitive to the others. A geometric skin
represented by a B-spline surface covers the deformable elements. A sophisticated
example of layered model was presented by Terzopoulos and Waters to implement facial
animation [Terzopoulos 91]. In this model, an elastic solid simulation consisting of a
mass-spring lattice of depth three, is attached to a human skull model and deformed by
muscles which take the form of force constraints between points on the skin surface and
the underlying bone. The LEMAN system developed by Turner [Turner 93, 95] is
structured into four layers: skeleton layer, muscle layer, fat and connective tissue layer,
and skin layer. The skin surface was implemented as a simulation of a continuous elastic
surface discretized using a finite difference technique [Terzopoulos 87].

 3. The Face

The face modeling involves all the problems concerned in the body modeling, but
as its shape is specially irregular and the movements associated to it (mainly of
expression and speaking) are rather complex, its difficulties are greater. Because the
human face plays the most important role for identification and communication, realistic
construction and animation of the face is of immense interest in the research of human
animation. The ultimate goal of this research would be to model exactly the human facial
anatomy and movements to satisfy both structural and functional aspects. However, this
involves many problems to be solved concurrently. The human face is a very irregular



18

structure, which varies from person to person. The problem is further compounded with
its interior details such as muscles, bones and tissues, and the motion which involves
complex interactions and deformations of different facial features.

The properties of facial expressions have been studied for 25 years by a
psychologist, Ekman, who proposed a parameterization of muscles with their
relationships to emotion: the Facial Action Coding System (FACS) [Ekman 78]. FACS
describes the set of all possible basic actions performable on a human face, and is the
base for defining the principal parameters in the modeling of faces.

One of the firsts works published on facial modeling is perhaps the paper of Parke
[Parke 82]. In his system, Parke modelizes the face as a set of surface patches but taking
into account some characteristics parameters of modelization. The number and the shape
of the patches is pre-fixed and, particularly, the number of the patches is bigger in the
problematic regions (eys, mouth, etc.). two types of parameters are considered: the
expression parameters and the conformation parameters. The conformation parameters
are chosen when modeling the face and are concerned with measurements such as nose
length, eyes separation, forehead width, etc. they define the face at a “neutral” state. The
expressive parameters, variable, are not concerned with the shape of the face but with its
possible movements: mouth opening, pupile dilation, etc.

Platt and Badler [Platt 81] consider the modelization of the three anatomic levels
of the face: bones, muscles and skin. The skeletal level is modeled as a rigid surface
under the deformable surface of the skin. Muscles are represented as the intermediate
level between those two. Correspondances are established between the points of the
surface of the skeleton, related one to another by arcs passing through a set of
intermediate points that simulate muscles. This complex modelization allows a real
simulation of the facial movements.

 3.1. Facial Deformations

Facial deformations can be understood as externalization or manifestation of
verbal or non-verbal communication agents on a face. These agents activate certain
channels of the face associatively. Each activated channel in turn triggers the relevant
muscles. Activation of muscles eventually deforms the face. The module for facial
animation presented by Boulic et al. [Boulic 95] resolves the difficulty of manually
manipulating the facial model by offering a multi-level structure to the system, where
each level is independently controllable [Kalra 93]. The different levels encompass
information from the various levels of abstraction from sentences and emotions to the
facial geometry and image visualization. For simulation of muscle actions they use
Rational Free Form Deformations (RFFD) as they are: simple and easy to perform,
intuitive and rapid to use [Kalra 92]. RFFD includes an extra term for weights for the
control lattice of FFD. This provides additional control for deformations. The muscle
design uses region based approach which means that the region of interest is defined
where a muscle comprising RFFDs can be associated. The deformations which are
obtained by actuating muscles to stretch, squash, expand and compress the inside facial
geometry, are simulated by displacing the control points of the lattice and/or by changing
the weights of the control points.
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Human face may render complex movements of its different parts during a facial
expression. There are more than thirty muscles responsible for the facial movements.
These muscles are associated with the source of movements such as speech or emotion.
Using muscles for specifying an animation is difficult for the user. The multi level
structure enables users to specify animation in terms of high level global actions like
emotion and sentences for speech. These actions are decomposed into discrete actions
like expressions and phonemes for words. The discrete actions contain the basic motion
parameter referred to as Minimum Perceptible Action (MPA) [Kalra 91]. These MPAs
are, in fact, aggregation of muscle actions. In order to control the duration and instance of
each global action, a synchronization mechanism are provided. The high level
specification of animation is independent of low level facial model.

Figure M1.8: Facial expressions examples

To improve the “Barbie-like” aspect of virtual human beings, they propose a
technique based on texture mapping of photos of real faces. A separate tool for matching
the 3D facial topology on a given picture/photo of a face is developed. Only a few feature
points is selected from the 3D model to exactly match the corresponding points on the
picture. Delaunay triangulation is used to connect these points. These points can be
moved and displaced on the picture interactively. An interpolation scheme in a triangular
domain is used to get the desired texture coordinates. As a result, the picture is deformed
and mapped on the 3D model. In order to map the entire head, multiple views are needed.
These pictures are projected on a cylinder. Then the corresponding matching is performed
between the cylindrical projected 3D model points and cylindrical projected pictures. By
using texture mapping, the quality of rendering is improved considerably. In addition, it
allows us to put a picture of a specific person on a given 3D model. Figure M1.8 shows
expressions with texture mapping.
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Figure M1.9: Facial expressions example

 4. The Hands

Hand animation is generally treated separately from the rest of the body. The
motivation for a different deformation technique for the hands comes from their very
specific behavior. The interior side of the hand is crisscrossed by lines and wrinkles that
create discontinuities on the surface during deformation. The palm covers five skeleton
segments and is very flexible. Finger deformations are very complex compared to other
parts of the body, as they involve a wide range of angles’ variations and configurations
applied to very short skeleton segments.

Magnenat-Thalmann et al. [Magnenat 88] propose a model for hand deformation
based on local geometric operators called Joint Local Dependent deformations, which are
used for hand animation when there is no contact with the environment. Gourret et al.
[Gourret 89] deal with animation and interaction using Finite Elements. Their method is
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used when contact response is needed in grasping tasks. Delingette et al. [Delingette 93]
describe a simplex-based model for object representation which is particularly suited for
physical simulation and allows 3D morphing, data extraction and reconstruction, and
hand animation. Uda et al. in [Uda 93] extend the capabilities of their solid modeler to
simulate hands. Hands are automatically skinned with rough volume polyhedron
approximations. Skin curvature at joints is generated by an ad-hoc polyhedral subdivision
method.

An alternate approach consists in enhancing the free-form deformations (FFD’s)
techniques [Sederberg 86] by using results of data interpolation [Farin 90] to remove
existing limitations of the current FFD’ models [Bechman 94] (especially for the
animation of articulated characters). In [Farin 90], Farin extents the natural neighbors
interpolant based on the natural neighbors coordinates, by using the natural neighbors as
the support for a multivariate Bézier simplex, in which any point can be expressed with a
similar relation as in FFD’s. Farin defines a new type of surfaces defined with this
extended interpolant called Dirichlet surfaces. Combining FFD’s and Dirichlet surfaces
leads to an enhanced model of FFD’s: Dirichlet FFD’s or DFFD’s. One major advantage
of this technique is that it removes any constraint on the position and topology of control
points. Three types of control points are defined:

• normal: they are defined around or inside the surface at a variable distance
from it;

• constraint: they lie on the surface and allow its direct manipulation. They are
generally assigned to a point of the surface, so that any displacement of the
control point is completely passed to the surface’s point;

• inflating: a special type of normal control points but with varying weight, so
that they can attract the surface in their neighborhood and simulate inflation of
the surface.

From that general free-form deformation model, we derive a specialized data
structure for multi-layered deformations of articulated object, where the set of control
points is used to simulate the muscle layer [Chadwick 89, Lamousin 94]. According to
hand topography, the main lines and wrinkles are associated with joints of the skeleton.
The idea consists in defining a data structure called wrinkle on the hand surface and
associate it with each of the skeleton joints. A wrinkle is defined by the following:

(1) a set of constraint points approximating the real wrinkle;

(2) a set of normal points surronding the surface of the hand which is influenced
when the joint moves and;

(3) an inflating point simulating the flesh inflation according to the  joint angle
value.

Joint angle variations are used to rotate the control points of the wrinkle around
the joint’s rotation axis. The weight of the inflating points is a linear function of the joint
angle value. DFFD’s are then applied to the hand’s surface according to the current
deformed skeleton configuration.
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The use of constraint points allows flexible control of the shape around the joint
and constraints it to maintain a constant shape during the animation, so there is no need to
scale empirically control points [Chadwick 89] at the joints to avoid unwanted
deformations like pinching. Combining control points with constraint points not only
allows the control of the deformation extension on the surface, but also allows mixing
smooth deformations with discontinuities on the surface. Finally, modeling skin
deformation around joints with multi-segments is almost impossible with former FFD’s
techniques, because it would require a combination of many control boxes in such a way
that it satisfies the continuity constraints between the boxes. With DFFD’s, a unique set
of control points can surround the joints and their segments, and the continuity of the
deformation is naturally kept inside it.

Figure M1.10: Some examples of hands modeling

Another problem connected to hands animation is the problem of grasping an
object. To grasp an object, the hand has to be used, and the joints of the hand must move
correctly. And, if an object is grasped, it has to move with the hand. When the hand is
turned, the object must turn along with the hand. When an object is grasped and moved to
a new position, it is the arm which essentially guides the object. However, to grasp the
object, flexion angles have to be determined. This problem is known in robotics as an
inverse kinematics problem. Magnenat-Thalmann et al. [Magnenat 88] describe
algorithms and methods used to animate a hand for a synthetic actor. The algorithms
allow not only to move the hand and grasp objects, but also they compute the
deformations of the hands: rounding at joints and muscle inflations.



23

Figure M1.11: More examples

Figure M1.12: Some examples of grasping

 5. The Hair

In the field of human animation, hair presents perhaps the most challenging
rendering problem an therefore has been one of the least satisfactory aspects of human
images rendered to date. The difficulties of rendering hair result from the large number
and detailed geometry of the individual hairs, the complex interaction of light and
shadow among the hairs, and the small scale of the hair width in comparison with the
rendered image. The rendering of hair therefore constitutes a considerable anti-aliasing
problem in which many individual hairs, reflecting light and casting shadows on each
other, contribute to the shading of each pixel.

Several researchers have published methods for rendering fur and human hair.
Gavin Miller [Miller 88] modeled hair with triangles to form a pyramid, using
oversampling to avoid aliasing. Watanabe and Suenaga [Watanabe 89] modeled human
hairs as connected segments of triangular prisms and were able to render a full head of
straight human hair in a reasonably short time using a hardware Z-buffer renderer with
Gouraud shading. Perlin and Hoffert [Perlin 89] employed volume densities, controlled
with pseudo-random functions, to generate soft fur-like objects. Perhaps the most
impressive rendering of fur to date was achieved by Kajiya and Kay [Kajiya 89] for a
teddy bear using a generalization of 3D texturing known as texels. Rosenblum et al.
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[Rosenblum 91] presented hair animation method using a mass spring model. Anjyo et al.
[Anjyo 92] proposed methods using one-dimensional projective differential equations and
pseudo-force fields. Both methods neglect the effect of collision between hairs for
simplicity. Kurihara et al. [Kurihara 93] proposed a simplified collision detection method
using cylindrical representation.

 5.1. Hair Animation

To generate natural hair animation, physical simulation must be applied.
However, precise simulation including collision response is impractical because of the
number of individual hairs.

The simulation model presented by Magnenat-Thalmann et al. [Magnenat 96]
takes benefit from two properties of the hairs, they are, on one side, low deformation of
the initial shape, and on the other side, weak variation of the shape from one hair to
another. The resulting model consists of reducing hair’s deformations to those of a tube.
Each hair stand is parametrically defined inside the tube, so that it follows its
deformations. Physical simulation is performed on a set of such tubes, defined as the
hair’s core. Tubes are the interpolated over the support according to the hair density.

The hair’s core is described using a spline that is interpolated from a few
animated vertices linked to each other by edges. The final hair’s shape is computed from
that spline. A spline is extracted from the position of the vertices of the hair’s core. The
representation is achieved by computing a number of coordinates which depend on the
complexity of the shape. The coordinates are then considered as control points and the
hair is represented as a NURB.

Hairs do not exist by themselves. Each hair strand extremity must be attached to a
vertex of the support object: the hair’s root. An orientation matrix is associated to the
hair’s root. The matrix is unique for the whole hair if the support is rigid, or different for
each root otherwise. The orientation matrix allows us to perform hair animation on any
type of support, and simulate for example a fur coat.

 5.2. Collision Detection

In order to properly achieve hair animation, the model must include a collision
detection and treatment process. This model takes into account two types of collision:

a) Collision between hair strands: the result of these collision is to give volume
to the hair. Instead of detecting collision, a repulsion force is introduced when
two strands are closer than a proximity factor. That factor depends on hair
density and shape. Collision treatment is restricted to neighbor hair’s cores.

b) Collision between hairs and support: the goal is to avoid hair strand
penetration inside the hair support object. Collision treatment is also restricted
to the hair’s core.

 5.3. Hair Rendering

Rendering an image of hair involves several steps:
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• creating a database of hair segments;

• creating shadow buffers from all lights;

• rendering the hairless objects using all shadow buffers;

• composing the hair on the hairless image.

The simulation module produces a data base of hair segments for each frame, that
are used as input for the rendering module. In this system, hair rendering is done by ray
tracing using a modified version of the public domain Rayshade program.

Figure M1.13: Example of hair rendering

In the hair rendering module, the process is step by step. First, the shadow of the
scene is calculated for each light source i, as well as for the light sources for the hair
shadows. The hair shadows are calculated for the object surface and individually for each
hair. Finally, the hair style is blended into the scene, using all shadow buffers. The result



26

is an image with a three-dimensional realistic hair style rendering where complexe
shadow interaction and highlight effects can be seen and appreciated.

The raytracer basically has two roles in the hair rendering pipeline. The first is to
construct shadow buffers from light sources, and the second is to render hairless objects
with full shadowing (coming from the hair and the hairless objects).

 6. Simulating Clothes

The evolution of cloth synthesis has gone though several phases. The first one,
and the most important, has been to simulate efficiently fabric motion and deformations
using mechanical computer simulation. These techniques have been pioneered by Weil
[Weil 86], Terzopoulos et al. (1987) and Haumann and Parent (1988), using different
kinds of mechanical models based on triangular discretisation of the simulated surface.
More recently, several other techniques have been explored, such as polynomial surfaces
[Witkin 90, Baraff 92] and particle systems [Breen 94]. The second phase was to focus on
some specific behaviors of cloth deformation, such as wrinkle generation. Kunii and
Godota [Kunii 90] and Aono [Aono 90] produced wrinkles by combining geometric and
physical aspects of the deformations.

The final aspect of cloth generation was the design and animation of garments on
virtual actors. This aspect includes several issues such as garment modeling, building,
and also precise handling of the interaction between the cloth and the body that wears it,
using collision detection and response. The first studies have been performed by Lafleur
et al. [Lafleur 91], Carignan et al. [Carignan 92] and Yang and Magnenat-Thalmann
[Yang 92] where complex garments were generated by assembling panels around a
synthetic actor, which then was animated.

More than just pieces of fabric hanging in the air or draping around a table,
realistic cloth simulation provide a variety of new problems and challenges, such as being
able to design any shape of cloth, such as real tailor would cut into fabric pieces and
assemble them without being constrained by limitations due for example to the data
structure (regular triangle meshes, square panels). Then, the cloth behavior is strongly
determined by the collisions between the fabric and the body, and also the self-collision
within the cloth itself, usually in wrinkles in crumpling situations. Collision detection
should be very efficiently managed, particularly in the case of self-collision detection.
The mechanical model should also be very efficient for simulating high deformations,
such as those occurring during wrinkling. This requires good modelisation of the non
linear mechanical behavior of the fabric [Denby 76], as well as an efficient calculation
algorithm which gives acceptable results even if the deformations gets big compared to
the discretisation size of the surface, and then ensures stability even with high extension
and curvature.

Concerning the design itself, a good cloth software should provide efficient tools
for designing a cloth, and fitting its shape exactly to the synthetic actor.

In the model proposed by Magnenat-Thalmann et al. [Magnenat 96], the animated
deformable object is represented as a particle system by sets of vertices forming irregular
triangles, thus allowing surfaces of any shape to be easily modeled and simulated. Using
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the material mechanical behavior parameters of the considered material, strains are
computed within the considered triangles and the resulting forces are applied on the
vertices.

 6.1. Collision Management

Whenever elements are involved in several collisions, such as multilayer cloth,
collision response is performed iteratively until all the collision constraints are resolved.
This technique also allows propagation of the collision effect through the different layers
of a cloth stack. Compressible viscoplasticity has been added to the collision response
model, not only for simulating accurately multilayer compressibility, but also for
ensuring good stability of the model in these situations.

Figure M1.14: Another example of cloth simulation
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 6.2. Collision Detection

Collision and particularly self-collision detection is often the bottleneck of
simulation applications in terms of calculation time, because of the scene complexity that
involves a huge number of geometrical tests for determining which elements are
colliding.

Considering the clothing problem where garments are widely in contact with the
body, collisions are not sparse at all and should be detected efficiently and accurately.
Furthermore, because of all wrinkles and possible contacts between different parts of the
same cloth, we have to efficiently detect self-collisions within the surfaces. This prevent s
the use of standard bounding box algorithms because potentially colliding regions of a
surface are always touching each other by adjacency.

Figure M1.15: Another example of cloth simulation



29

Figure M1.16: Examples of cloth simulation
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MODULE 2:
Anatomically-Based Modeling

 1. Introduction

Considering the complexity of the human body, we can say that the realism of
motion needs to be improved not only from the joint point-of-view, but also in relation to
the body deformation. This module proposes a method to simulate human beings based
on anatomy concepts, because we believe that the closer a model is to reality, the better
will be the results. Using this approach we describe a human representation method
divided into three layers: the rigid body conception from a real skeleton, the muscle
design and deformation and the skin generation. Some integration aspects are also
presented and discussed.

 2. Anatomically-Based Skeleton Design

The human body can be briefly defined as a composition of skeleton, muscles, fat
and skin. The skeleton is formed by bones (about 206 in total) attached with each other
by joints, and constitutes the foundation of all human surface form. The base of a
skeleton is the spinal column where the two pairs of limbs (arms and legs) and the head
are connected. We also use the term skeleton in computer animation, to designate a stick
figure representing the positions and orientations of the joints which make up the
articulated figure.

To represent our stick made human model, we have used the basic skeleton
structure proposed by Boulic et al. [Boulic 91, 94] and briefly described in Section 2.1. In
order to generate a new model based on an anatomic approach, joint positions and
orientations were defined. Section 2.2 explains how the model was composed and Section
2.3 review all degrees of freedom of the body, explaining the function of each joint and
highlighting their new positions and orientations.  Finally, in Section 2.4 we demonstrate
the usefulness of the bones in our model.

 2.1. BODY Structure Description

The skeleton hierarchy is composed of articulated line segments whose
movements are described at the joints level. Relating the implementation aspect, a
BODY data structure maintains some generic information, including a topological tree
structure for a vertebrate body with predefined mobility. The hierarchical topology
orientates the propagation of motion from the root to the terminal nodes. Each joint of a
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body is represented by one or more nodes of the tree, depending of the joint’s Degree of
Freedom - DOF (joints have up to three DOFs and each DOF corresponds to one node of
the tree) and each node position is defined locally in relation of its node parent in the
hierarchy.

The skeleton_root is the entry point to the skeleton tree. It defines a coordinate
system which is situated at the base of the spine and has: x axis (body lateral) pointing to
the right side, y axis (body frontal) pointing to the front and z axis (body vertical)
pointing to the head, as shown in Figure M2.1.a.

(a)     (b)

Figure M2.1: (a) BODY coordinate system of the skeleton_root entry
node; (b) scheme of the skeleton front view indicating the location of the
joints [Boulic 94b].

Our simplified model of the human skeleton contains 31 joints with 62 DOFs (in
Figure M2.1.b, a scheme of the skeleton front view with the respective joint names is
shown). We do not represent neither the joints of the head, nor the facial animation. The
joints of the hands are considered in the model but not mentioned in this work. Figure
M2.2 details the order in which their associated transformations are composed. This order
defines implicitly an Euler angle sequence for each mechanical joint. Degrees of Freedom
that have the same center of rotations belong to the same mechanical joint. Their names
begin with the same joint name as hip, knee, shoulder, etc.

To create a population and personalize a skeleton default, the concepts of BODY
template and BODY instance were developed. A template is able to define new positions
and orientations to the joints. It is very useful in the characterization of different human
actors, allowing at the skeleton level, the joints re-positioning and consequently, the
reference for one or more BODY instances. The BODY instance can define a few high
level normalization parameters to scale the BODY template. In the general case of
multiple BODY sharing a common environment, there would be typically one BODY
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template serving as a family model to the BODY instances, each of them holding a
different set of normalization parameters (e.g. total height, frontal scaling, higher lateral
scaling, lower lateral scaling and spine origin ratio). More information about the BODY
can be found in the BODYLIB Manual [Boulic 94b].

Figure M2.2: General topology of the skeleton without the hands

 2.2. Anatomic Template

As mentioned before, the main goal of this work is to produce a human model
based on anatomic principles. At the skeleton level we suggest the creation of a
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simplified body with the joint positions defined anatomically. To accomplish it, we
propose the design of a new human template defining new position and orientation for the
joints. But finding the joints center location from the knowledge of external markers is a
very difficult task. Joints like the shoulder or the hip for example, are specially hidden
within the flesh and complex bone structure (see Figure M2.3).

       (a)  (b)         (c)       (d)

Figure M2.3: Body silhouettes with skeleton in front view ((a) female, (b)
male), back view ((c) male), and side view ((d) male) [Thomson 64].

We propose the template definition by analyzing a three-dimensional real
skeleton. From a realistic reconstructed human skeleton, we have carefully determined
the best position for each joint between the bones, based on anatomic concepts and
motion observation. In Figure M2.4 we can see the skeleton with bony landmarks
highlighted, representing the positions of the joints. Figure M2.5 compares the new
anatomic template with our old template, also designed at LIG.  Essential differences can
be observed on the spine and especially on the shoulder level. The foot complex was also
completely redefined in our proposed skeleton.

Concerning the shoulder, the fundamental difference is seen in the clavicle
positions. In the old template these are almost in the same plane than the shoulder and the
spine, while in the new one it is placed much more on the forward. The shoulder and the
scapula were also changed. The new template has this two joints more distant than
before. On the arms, the concrete modification relates to the posture. In the new template
the arms are a bit more open, to avoid the collision with the torso. On the spine, two
greater changes can be observed: the new position of the joint vl1, nearest the hip joints;
and the curvature of the spine, in general. On the foot, the biggest change relates the
ankle and the subtalar joints. Before, all the two joints had the same position while in the
new template they had been separated, corresponding to two different articulations, as in
reality.

A standard posture for which all the joint angles are null, was also defined and
can be seen in Figure M2.4. In this posture, the body is standing up with dangling arms
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oriented such that the palmar surface of hand lies in the sagital plane with medial
orientation. Also concerning the joint angles, we have defined minimal and maximal
limits for the movements, trying to avoid forbidden postures.

Figure M2.4: Several views of the skeleton with the joint positions highlighted

(a)         (b)

Figure M2.5: Comparison between the two templates - the old one is on
the left and the new one on the right side: (a) front view and (b)
intermediate view.
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 2.3. Review of the BODY Degrees of Freedom (DOF)

The higher number of kinematic Degrees of Freedom a joint can have is six (i.e.,
three for rotation and three for translation) [Zajac 90]. However, for computational
reasons, we assume only the rotation DOFs. The skeleton_root is the entry node to the
internal mobilities of the skeleton and the default root of motion within the skeleton. As it
is situated at the base of the spine, it is quite close to the center of mass for large classes
of postures. That property makes it a good root of motion for numerous movements
involving the whole displacement of the body (walking, jumping, etc.).

2.3.1. The Foot Complex

The foot is made up of several sets of bones. Immediately below the two bones of
the shin are the seven bones of the ankle. Beyond these are the five long bones in the sole
of the foot, known as the metatarsal bones. Each of the metatarsal bones leads to the
phalanges of one of the toes. There are two phalanges in the great toe and three in the
other toes, making a total of 26 bones in the foot.

The ankle joint allows a range of movements. When the foot is moved up or
down, the hinge joint between the bones of the ankle and the tibia moves. The movement
of rising up onto the ball of the foot takes place at the other hinge joint, between the ankle
bones an the long metatarsal bones in the sole of the foot.

We modeled the foot complex with four distinct joints, each bearing one Degree
of Freedom. We find successively the ankle, the subtalar, the mid-foot (or navicular), and
the toe (Figure M2.6.b and M2.6.c): ankle_flexion (rotation of the foot in the sagital
plane - x BODY. By default, the unique Degree of Freedom is parallel to the knee
flexion), subtalar (sideward orientation of the foot. By default, the unique DOF lies in
the sagital plane with 45o wrt the vertical), mid_foot (internal twisting of the foot - nearly
y BODY), and toe_flexion (up and down rotation of the toe in the sagital plane (x
BODY).

The center of rotations for the subtalar and the mid-foot are not easy to define. At
the ankle, the center of rotation is under the head of the tibia (Figure M2.6.b). At the
subtalar, the center of rotation is under and slightly backward of the ankle center of
rotation. The mid_foot center of rotation is more or less half-way between the ankle and
the toe centers of rotation, while the toe center of rotation is slightly within the bone
before the first big toe phalanx.

Three functional locations are provided by default to outline the main contact
point of the foot with the supporting surface (they have the same orientation of their
parent node). These are (Figure M2.6.a and M2.6.b) the hell extremity attached to the
subtalar joint and the toe_base and toe_extremity attached to the toe flexion joint.

2.3.2. The Spine

The higher part of the body hierarchy begins with the spine, that is a particularly
interesting and complex structure. It consists of 25 bony components: seven cervical,
twelve thoracic and five lumbar vertebrae, and the sacrum with the coccyx.
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Figure M2.6: The foot complex with the the centers of rotation of the ankle,
subtalar, mid-foot and toe (a) (b); right foot complex axis of rotation, front
downward view (c) and side view (d).

The lumbar region, in the lower part of the back, contains five vertebrae. They
carry the weight of all of the upper part of the body, and each lumbar vertebra is large
enough to take the strain. There is a disc of fiber, called the intervertebral disc, between
the body of one vertebra and the next. Each lumbar vertebra has a short, backward-facing
spine that is shaped like a spade. There are no ribs in this part of the body. The lumbar
vertebrae are attached to each other to allow them to be bent forward and backward on
one another, but allow only a small amount of sideways bending or swiveling from side
to side.

The twelve thoracic vertebrae lie in the chest region, and they are the vertebrae to
which the ribs are attached. The heart-shaped thoracic vertebrae gradually increase in size
down the body. The first, uppermost, thoracic vertebra is the smallest, and the last,
lowermost, is the largest. As on the lumbar vertebrae, there is a disc of fiber, called the
intervertebral disc, between the body of one vertebra and the next. The spine, at the rear
of the thoracic vertebrae, point backward and downward, and form the hard knobs that
can be felt down the middle of the back. The connections between the thoracic vertebrae
allow a swiveling movement from side to side, and a bending of the body to either side.

The neck region contains seven cervical vertebrae. On either side of each vertebra
are small projections that enclose an opening. These projections are small ribs that have
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become fused on to the side of the vertebra. The spines at the rear of the cervical
vertebrae are quite short. The first two vertebrae, called the atlas vertebra and the axis
vertebra, are unlike the other cervical vertebrae, because they are involved in the
movements of the head upon the neck. The connections between the cervical vertebrae
allow the neck to be bent forward, backward or to the side, and to be rotated from side to
side.

Figure M2.7: Several views of the spine with eight compound vertebrae

Figure M2.8: The spine axis of rotation: (a) front view and (b) side view

We modeled the spine with eight compound vertebrae (Figure M2.7 and M2.8)
dispatched into three groups, not possessing the same mobilities: three lombar vertebrae
cannot have torsion; three thoracic vertebrae have limited or no tilt; and two cervical
vertebrae have all three rotational mobilities (torsion, tilt and roll). The name of the
compound vertebrae includes the first letter of the region it belongs to (l for lumbar, t for
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thoracic, and c for cervical).The first lumbar vertebrae sits on the pelvic sacrum. The last
cervical vertebrae (vc8) is under the atlas joint, corresponding to the little remaining
distance to the head root (Figure M2.7). The arms are attached to the spine through one of
the three thoracic vertebrae (vt5).

 2.4. Why Representing Bones?

Using the joints based structure described before, we have created a real skeleton.
Bones are linked to the joints reference systems and modeled by triangle meshes defined
locally in relation to their parent joint. Our system is modeled with 73 bones, ignoring the
hands and feet that are represented by complete sets of bones. Bones do not change shape
during animation, but can change position in relation to each other.

Our main goal in representing bones is to permit the muscles attachment
definition. As explained in the following section, skeleton muscles are fixed on the bones
by their extremity points, in general. But also esthetic purposes were considered. In fact,
in some parts of the body, the skeleton contributes directly on the external appearance
and should be considered during the skin generation process. For example, on the lower
part of the legs, the elbow and some ribs, if we consider a slim person. Furthermore, parts
of bones that appear not to create surface form in some postures do so in others.

Moreover, another reason pushed us to append the bone shapes in our model. The
visualization of the skeleton during animation allows the avoidance of forbidden
postures, a tedious and abstract task when only based on a stick figure. The definition of
the limit angles for each joint became also more precise when using bones representation
between articulations. Figure M2.9 shows the skeleton while trying some interesting
postures.

 3. Muscle Model

Among the anatomical systems that determine the skin shape, the musculature is
the most complex. Three kinds of muscles can be identified in the human body: skeletal,
cardiac and smooth muscles. As our purposes involve the representation of the human
body, more precisely the external appearance, we have modeled only skeletal muscles,
referred in this work simply by muscles. Skeletal muscles are arranged side by side and in
layers on top of bones and other muscles. Located throughout the entire body, the skeletal
muscles makes up from 40 to 45% of the total body weight [Tolo NY].

 3.1. Action Lines

To mechanically quantify the force that a muscle produces over a bone, we
represent muscles by lines, regularly named action lines. The attachment of muscles to
bones closer to the spine of the body is generally considered the origin while the other
one represents the insertion. Normally, the origin is the fixed point, and the insertion is
where the muscle performs its action, but there is no formal rule about it. Most muscles
are simply attached to two bones across a joint, and each bone may function as either the
fixed point or the moveable one [Cody 90].
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Figure M2.9: Skeleton performing different postures

In our approach to model the muscle forces, muscles can be represented by one or
more action lines, basically defined by an origin and an insertion point. These points
represent the links between the muscles and the bones, sometimes also corresponding to
the extremities of the muscle shape. However, depending of the shape, position and
complexity of the muscle, simple action lines are not enough to represent the force
produced over the skeleton. For this reason, we have decided to represent the actions of
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the muscles not simply by a straight line, but by using polylines. To accomplish it we
have developed the concept of control points, whose objective is to guide the line,
avoiding the intersection with the bones. An example of this kind of action line is shown
in Figure M2.10. The Biceps Brachii is represented by two action lines (one for each of
the two muscle heads), but one of them needs to use a control point. If we try to represent
this action line by a straight line, the bone will be intercepted.

Other examples of intersection between bones and lines of action can be
perceived only while animating the skeleton. It is exactly the case of the Triceps Brachii,
for example, that are represented by three action lines (one for each muscle head)
attaching the upper arm to the upper part of the lower arm. Figure M2.11 shows the
definition of the action line that represents the Triceps middle head. In Figure M2.11.a,
we can see the skeleton of the arm with the defined action line when the muscle is in its
rest position. Figure M2.11.b shown the arm contraction and the resultant action line, if it
was defined by a simple straight line. We can see in the example, that if the action line is
not correct, the muscle can contract during an extension action. Finally, Figure M2.11.c
shows the correct simulation of the Triceps action line, by using some control points.

Figure M2.10: The Biceps Brachii muscle and corresponding action lines

Moreover, Figure M2.11 shows also an example of the muscle shape simulation
and reaction to the arm motion. In these examples we can verify that the muscle belly is
not attached to the bones by the origin and insertion of the action lines. It has its own
origin and insertion points, simulating in this way the presence of tendons. In order to
simulate the tendons we assume that the action line is, in fact, a thread linking two bones
and crossing some pulley, here represented by the control points. Tendons stretch just
about 8% of their original length. For the sake of simplicity, we define the tendons by
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giving distances between the muscle boundaries and the action lines extremities. During
the animation, this distances are kept constant.

(a)     (b)   (c)

Figure M2.11: The Triceps Brachii middle head action representation: (a)
bones of the arm and Triceps action line with the muscle in its rest
position; (b) action line and muscle reaction during the arm contraction
and with a straight action line; (c) correct simulation of the action line by
using additional control points.

 3.2. Muscle Shape Design

To simulate muscle deformations we use a set of mass points linked by springs
and organized in a way to ensure a correspondence between the action line and the
muscle shape. We consider, for all the cases, that each muscle belly involves completely
an action line or a part of an action line. Each point that composes the surface of a muscle
is arranged between two neighbors in the horizontal and two others in the vertical
direction, considering the action line of a muscle as the up reference. In this sense, we can
say also, that the extremities of the muscle shape have the same position of the action
lines extremities or, if we are using tendons, that they are placed on the action line.

Taking into account the limitations imposed by our deformation model, which
was designed specifically to simulate fusiform muscles, we developed a resampling
method whose goal is the generation of simple and regular surface of the muscles. From a
muscle form composed by triangles, this method is able to generate another muscle shape
designed in a way to achieve our objectives.



47

3.2.1. Manual Shape Input

With the help of a designer, we studied separately the form and the behavior of
each muscle, trying to model it accordingly to its biomechanically-based action line. To
better explain the process employed to design and deform muscles, we take again the
example of the Triceps Brachii muscle, a particularly complex muscle. The Triceps
corresponds to the fleshy mass placed on the back of the upper arm and that acts as an
extensor muscle of the fore-arm. As its name implies, the Triceps is composed by three
heads, which are distinguished as the inner, the outer and the middle or long head. The
inner and the outer heads arise from the Humerus while the long head springs from the
outer margin of the blade-bone, just below the shallow socket which receives the head of
the Humerus. The other extremity of  all the three heads are attached to the upper part of
the Ulna.

The muscle shape is manually modeled using two different kind of data: a
collection of pictures used on artistic anatomy and the corresponding action lines that
describe the actuation of the Triceps, as shown in Figure M2.12. Muscles are modeled by
triangle meshes that are subsequently resampled for deformation purposes.

(a)   (b)  (c)

Figure M2.12: The Triceps modeling process. The 3D muscle shape model
(b) and its resampled version (c) is obtained from artistic anatomy
pictures (a down) and the action lines scheme (a up).
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To model the muscles we use the Sculptor software developed at MiraLab -
University of Geneva. This software was conceived initially to design three-dimensional
heads. From a spherical surface, it is possible to model complex shapes only by moving
the surface points. These points can be moved in several ways, by groups or individually.
Figure M2.13 shows a muscle body designed using this manual technique. We call
“manual” because it depends quite exclusively of the designer ability, on the opposite of
the two other techniques described before.

Figure M2.13: Muscled body manually designed

3.2.2. Resampling Method

In order to resample muscles, we have developed a simple algorithm conceived
exclusively for fusiform shapes. As explained before, to satisfy the necessities of our
deformation model, each point in the model surface should be placed accordingly with
the action line position. In which case, any design method presented in the latest sections
can match our needs. To this end, we have developed a muscle editor where the user can
connect the reconstructed muscle to its respective action line, as well as to define the
number of points desired on the new muscle after the resampling process.

To resample given dense irregular triangle meshes into regular grids (Figure
M2.12.c shows an example of a resampled Triceps), the user needs to define the number
of slices perpendicular to the action line on the new muscle shape, as well as the number
of points in each slice. Excepting the extremities, every slice has the same number of
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points. The algorithm goes through all the action line and, at each position of a new
muscle slice performs the design of an imaginary circle. Lines are drawn in a star-shaped
manner with the origin on the intersection between the action line and the slice. For each
line we compute the outermost intersection point with the initial muscle. Each result point
of these intersections will be a point over the new muscle surface.

In Figure M2.14 we can see a modeled muscle with four examples of resampled
forms obtained by our editor.

Figure M2.14: Model of the internal part of the Triceps (with 2160
points) and the resampled models with respectively: 197, 182, 82 and 32
points.

Note that there is a loss of quality involved in the resampling process. Here we
have the same usual dilemma: presentation quality versus speed. As we are looking for
real-time deformations, our choice is speed. Muscles have a very complicated form which
is hard to reproduce. Furthermore, a lot of muscles are covered by others and all of them
are covered by the skin. Then, to represent a global animation, we really do not need a
high degree of accuracy in muscle shape representation.

Continuous level of detail and multi-resolution techniques [Certain 96]
[Lindstrom 96] have recently been studied to solve the conflicting requirements of
representation quality and animation speed. In future work we intend to study the
integration of some multi-resolution methods in muscles presentation. For this, we are
considering two kinds of multi-resolution: the spatial one, that aims to change
automatically the degree of discretization of a muscle in function of its position in
relation to the others; and the temporal one, that changes the resolution according to the
position of the camera, during the visualization process.
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 3.3. Deformation Model

The problem of simulating deformable objects can be seen as a continuous system
in space and time. The first step to solve this system is to discretize the continuous
equations in material coordinates, resulting in a large system of simultaneous ordinary
differential equations. The shape of a body is determined by the Euclidean distances
between nearby points while the evolution of the object in the scene depends on the
forces acting on its points. The second step is the time discretization that generates the
evolution of the objects on time.

In order to physically simulate the deformation of a muscle, we use mechanical
laws of particles.

The motion of a particle is defined by its nature and by the position of other
objects and particles in its neighborhood. In our specific case, we have decided to
consider only the representation of muscle surfaces, in order to reduce calculations. In
fact, we believe we can simulate muscle deformation without considering directly their
volume characteristics. The surface is composed by a set of particles with mass density
m. Their behavior are determined by their interaction with the other particles that define
the muscle surface. In a correspondence with the geometric structure presented before,
each point of the mesh corresponds to a particle in the physical model.

The physical model presented here is based on the application of forces over all
mass points that compose the mesh, generating new positions for them. Adding all the
applied forces, we obtain a resultant force for each particle on the deformable mesh. For
the sake of simplicity, we have considered three different forces: elasticity force,
curvature force and constraint force. Then, the resultant force in each particle  can be
calculated as:

,

where  is the vector position of the particle  and  the positions of the

particles that compose its neighborhood.

Further, we present in detail the components involved on the resultant force
application over a particle, as well as the aspects involved in its definition and calculus.
We would like to emphasize that we have used a vectorial representation of the forces
described here.

3.3.1. Elasticity

To simulate elastic effects between the particles on the muscle mesh, we have
used some concepts from the Theory of Elasticity, specifically concerning linear springs.
We suppose the connection between each particle and its four neighbors, with the use of
springs, as you can see in Figure M2.15.

Considering the force produced by a linear spring (also knowing as Hooke’s
spring) over a mass point as
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,

where 
ijsk  is the coefficient that indicates the degree of elasticity of a spring, ix  is

position of the spring’s oscillating extremity and jx  is the position of the fixed extremity.

0i
x  and 

0j
x  are the positions of the extremities i and j while the spring is in the rest state

and jiu  the oriented unit vector from j to i. In extension, we can define the elasticity force

as the sum of all forces exerted over the point ix  by the springs connecting itself to its

four neighbors. Now we can represent the elasticity force over one particle, as follows:

∑
=

=
3

0

3210 ),(),,,,(
j

jispringiiiiielasticity xxfxxxxxf
iji

Figure M2.15: Elastic model of the muscle surface

We have designed two classes of springs: vertical and horizontal ones (both
defined in relation to the muscle action line), where the horizontal springs are
perpendicular to the action line. The difference between the two relates the specification
of their elasticity coefficients. Furthermore, we have two different degrees of elasticity: in
width and height (always relating the muscle action line). We consider that the muscle
height is defined in the same direction of its action line. Figure M2.16 shows the minimal
elasticity component of a muscle, composed by a spring and a damping module.

Figure M2.16: Minimal elasticity component
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 3.3.2. Curvature and Torsion

The force that determines the degree of bending and twisting of a muscle surface
was named curvature and torsion force. As the elasticity force, this force is also
calculated for each mass point over the surface as a function of its four neighbors.

The physical simulation of these effects was designed by employing another kind
of linear spring, we have created and named angular springs. The difference between
these springs and the other ones used to simulate elasticity is the way they are attached.
Consider a mass point 0x  with a neighborhood formed by 4

0
3
0

2
0

1
0 ,,, xxxx , as shown in

Figure M2.17. Each mass point 0x  has two corresponding angular springs, one in the

angle defined by the vectors 1
00xx  and 3

00xx , and the other one in the angle between 2
00xx

and 4
00xx .

Figure M2.17: Angular spring between the line segments  1
00xx  and 3

00xx

The implementation of this kind of springs is done (consider the spring in Figure

M2.17, placed in the angle between 1
00xx  and 3

00xx ) by attaching a spring linking the

point 0x  with the mid-point of the line defined by the vector 3
0

1
0xx , when all the points

are in initial position, that is, with all springs in rest position.

As for the springs presented in Section 3.3.1, we can define the degree of
curvature of a muscle in two dimensions. In order to implement this, we allow the
specification of curvature coefficients in the two orientations (horizontal and vertical),
considering the muscle action line as the up reference. We can say that the horizontal
springs are the ones perpendicular to the action line (defined between a mass point and its
neighbors over the same muscle slice - see Figure M2.18.a) and the vertical springs, the
springs defined between each mass point and its neighbors on the upper and lower slices
(see Figure M2.18.b).

As we have simulated muscles only by their surfaces, we do not have the
representation of a volume, but a surface designing a muscle shape. Like any surface
assembled by points linked to their neighbors by springs, it can twist and bend in any
direction, changing completely the expected final shape. With the use of angular springs,
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we succeeded in avoiding this kind of behavior, as shown in Figure M2.19, where we
compare a muscle compression with and without the use of angular springs.

Finally, we have realized that increasing the angular spring coefficients, we are
able to control the muscle volume during deformation, that is, we do not need a post-
processing step for this purpose. Obviously, this is not a method that mathematically
guarantee the volume preservation. But it allows an efficient and quick way to provide
different degrees of deformation to the same initial muscle shape, preserving the
homogeneity and guaranteeing some kind of volume control in processing time. In Figure
M2.27 we show an example of muscle compression with different curvature coefficients.

     (a)        (b)

Figure M2.18: Example of the definition of a horizontal angular spring
(a) and a vertical one (b).

(a) (b) (c)

Figure M2.19: (a) Muscle in the rest position; (b) compressed muscle
without angular springs and (c) compressed muscle with angular springs.

3.3.3. Geometric Constraints

The geometric constraints were developed to improve the response to the different
conditions not formally explicit into our internal force model and that can be applied to
some specific points (local constraints), regions of muscles (zonal constraints) or to all
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the muscle (global constraints). An example of local constraint is the movement of the
points that attach the muscle to the bones. The movement of those points is function of
the bones motion, that is, if you move your arm, the muscles attached at the
corresponding bones will also move. Different conditions can also result from a collision
between a muscle and another internal structure, as organs, bones, fat, etc. One way to
implement it can be by defining a zonal constraint. With all the body in the rest position,
the user define the regions of the muscle that are in contact with another organ, bone or
so on and apply the same constraint over all the particles comprise in the region. This
constraint can be, for example, the conservation of a kind of link between a muscle
particle and the surface of the other organ.

The implementation of the great part of the constraints force can be done by using
inverse dynamics. We specify the constraints actuating on a particle and calculate the
force necessary to compel the particle to obey these constraints. It can also be called
induced force. Knowing the position where a particle i should be located, we apply a
force that minimize the distance by creating a point to point displacement. If ix  is the

current particle position in Euclidean space and 
goalix  its ideal position, a force f should be

applied to the particle i. This force f can gives a mean to handle animation control as the
path following or key-frame guiding. To accomplish it, at each time step, we need to
define a new 

goalix  on the path.

The methodology used to satisfy constraints, allows easily the inclusion of new
ones, without the need to modify the physical model. At this time, we are using the
geometric constraints only to move the attachment points of muscles.

 3.4. Motion Simulation

As already mentioned, the model used to deform muscles is based on a particle
system where the interactions between particles are modeled by springs. The movement
simulation is done by applying systems of motion equations over each particle of the
model. These systems rely on second-order differential equations derived from a
definition of elasticity as being the resistance to extension of a material, and viscosity as
being resistance to a change in extension for a material [Holton 95].

We have used the Lagrange’s equations of motion as in [Terzopoulos 87]:

iexterniiiiiresultiiii fxxxxxfxxm =++ ),,,,( 3210&&& γ

where iii xxx &&& ,,  are respectively, the positions, velocities and accelerations of its mass

elements as function of material coordinates and time, iim γ,  are the nodal mass and the

damping factor that dissipates the kinetic energy of the body’s mass elements,
),,,,( 3210

iiiiiresult xxxxxf  is the result force over the node i  and 
iexternf  is an external force.

The external force is balanced against the force terms on the left hand side of the equation
due to the deformable model. The first term represents the inertial force due to the
model’s distributed mass. The second term is the damping force due to dissipation and
the third term is the elastic force due to the deformation of the model away from its
natural shape.
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To create animations simulating the dynamics of elastic models, the ordinary
differential equations of motion are integrated through time. We use a fourth order
Runge-Kutta method [Press 92] for this. We have chosen this method because it is more
stable than Euler’s method while retaining an acceptable time of execution.

The four evaluations of the method are represented here by four steps, considering

the use of the following variables: ix  is the position, 
t

xi

∂
∂

 the velocity and 
t

xi
2

2

∂
∂

 the

acceleration vectors of the particle i ; ),,,,( 3210
iiiiiresult xxxxxf  is the function that calculate

the resultant force exerted on the particle i ; iγ  is the damping factor of the particle i ;

im is the nodal mass; h  is the time-step; and 
i

xα , 
i

x β , are auxiliary variables used to

save positions during the calculation process. Figure M2.20 shown the four steps of the
Runge-Kutta applied to our application needs.
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Figure M2.20: Runge-Kutta steps used on the muscle motion simulation
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At each time step (or every few time steps) the resulting simulation data may be
rendered to create successive frames of the animation. About instability, such problems
can be minimized by the use of appropriate damping of the elastic and viscous forces in
the system and by simulating time intervals at a much higher frequency than the visible
frame rate. This increases the accuracy of the approximation to a truly continuous model.

 3.5. How to Build a Deformable Muscle?

The process involved in the generation of our muscle model starts with the
definition of the action line (Section 3.1) and the design of the muscle shape using one of
the processes stressed in Section 3.2. We will describe now the required procedure to
simulate the muscle deformation, explaining how to build a deformable muscle.

The design of a new muscle and the definition of its behavior is not exactly an
easy task. We need to find intuitively the best set of deformation parameters, to apply this
parameters on a geometric shape and to test visually if they are suitable or not. For this
purpose, we have developed the software called mms (Muscle Model Simulator), whose
interface (presented in Figure M2.21) is composed by two windows: one for the
visualization and the other containing the system options. The software was developed
using a SGI Impact workstation and Open Inventor for the interface and works by reading
a file (<filename>.mms - see Figure M2.22 for an example) with a muscle shape and the
simulation parameters.

Figure M2.21: Muscle Model Simulator (mms) interface

.IV FILE NAME = triceps_longhead.iv
TIME STEP FOR THE SIMULATION = 0.4
DEGREE OF SUBDIVISION IN X = 8
DEGREE OF SUBDIVISION IN Y = 7
ELASTICITY CONSTANT (H) = 0.0
ELASTICITY CONSTANT (V) = 5.0
CURVATURE CONSTANT (H) = 0.0
CURVATURE CONSTANT (V) = 5.0
TOTAL MASS = 16.0
DAMPING = 0.5
LENGTH STEPSIZE = 0.5
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Figure M2.22: Example of parameters file format (triceps_longhead.mms)

The user can then simulate interactively and in real-time the deformations of the
muscle, by compressing or extending its action line with the aid of a slider. We allow a
maximum of 30% compression and extension, indicating the possibility of a 60% change
in the action line length. If the results are not convincing, the parameters file can be
edited and loaded again. The user can maintain this loop as much as wanted. Figure
M2.23 shows an example of the use of mms while testing new parameters for the long
head of the Triceps.

Concerning the other interface options, the user can choose exactly what he
desires to see. Muscles can be shown as a set of shaded triangles, in wireframe, only by
the particles’ positions or can be invisible. In the same way, the action line (the yellow
line on Figure M2.21) can be visible or not. The camera position can also be changed
interactively by the user. The “Options” window allows yet the possibility to visualize
some vectors attached to muscle particles, representing each one the active elasticity,
curvature and resultant forces (this feature can be very useful while choosing the good
parameters). The number of frames per second is shown intermittently and more time
data are also available by clicking in the correspondent button.

Figure M2.23: Deformation tests of the Triceps long head. On the top, the
muscle is presented on its rest state. The second line shows the extension.
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The third and fourth lines shows compression motion with different
curvature coefficients.

 3.6. Animation Examples

As an example of our deformation method, we have simulated the motion of the
Brachialis muscle, reconstructed from the images of the Visible Human Dataset (VHD).
The Brachialis has the origin at the front of the lower half of the shaft of the Humerus
and the insertion at the front of the coronoid process of the Ulna. It is responsible for the
flexion of the forearm and can be modeled by only one action line, between the ulna and
the Humerus. We assume all muscles designed are in a state of rest before the simulation.

In Figure M2.24 we can see a compression process of the Brachialis muscle. We
have used a muscle composed by 50 mass-points and a compression rate of 30%.

Figure M2.24: Muscle compression sequence

In Figure M2.25 we have used the same parameters of the example shown in
Figure M2.24, but with a different movement. In this case, we have simulated an
extension rate of 30%.
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Figure M2.25: Muscle extension sequence

In Figure M2.26, we have another example of compression. We have used exactly
the same parameters of the other two examples, but this time we have simulated the
deformation of the Brachialis with bones motion. Note that the compression rate is much
less significant than in the other examples. On the Figure M2.24 and M2.25 we have used
more compression and extension rates than in reality. Exaggerating the motion, we can
show better the model behavior.

Figure M2.26: Bones motion with muscle contraction

In Figure M2.27, we present an example of muscle compression using different
curvature coefficients. Figure M2.27.a presents the muscle on its rest state and Figure
M2.27.b, M2.27.c and M2.27.d shows the same muscle compressed at 20%. The
differences in the three images come from the curvature coefficients. We have used the



60

same elasticity coefficients on the three examples, but with different curvature
coefficients. From Figure M2.27.b to M2.27.d, we have increased the coefficient. As we
have said before and can be verified in this example, by varying the curvature coefficients
we can change the volume of a muscle. The problem is to discover a set of parameters
that achieves our needs.

      (a)     (b)     (c)    (d)

Figure M2.27: (a) muscle in the rest state; (b) 20% compression and
curvature coefficient equal to 1.0; (c) the same compression rate, but
with curvature of 5.0; (d) curvature of 10.0.

In Figure M2.28, three examples of muscle compression are presented. The
deformation parameters are the same for all the three cases, changing only the elasticity
coefficients. Figure M2.28.a presents the muscle on its rest state while Figure M2.28.b,
M2.28.c and M2.28.d show the same muscle compressed at 30%. From the left to right,
we have increased the elasticity coefficients, then by observing the results we can
conclude that the biggest is the elasticity coefficient, biggest will be the deformation
results. The answer is in the relation between curvature and elasticity coefficients.
Smallest are the elasticity coefficients, less resistance the springs will made and for
consequence, greater will be the influence of the curvature springs on the deformation. To
conclude, we can state that, not only motion equations are important to achieve a realistic
deformation but also the relationship between all the deformation parameters.

(a)         (b)        (c) (d)
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Figure M2.28: (a) muscle in the rest state; (b) 30% compression and
elasticity coefficient equal to 0.5; (c) the same compression rate, but with
elasticity of 1.0; (d) elasticity of 5.0.

Regarding the system performance, we have made some tests on a SGI Impact
workstation, with a MIPS R10000 Processor. The time per calculated image depends of
some simulation parameters. Just to illustrate, for a simulation of a muscle with 82 mass
points, we have reached the performance of 16 images calculated on each second. Using
a much more simple muscle with only 17 mass points, the performance increases to 84
images/sec.

 4. Skin Generation

To generate the skin covering all the bones and muscles, we use a surface sampled
using ray-casting on semi-regular cylindrical grids. These sample points are used directly
as cubic B-spline control points to smooth out the skin surface. Individual B-spline
patches are triangulated, and these triangular meshes are stitched together to connect
different parts of the human body for final rendering and output.

This approach takes advantage from the fixed topology of the human skeleton.
Human limbs exhibit a cylindrical topology and the underlying skeleton provides a
natural centric axis upon which a number of cross-sections can be defined. Each limb link
is associated with a number of contours (Figure M2.29.a). The cross-sectional skin
contours can automatically be extracted using the ray casting method. We cast rays in a
star-shaped manner for one contour, with ray origins sitting on the skeleton link. For each
ray, we compute the outermost intersection point with the muscles and bones surrounding
the link. The intersection is a sample point on the cross-section contour (see Figure
M2.29.b).

 (a)    (b)

Figure M2.29: (a) Cross-sectional plane orientation and (b) ray distribution
[Shen 96]

To facilitate the manipulation, the body envelope was divided into seven parts, the
so called skin pieces, each defined around a junction between two or more links which
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contains a group of joints. These are: front torso, back torso, hip, left leg, right leg, left
arm, right arm.

However, some postures could produce errors on the skin generation while using
the method described above. An example is when a leg or an arm of a character is
bended.  Considering the arm example, our algorithm will generate the skin covering at
the same time (as an unique piece) the upper and lower part of the arm. Using the same
principle, we could also have a single piece of skin covering the two legs of the character
together. To solve this problem, we have decided to assign each primitive (a bone or a
muscle) to a group. Each group will blend with primitives in its own group or in the root
group. Fifteen groups were defined covering whole body: upper_torso, lower_torso, hip,
left_shoulder, right_shoulder, left_upper_arm, left_lower_arm, right_upper_arm,
right_lower_arm, left_upper_leg, left_lower_leg, right_upper_leg, right_lower_leg,
left_ankle, and right_ankle. Figure M2.30 locate all of these groups over the body.

Each primitive is assigned to a group according to its attachment to the skeleton.
Some primitives, located on special positions (for example, a muscle covering a joint),
can fall into several groups simultaneously, as they may have contributions to multiple
groups. To sample a contour, we only need to consider the primitives in its associated
group.

The skin generation method presented above is based on techniques developed by
Shen and described in [Shen 95, 96].

Figure M2.30: Groups position over the body

 5. Integration Aspects

To integrate our joints-based skeleton, the bones, the muscles and the skin, we
have extended the Body Builder system [Shen 96], originally designed for deformable
human bodies with a stick skeleton, muscles and fat tissues represented by ellipsoids, and
the skin. Our extended system, Body Builder “Plus” a llows the construction of an
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anatomically-based model of humans, created entirely with bones and reconstructed
muscles. A second objective is to mix the modeled deformable muscles described in
Section 3, with ellipsoids to represent some muscles and other fat tissues. The goal, in
this case, is to use physically-based deformable muscles to simulate only the muscles that
influence quite a lot on the human external appearance.

The Body Builder Plus is an interactive human body modeling and deformation
system developed on SGI workstations and based on a multi-layered model. The system
allows the design of three-dimensional animated human figures in an interactive
environment [Paillet 97]. Models may be animated by input motion sequences to the
system or by changing a joint angle individually and interactively.

Concerning the model, it is divided into three layers: the skeleton, composed by a
topological tree structure and the bones, as explained in Section 2; the volumetric
primitives, composed by ellipsoids and the muscles stressed in Section 3; and the skin,
represented by a B-spline surface covering all the body. The head, feet and hands are
modeled separately and attached to the body afterwards.

 5.1. Volume Primitives

In Body Builder Plus, the volume primitives are the pieces used to represent
muscles, fat, organs and so on. We have used two kind of primitives, the physically-based
muscles and the ellipsoids. Here we will explain shortly the use of the ellipsoids,
integrated in the system by Shen [Shen 96]. They are divided into two categories:
blendable volume which blends with other blendable primitives in the same group, and
unblendable volume which do not blends with other primitives. For the sake of simplicity,
we use only ellipsoids for unblendable primitives and isosurfaces with ellipsoidal density
distribution for blendable primitives.

Each primitive can also be classified as deformable or not. Each deformable
primitive is associated with a reference joint, whose value dynamically determines the
center, orientation and shape of that primitive. When the skeleton moves, all primitives
attached to their relevant joints undergo the joint hierarchy transformations as rigid body
motions. Deformable primitives change also their state. In fact, each Degree of Freedom
of a joint is defined by three angles: the minimum, the maximum and the current angle
(initially corresponding to the default posture). We define parameters for the primitives
when the joint angle is on this three states and after, during the animation, these
parameters are interpolated. Figure M2.31 shows an example of using this kind of volume
primitives, presenting two bodies represented with and without the skin. In fact, the
difference between blendable and unblendable primitives can be perceived only after the
skin generation.



64

Figure M2.31: Example of a body composed by unblendable (upper
bodies) and blendable primitives (lower bodies). Primitives are
differentiated by their colors: green (unblendable) and yellow
(deformable unblendable) in the upper body, pink (blendable) and violet
(deformable blendable) in the lower body.

 5.2. The Extremities

The body extremities (the head, the feet, the hands and the penis) are not treated
in detail in Body Builder Plus. In fact, they are modeled separately and saved in
individual files (<filename>.sm) containing triangular-mesh surfaces. The system reads
the sm files [Kalra 97] and allows the user to position them interactively. The link with
the body is made at the skin level.

 5.3. System Organization

5.3.1. Architecture

The Body Builder Plus (bb+) system is an application program based on several
libraries. In general we can say that it furnishes the interface functions and the motion
motor, while all the functions concerning the body modeling and motion, the muscles and
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ellipsoids deformation, and the skin generation are provided by the libraries. Figure
M2.32 shows the system architecture and the libraries dependencies.

Figure M2.32: System architecture

The most important libraries called by bb+ are skinlib [Shen 98] and musclelib.
Skinlib supports the deformation of the ellipsoids, the skin generation and all other
functions concerning the realistic deformation of actors. It provides also the reading of
the model file (<filename>.M) and the generation of the output files. Musclelib provides
all the functions about physically-based deformation of muscles and is called directly by
bb+ and skinlib. Bodylib [Boulic 94b] is the library that maintains the topological tree
structure for a vertebrate body with predefined mobility. It is responsible of the animation
of the body, at the joints level. Scenelib [Boulic 94c] is a lower level library that
maintains the general purpose hierarchy and allows multiple positioning of complex
functional units. Smlib [Kalra 97] is the lowest level library we have and is responsible by
the triangle mesh surface manipulation. Facelib  and handlib [Boulic 95] are responsible
respectively of facial animation and hand deformation. The user interface was designed
by using Open Inventor [Wernecke 94] library for bodies visualization and Motif for the
windows and two-dimensional interface design.

Concerning the system input, we need to consider two important data. The model
(<filename>.M) and the motion files (<filename>.TRK). The motion file contains all the
information  about body motion on the joints level, but the most important data set is on
the model file. This file contains all the data required to model a human body and can be
edited manually or by using bb+ interactively. It  is written in a standard ASCII format
and include the skeleton scaling parameters, skeleton template file, head/hands/feet/penis
sm file names, parameters of all primitives, definition of physically-based muscles and
action lines and bones specification.

The system output is made visually or by using a set of output files, allowing the
integration of the human figures with other applications. Body Builder Plus is able to
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export human models in different formats: SM (<filename>.sm), Wavefront
(<filename>.obj), Rayshade (<filename>.ray), Open Inventor (<filename>.iv) and
contours (<filename>.dat) for real-time animation [Thalmann 96].

Figure M2.33: Scheme of the body components organization

5.3.2. The Motion Motor Algorithm

Currently, there are two ways to perform human motion. The first way consists in
picking a joint and changing interactively the value of this joint, while the second one is
to read and execute the motion from an animation file. In both cases, the system detects
the joints motion and enables the deformation of the volumetric primitives, the motion of
bones and the update of the action lines.
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Figure M2.34: Motion motor flow chart

Each object in bb+ is represented globally and locally. For simplification
purposes during the motion process, we consider the same global reference system for all
the human figure and several local reference systems, one for each Degree of Freedom of
the body. Every object that composes a human body is attached to a joint reference and
represented in its local reference system (Figure M2.33 shows the organization of the
body components on a tree structure). Then, when this joint moves, the object moves in
the same time, automatically. This is valid for bones, for the extremities (sm surfaces)
and for non-deformable primitives. In the case of deformable primitives and physically-
based muscles, another procedure is yet necessary. Deformable primitives have their
parameters interpolated in the local reference system, while the physically-based muscles
motion are guaranteed by updating the action lines.
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The action line is the lowest level in our muscle simulation system. We first
simulate the action line motion and then, the muscle deformation. In this way, the muscle
compression or extension depends directly on the action line. However, the final
deformation depends also of other parameters, as shown in Section 3.6. In fact, action
lines are attached to bones that move accordingly with the joints. When a joint angle
changes, bones move and consequently, muscles attached to these bones also move on the
same way.

The action line motion is produced in a module that, after each movement of the
skeleton, detects which action lines are concerned and update these ends and control
points positions, calculating the new tendons location over the action line. To accomplish
it, we maintain a list with pointers to all the segments of action lines and a flag for each
one indicating if it is in motion or not. If the action line changes during a joint motion,
then the flag is set.

To enable the physically-based muscles deformation, the system maintains a
callback function called 20 times per second. This function verifies if there are some
action line or muscle in motion. If one of the two conditions is satisfied, the muscle
deformation procedure described in Section 3.3, starts. A muscle will be “static” again,
only when the motion of all the particles can be considered as non-representative (very
small). Figure M2.34 shows the flow chart of the motion motor described here.

 5.4. How to Build an Anatomically-Based Body?

Due the complexity of the system, the design of a new body in Body Builder Plus
is produced on, at least, four steps.

5.4.1. Skeleton Definition

The first step is the definition of the skeleton characteristics. From a basic human
topology, it is possible to edit globally the limbs length in order to create an amount of
different humans, with distinct sizes and proportions. Five normalized parameters are
used to scale the standard skeleton template to accommodate variations in age, sex and
race [Boulic 94b]. Global scaling consists of an uniform scaling made along x, y, z to
attain a given height). Frontal scaling is a specific scaling made along one independent
direction. High lateral scaling and low lateral scaling are proposed to differentiate the
higher body from the lower body (useful for generate characterization). Finally, spine
origin ratio express the ratio of spine origin height over the total height, while keeping
the same total height. Figure M2.35 demonstrates all the skeleton scaling general options,
while Figure M2.36 furnishes an example of a skeleton instance definition, in a model
file.



69

Figure M2.35: Skeleton scaling [Boulic 94b]

5.4.2. Adding Bones

The second step comprises the addition of the bones. Bones are represented by
triangle meshes and are previously stored in individual files. Their insertion in Body
Builder Plus is made by editing the model file and by adding the related data. As shown
in the example of Figure M2.37, each instance of a bone have a name, the joint name
where the bone is attached, the topology file name and the associated group (group
concept and use was explained in Section 4).

inst skeleton 1 {
high 1749.790039 ,
spine_ratio 1.000 ,
high_lateral_scale 0.950 ,
low_lateral_scale 1.000 ,
frontal_ratio 1.000 ,
gender male ,
template “newton.tpl” ,

} ;

Figure M2.36: Extract of a model file with the definition of the skeleton instance

We provide a data base with the great part of the human body bones, normalized.
Before to integrate it in bb+, the user needs to scale all the bones, but this task can be
accomplished with the help of a little tool developed by us. Furnishing the positions of
the two articulations that comprise a bone, it is scaled and saved in another topology file
(using Open Inventor file format). We maintain also the scaled muscles to be used with
the skeleton structure described in the Section 2, but the user is free to change the base
skeleton or yet the bones form, by editing the old ones or by modeling new shapes.
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inst bone 5 {
name   “lhumerus” ,
parent  joint l_shoulder_twisting ,
file   “lhumerus.iv” ,
group   l_arm_upper l_shoulder ,

};

inst bone 40 {
name   “lfemur” ,
parent  joint l_hip_twisting ,
file   “lfemur.iv” ,
group   l_leg_upper left_ankle ,

};

Figure M2.37: Model file extract with the definition of two bones

5.4.3. Creating Muscles

The third step is the muscle creation. In our system, the user can define
interactively the muscles action lines, saving the data in the model file. Muscle shapes
with deformation parameters are defined in an instance called mms (Muscle Model
Simulation data) and attached to the action line segments also interactively. The
deformation parameters can be added by editing the model file or by reading it from a
mms file format.

In Figure M2.38 we can see an example of an instance model of the muscle type.
Each muscle has a name, is associated to one or more groups and is defined by one or
more action lines. Each extremity of the action line is attached to a joint and have a
position defined in the reference joint local coordinate system. Each action line can be
related or not to a muscle shape by indicating the mms index (-1 if no muscle attached).
Each mms instance contains the muscle shape file name and the parameters required to
perform the deformation. The tendons length are furnished for each action line, as well as
a rotation angle used to better adapt the muscle shape to the desired orientation over the
skeleton. For more information on action lines or tendons, refers to Section 3.1.

5.4.4. Skin Generation

The fourth step of the process is the skin generation and it is made automatically
by Body Builder Plus. We can also consider another intermediate step, if the user desires
to model a part of the body by using ellipsoids. This procedure is in the same level of the
muscles definition step and could be made interactively.

 6. Results

On Figure M2.39, we can see an example of a body composed by metaballs
and two physically-based deformable muscles to simulate the Biceps Brachii,
covered by the skin.
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inst model 297 {
name “right_triceps” ,
type muscle ,
group r_arm_upper r_arm_lower r_shoulder ,
origin joint r_clav_abduct position -52.0 117.0 -34.0 keyblob 10,
insertion joint r_shoulder_abduct position -5.0 13.0 -13.0

keyblob 5,
tendon_origin 0.0 ,
tendon_insertion 36.0 ,
mms 1 ,
rotation 36.0 ,

origin joint r_clav_abduct position -52.0 117.0 -34.0 keyblob 10,
insertion joint r_shoulder_abduct position -5.0 13.0 -13.0

keyblob 5,
tendon_origin 42.0 ,
tendon_insertion 158.0 ,
mms 2 ,
rotation 180.0 ,

origin joint r_clav_abduct position -52.0 117.0 -34.0 keyblob 10,
insertion joint r_shoulder_abduct position -5.0 13.0 -13.0

keyblob 5,
tendon_origin 15.0 ,
tendon_insertion 120.0 ,
mms 3 ,
rotation 57.0 ,

} ;

inst mms 1 {
file “triceps_Lportion.iv” ,
degree_of_subdivision_on_x 10 ,
degree_of_subdivision_on_y 5 ,
elasticity_horizontal 0.0 ,
elasticity_vertical 5.0 ,
curvature_horizontal 0.0 ,
curvature_vertical 5.0 ,
total_mass 20.0 ,
damping 0.5 ,

} ;

Figure M2.38: Extract of a model file with the definition of a complex muscle

Figure M2.40 shows the current state of our work in designing real muscles
for the representation of a complete human body. The upper line shows our skeleton
with the muscles represented by their action lines while the lower line presents the
resampled bones we have designed for the moment. Our current model is composed
of 31 joints with 62 degrees of freedom, 73 bones, 33 muscles (represented by 105
fusiform muscles parts) and 186 action lines. In Figure M2.41 the muscles are
identified.
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Figure M2.39: Body design with metaballs and physically-based
deformable muscles.
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Figure M2.40: Muscled body
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Figure M2.41: Muscles identification

Figure M2.42 shows an example of elbow flexion performed by a body
composed of bones and some muscles, specifically the Biceps Brachii and the
Triceps Brachii.

Figure M2.42: Elbow flexion with muscles deformation
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MODULE 3:
Human Body Animation

 1. Introduction

This module discusses the basic animation aspects of virtual humans. At
first, a classification of human body animation systems is presented according to
different criteria. The human body movement notations are described. The main
motion control methods are presented accordingly with their complexity level:
inbetweening, positional constraints, inverse kinematics and dynamics. Adaptive
motion control of an actor means that the environment has an impact on the actor
motion. Information about the environment and the actor must be available during
the control process. Considering the high-level aspects of synthetic actors
animation, we discuss the application of behavioral animation concepts to control
the movement of small groups of humans. A motion capture method is also
presented as well as an example of human walking motor.

 2. Evolution of Human Animation

There are two research directions in human modeling: the development of
new motion algorithms and the realism of the body shape. The research on human
animation started in the seventies [Badler 79] with the representation of humans by
stick figures with only few articulations joining the segments animated by a
kinematic model. More accurate models was developed, with bodies composed by
more joints and segments and improvements on some intricate regions of the body,
like the shoulder [Thalmann 91] and the spine [Monheit 91].

To achieve more realistic movements, researchers introduced physically-
based models, and because humans do not act alone, they have also introduced
behavioral models [Badler 92]  to take into account the individuality of each
character. More recently, the evolution of motion control models has made possible
to take into account the interactions between actors [Becheiraz 96], actors with the
environment and actors with real humans [Balcisoy 97]. Recent research includes
also walking [Boulic 90], jumping [Arai 93], ballroom dances [Lake 91], etc. To
conclude, the goal of all these applications is looking for realism of the desired
motion.
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 3. Classification of Human Body Animation Systems

Classifying approaches to computer animation helps us impose conceptual
order in an area characterized by rapid and piece-meal innovation. It can also help
us systematically analyze the differences and similarities among these approaches
and better understand the evolution of the fields.

One of the first propositions of classification was proposed by Tost and
Pueyo [Tost 88] and applies also for computer animation in general:

1) Historical:

• Computer assisted animation

• Computer modeled animation

2) According to the application:

• Production of commercial or entertainment films

• Industrial or scientific simulations

3) According to the dimension of the system: 2D or 3D

4) According to the model of the human body

• Stick figure

• Surface models

• Volume models

5) According to the motion model

• Kinematic

• Dynamic

6) According to the movements specification

• Guiding

• Program level

• Task level

Magnenat-Thalmann and Thalmann [Magnenat 91] propose another
classification for computer animation scenes involving synthetic actors to both the
method of controlling motion and the kinds of actor interactions. A motion control
method (MCM) specifies how an actor is animated. We can characterize an MCM
according to the type of information privileged in animating the synthetic actor:

• Geometric MCMs

• Physical MCMs

• Behavioral MCMs
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Control of actor motion might depend on the processing of geometric,
physical, or behavioral information. We should consider the relationship between
the actor and the rest of the world – the actor interface. Four basic cases describe
this interface:

1) Single actor situation: the synthetic actor is alone in the scene and does
not interact with other objects;

2) Actor-environment interface: the synthetic actor is moving in an
environment and conscious of this environment;

3) Actor-actor interface: actions performed by one actor are known by
another and may change the second actor’s behavior;

4) Animator-actor interface: not only might the animator communicate
information to the actor, but the actor can also respond, communicating
information to the animator.

Thalmann [Thalmann 96] proposes a new classification of synthetic actors
with four types:

1) Participants: the virtual actor is required to have a natural-looking body
and be animated correlated to the actual body. The technique may be
called real-time rotoscopy method [Magnenat 91] and consists of
recording input data from a VR device in real-time allowing to apply at
the same time the same data to the virtual actor on the screen. For
example, when the user opens the fingers 3 centimeters using a
cyberGlove, the hand on the screen does exactly the same. A popular
way of animating such an actor is the use of sensors like the Flock of
Birds.

2) Guided actors: guided actors are actors which are driven by the user but
which do not correspond directly to the user motion. They are based on
the concept of real-time direct metaphor [Magnenat 91]. To understand
the concept, let us have an example of traditional metaphor: the puppet
control. A puppet may be defined as a doll with jointed limbs moved by
wires or strings. Human fingers are used to drive the motion of the
puppet. The best example of actor guidance is guided navigation like
implemented in VLNET [Pandzic 95]. The animator participant uses the
input devices to u pdate the position of the virtual actor. This local
control is used by computing the incremental change in the actor
position, and estimating the rotation and velocity of the center of body.
The walking motor [Boulic 90] uses the instantaneous velocity of motion
too compute the walking cycle length and time, by which it computes the
necessary joint angles. The sensor information for walking can be
obtained from various types of  input devices like DataGlove, SpaceBall,
or virtual treadmill as proposed by Slater et al. [Slater 95].

3) Autonomous actors: are able to have a behavior, which means they
must have a manner of conducting themselves. Behavior is not only
reacting to the environment acts on the living creature as well as the way
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the creature codes and uses this information. If we consider the synthetic
environment as made of 3D geometric shapes, one solution to this
problem is to give the actor access to the exact position of each object in
the complete environment database corresponding to the synthetic world.
The actor should perceive the objects and the other actors in the
environment through visual, tactile (including haptic) and auditory
sensors.

4) Interactive perceptive actors: an actor aware of other actors and real
people. Such an actor is also assumed to be autonomous, of course.
Moreover, he is able to communicate interactively with the other actors
whatever their type and the real people.

 4. Human Body Notations

There are two main approaches to the description of the body and its
movements. The first one is based on a “skeletal” representation of the human body
as a set of limbs and joints. This approach includes the Labanotation and the
Eschkol-Wachmann notation [Eschkol 58] that are similar in their principles but
describe the body in two different ways. In the first case, the movements are
associated to the joints that constitute the main entity of description, and in the
second case they are associated to the limbs, each of them related to a longitudinal
axis.

In Labanotation [Hutchinson 70], five different models of description are
defined: the direction signs and the revolution signs, that indicate a translation and a
rotation, respectively, of the joint, the facing signs that indicate an orientation of the
joint, the contacts signs, and finally the shape signs that describe movements that
describe some shape, sweeping a volume in the space (typically some arm
movements).

In the Eschkol-Wachmann notation, the movement is specified in terms of
the angles given around an axis of the model or a position assumed by a limb.

The Effort/Shape notation is, as opposed to the previous two, based instead
on a “muscular” model of the body [Badler 79] and attempts to specify the dynamic
characteristics of the movements: tension flow, weight, time, etc.

The differences between these two classes of notations are important: on the
one hand, the implementation of a “skeletal” description is easy and allows simple
specifications of the movements, on the other hand, a “muscular” description takes
into account physical properties such as mass, force, etc. and is consequently more
realistic and complex [Armstrong 86].

Another notation, the Benesh Notation must be mentioned although its use is
less frequent than the other two [Benesh 56].
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 5. The Traditional Motion Generation Method: 
Inbetweening

The most common method in computer-assisted animation, called keyframe
animation [Burtnyk 71], consists of the automatic generation of intermediate
frames, called inbetweens, obtained by interpolating a set of key-frames supplied by
the animator. A way of producing better images is to interpolate parameters of the
model instead of the object itself. This is a popular technique called parametric
keyframe animation [Parke 74]. In a parameter model, the animator creates
keyframe by specifying the appropriate set of parameter values, parameters are then
interpolated and images are finally individually constructed from the interpolated
parameters. For example, to bend an arm of a synthetic actor, it is necessary to enter
into the computer the elbow angle at different selected times. Then the software is
able to find any angle at any time. Inbetween values are generally calculated using
cubic splines.

 6. Positional Constraints and Inverse Kinematics

Consider the important problem of limb positioning, e.g.: what are the angle
values for the shoulder, elbow and wrist if the hand has to reach a certain position
and orientation in space? The problem involves the determination of the joint
variables given the position and the orientation of the end of the hand with respect
to the reference coordinate system. This is the key problem, because independent
variables in a human being are joint variables; this problem is well-known in
robotics and is called the inverse-kinematics problem. In a typical animation system
based on inverse kinematics, the animator specifies discrete positions and motions
for end parts; then the system computes the necessary joint angles and orientations
for other parts of the body to put the specified parts in the desired positions and
through the desired motions. Such an approach works well for simple linkages.
However, the inverse kinematic solutions to a particular position become numerous
and complicated, when the number of linkages increases. Let us have an example, it
is not difficult to determine how much to bend an elbow and a wrist to reach an
object with the hand. It is much more difficult if we bring into play the rotation of
the shoulder and the flexion of fingers. The transformation problem from Cartesian
coordinates has no closed-form solution in general. However, there are a number of
special arrangements of the joint axes for which closed-form solutions have been
suggested in the context of animation [Badler 85, Forsey 88, Girard 85, Girard 87,
Korein 82].

For example, to make a synthetic actor sit down on a chair it is necessary to
specify the relevant constraints on the feet, on the pelvis and on the hands. Badler et
al. [Badler 87] have introduced an iterative algorithm for solving multiple
constraints using inverse kinematics.

A simple algorithm solving the positional constraint problem has been
implemented in the system developed at the Thalmann’s Lab. [Boisvert 89]. The
animator may impose constraints at the hands, the feet and the pelvis levels. The
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position and orientation of the hand or the feet may be specified in the local
coordinate system attached to the limb (arm or leg), or in the actor system or the
world system. A constraint may be a fixed position/orientation or a 6D trajectory.
Tools are available for constructing constraints as functions of the actor
environment and his envelope (e.g. contact of the foot and the floor). In order to
solve the constraints, the system makes use of the position and orientation of the
pelvis and the trunk angles (vertebrae and clavicles) for finding the origin of the
hips and the shoulders. It then calculates the limb angles required to reach the
intended position. In the case where no solution exists, the intended position is
projected on the volume of moving of the arm (leg). The skeleton has seven degrees
of freedom at the arm (leg) level and the constraint has six degrees
(position/orientation). Since the model is redundant from a kinematics point-of-
view, this implies the existence of an infinity of solutions to reach the intended
position. One solution consists of minimizing the angle variation between the leg
(arm) and the foot (hand). It is also possible to have the user select the solution by
giving an opening parameter. The position/ orientation/ opening constraint allows
the system to select a unique solution from the arm’s (or the leg’s) seven degrees of
freedom. Other criteria such as the collision of the limb with an object may play a
role in the selection of the solution.

 7. Motion Control Using Dynamics

A more complex, but more realistic approach is based on dynamics. The
motion of a synthetic actor is governed by forces and torques applied to limbs. Two
problems may be considered: the direct-dynamics problem and the inverse-
dynamics problem.

The direct-dynamics problem consists of finding the trajectories of some
point as the end effector with regard to the forces or the torques that cause the
motion. The inverse-dynamics problem is much more useful and may be stated as
follows: given a trajectory as well as the forces to be exerted at the manipulator tip,
find the torques to be exerted at the joints so as to move it in the desired manner.

Techniques based on dynamics have already been used in computer
animation, [Armstrong 85, Armstrong 85a, Girard 87, Isaacs 87, Wilhelms 85,
Wilhelms 87] but only for simplified and rigid articulated bodies with few joints,
geometrical bodies (cylinders) and without any deformation. The mechanical
approach developed at the Thalmann’s Lab. [Arnaldi 89] treats open and closed
chains indifferently and it is based on the principle of virtual work [Arnaldi 88]. In
order to save a lot of CPU time, most calculations (Jacobian matrix) are performed
using a symbolical method in a preprocessing step. Then, equations are numerically
solved for each frame using a simple Newton-Raphson algorithm. For the
animation, the motion control is performed by acting on force, torque, spring
damper and thrust parameters. Motion is solved using direct dynamics. The
drawbacks of this technique are the following:
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• It is difficult to adjust the parameters used to simulate the equivalent
forces and torques produced by muscle contractions and tensions in an
animate figure.

• The animator has to adjust the different parameters step by step, after
each new set of frames, until he achieves the desired motion.

For example, a comparison has been made between a kinematic-based and a
dynamic-based simulation of the writing of a letter. In a kinematics-based method,
the hand trajectory may be introduced under the form of kinematic constraints, as
described previously. But how can we control the dynamic behaviour of the whole
arm and the realism of its motion? When we write, it is not the hand trajectory
which controls the arm motion but the arm muscles which move the hand. To solve
these difficulties, different ways can be explored [Arnaldi 89]:

• Inverse dynamics with accelerations obtained from keyframing
techniques, inverse kinematics or motion recording.

• Addition of constraints to the direct dynamics resolution; e.g. energy
minimizing or continuity conditions.

• Application of automatic control theory [Samson 88].

The use of the dynamics in an animation system of articulated bodies like
the human body, provide several important disadvantages:

• The animator does not think in terms of forces or torques to apply to a
limb or the body in order to perform a motion. The design of a specific
user interface is essential;

• Dynamics-based animation requires a lot of CPU time to solve the
motion equations of a complex articulated body using numerical
methods. It considerably reduces the possibility of interaction of the
system with the user;

• Although dynamics-based motions are more realistic, they are too
regular, because they do not take into account the personality of the
characters.

 8. Impact of the Environment

Adaptive motion control of an actor means that the environment has an
impact on the actor motion and conversely. Information about the environment and
the actor must be available during the control process. The purpose of adaptive
control motion is to decrease the amount of information entered into the computer
by the animator. This is done by using existing information about the scene and the
actor. The system should also have an efficient representation of the geometry of the
objects in order to plan tasks automatically and prevent collisions.

Girard [Girard 85] gives a good example of this type of control applied to
the motion of humans and animals on a flat terrain. At the low level, the animation
is performed on a sequence of key positions of the limbs which define angle
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trajectories (direct kinematics) or Cartesian positions (inverse kinematics). These
trajectories are calculated using optimizing criteria with kinematics or dynamics
constraints.

The trajectory planning problem is classical and was extensively studied in
robotics and Artificial Intelligence. For example, given the starting position of the
actor hand and objects on a table, the problem is to find the trajectory to follow in
order to avoid obstacles. For a synthetic actor, the problem is more complex due the
non-rigidity of the actor.

 9. Behavioral Animation

Behavioral animation as defined by Reynolds [Reynolds 87] corresponds to
modeling the behavior of characters, from planning a path to complex emotional
interactions between characters. The animator is responsible for the design of these
behaviors; his job is somewhat like that of a theatrical director: the character’s
performance is the indirect result of the director’s instructions to the actor. Due to
the personality of the character, his reactions may sometimes cause surprises. In an
ideal implementation of a behavioral animation, it is almost impossible (as in a
theatrical scene) to exactly play the same scene twice. You cannot walk home twice
in exactly the same way from the same bar.

Figure M3.1: Example of behavior animation
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One current experiment is the design of an animation scene consisting of a
small group of people walking together. The problem mainly consists of finding
trajectories and using them as inputs to a positional constraint solver based on
inverse kinematics. The trajectories are obtained by a behavioral animation module.
As in Lozano-Perez [Lozano-Perez 79], positions, velocities and orientations of the
actors are known from the system at any time. The animator may control several
global parameters:

• weight of the obstacle avoidance component

• weight of the convergence of the group

• weight of the velocity equality

• maximum velocity

• maximum acceleration

• minimum distance between actors

 10. Motion Capture

Motion capture is one of the hottest topics in computer graphics animation
today. It is also often poorly understood and oversold. This paper provides general
information on motion capture, as well as specifics about Alias|Wavefront's current
capabilities and future plans.

Motion capture involves measuring an object's position and orientation in
physical space, then recording that information in a computer-usable form. Objects
of interest include human and non-human bodies, facial expressions, camera or light
positions, and other elements in a scene.

Once data is recorded in computer-usable form, animators can use it to
control elements in a computer generated scene. For real-time motion capture
devices, this data can be used interactively (with minimal transport delay) to provide
real-time feedback regarding the character and quality of the captured data.
Alias|Wavefront's Kinemation or MotionSampler, used with the Flock of Birds
input device, is an example of a real-time motion capture environment.

Other motion capture devices are non-real-time, in that either the capture
data requires additional post-processing for use in an animation or computer graphic
display or that the captured data provides only a snapshot of measured objects.
Motion Analysis optical motion capture system and the DID monkey are examples
of non-real-time devices.

Differences between human models and computer objects impact directly on
the usefulness and quality of motion capture-based animation data. To maintain the
integrity of motion-captured data, the scene elements being controlled by the data
should be as geometrically similar as possible. To the degree that the geometries are
different, some compromises have to be made. Essentially, either angles or positions
can be preserved, though typically not both.
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A simple example is that of reaching for a particular point in space. If the
computerized character is much shorter than the captured motion, the character must
either reach up higher to reach the same point in space (changing the joint angles),
or reach to a lower point (changing the position reached). As differences become
more complicated---for example the computer character is the same height as the
human model but has shorter arms---so do the compromises in quality. The classic
motion capture problem of "skating" is in this class of problems.

Geometric dissimilarity and motion stitching are two of the most difficult
problems facing motion capture animators. Solutions to these problems, including
inverse kinematics and constrained forward kinematics, have had some success.
However, these techniques require substantial user intervention and do not solve all
problems.

Two kinds of applications are presented, first type are real-time applications
using motion capture to replicate the movement of the participant (e.g. collaborative
interface to shared virtual environment), second domain is the recording of
qualitative human gestures and movements demanding more computation efforts.

The purpose of this project is to provide and constructs new animation
methods based on the currently available VR hardware interfaces. We have
achieved an efficient method for converting magnetic sensor data in human
anatomical angles. Our method comprises three stages: the skeleton calibration, the
automatic sensor calibration, and the final conversion step. The skeleton calibration
consists in adjusting the virtual skeleton to the stature and segment lengths of the
performer. The second stage, automatic sensor calibration, is an efficient
initialization technique constructing the relation between the sensors and the virtual
joints of the virtual human hierarchy.

Once the sensor calibration has been performed, the anatomical angles used
to animate the virtual human can be evaluated in interactive applications or recorded
at high rate to produce key-frame files.

Several improvements of the basic converter algorithm are designed, such as
knee and elbow twisting specific evaluation technique, floor contact constraint
enforcement, and multi-joint control of the spine, shoulder-clavicula joints and non-
Eulerian ankle model.

The animation of the hands is achieved using different equipment and
technology. Consequently, specific algorithms are constructed for the knuckles
management using the dataglove parameters. The angle values measured by the
dataglove devices with the help of some associated hand model are mapped onto our
own human hand model.
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Figure M3.2: Architecture of a magnetic motion capture system

 11. An Example of Walking Model

This walking behavior results from the interpolation of parameterized
trajectories for all the key joints involved in the walking motion. It is interactively
driven by the normalized free-walking velocity and can be characterized so as to
design a wide range of gaits. As the trajectories were modeled from biomechanical
studies over a large set of individuals, they represent an average motion pattern
which introduces discrepancies when applied to a specific articulated figure.

The combined control is applied to correct the foot motion during the
supporting phase of the walking motion using the coach trainee concept. The coach
concept integrates the whole joint space motion of the articulated figure as produced
by the functional model. The trainee duplicates the joint sub-space of the leg with
the following active joints : hip, knee, ankle and toe flexion-extension. This sub-
space, with its dimensionality of four, is sufficient to enforce the correction control
of one to two end effectors, under one or two half-space constraints.

Figure M3.3: Example of walking
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MODULE 4:
Real Time Actors in Multimedia

and Virtual Reality

 1. Introduction

This module shows the difference between the earliest frame-by-frame
synthetic actors and real time perceptive actors living in distributed virtual
environments or even in the real world. We describe the state of the art considering
various aspects of real-time virtual humans, such as appearance and motion,
interactive control, autonomous actions and gesture recognition. Concerning
interaction, the intercommunication between actors and the behavior of crowds are
discussed. Solutions to the problem of virtual actors communicating with real ones
in a real world are also presented and we finish the module presenting some
perspectives for the future of the virtual life.

 2. Virtual Humans

Virtual Humans are computer models of people that can be used: as for
substitutes for “the real thing” in ergonomic evaluations of computer-based designs
for vehicles, work areas, machine tools, assembly lines, etc., prior to the actual
construction of those spaces; for embedding real-time representations of ourselves
or other live participants into virtual environments.

There are many reasons to design specialized human models that
individually optimize character, performance, intelligence, and so on. In these
efforts, we cross several domains which in turn build from various interrelated
facets of human beings:

• Human Factors Analysis: Human size, capabilities, behavior, and
performance affects work in and use of designed environments;

• Real-time Agents and Avatars: People come from different cultures and
have different personalities; this richness and diversity must be reflected
in virtual human since it influences appearance as well as reaction and
choice;

• Instruction Understanding and Generation: Humans communicate with
one another within a rich context of shared language, senses, and
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experience and this needs to be extended to computer-generated agents
and avatars;

• Bio-Medical Simulation: The human machine is a complex of physical
structures and functions; to understand human behavior, physiological
responses, and injuries we need to represent biological systems;

• Motion and Shape Analysis: Understanding what we perceive when we
see or sense the world leads to models of the physical world (physics)
and the geometric shapes and deformations of objects.

From these virtual humans research areas, many current, emergent, or future
major applications are enabled:

• Engineering: Analysis and simulation of virtual prototyping and
simulation-based design;

• Virtual-Conferencing: Efficient tele-conferencing using virtual
representations of participants to reduce transmission bandwidth
requirements;

• Interaction: Agents and avatars that insert real-time humans into virtual
worlds with virtual reality;

• Virtual Environments: Living and working in a virtual place for
visualization, analysis, training, or just the experience;

• Games: Real-time characters with actions and personality for fun and
profit;

• Training: Skill development, team coordination, and decision-making;

• Education: Distance mentoring, interactive assistance, and personalized
instruction;

• Military: Battlefield simulation with individual participants, team
training, and peace-keeping operations.

In building models of virtual humans, there are varying notions of  virtual
fidelity. Understandably, these are applications dependent. For example, fidelity to
human size, capabilities, and joint and strength limits are essential to some
applications such as design evaluation; whereas in games, training, and military
simulations, temporal fidelity (real-time behavior) is essential. There are gradations
of fidelity inthe models: some models are very advanced in a narrow area but lack
other desirable features. In a very general way, we can characterize the state of
virtual human modeling along at least five dimensions:

• Appearance: Cartoon shape -> Physiological model

• Function: Cartoon actions -> Human limitations

• Time: Off-line generation -> Real-time production

• Autonomy: Direct animation -> Intelligent



94

• Individuality: Specific person -> Varying personalities

Virtual humans are different than simplified cartoon and game character.
What are the characteristics of this difference and why are virtual humans more
difficult to construct? After all, anyone who goes to the movies can see marvelous
synthetic characters (aliens, toys, dinosaurs, etc.), but they have been created
typically for one scene or one movie and are not meant to be re-used (except
possibly by the animator – and certainly not by the viewer). The difference lies in
the interactivity and autonomy of virtual humans. What makes a virtual human
human is not a well-executed exterior design but movements, reactions, and
decision-making which appear “natural”, appropriate, and contextually-sensitive.

 3. Agents and Avatars

• Agent: virtual human figure representation that is created and controlled
by computer programs;

• Avatar: virtual human controlled by a live participant.

 3.1. Appearance and Motion

Avatars can be portrayed visually as 2D icons, cartoons [Kurlander 96],
composited video, 3D shapes, or full 3D bodies [Badler 93, Stansfield 94,
Robertson 96]. We are mostly interested in portraying human-like motions, so
naturally tend toward the more realistic surface and articulation structures. In
general, we prefer to design motions for highly articulated models and then reduce
both the model detail and the articulatory detail as demanded by the application
[Granieri 95].

Considering a figure modeled as a polygon mesh, with rigid segments and
joint motions and limits accurate enough for ergonomics evaluations [Badler 93b],
for real-time avatar purposes, simpler geometry can be used providing the overall
impression of a task-relevant figure. Thus a soldier model with 110 polygons is
acceptable if drawn small enough and colored and/or texture mapped to be
recognized as a soldier. On the other hand, a vehicle occupant model must show
accurate and visually continuous joint geometry under typical motions.

The motions manifest in the avatar may arise from various sources:

• Motion capture from direct live video

• Motion capture from sensors

• Pre-stored motion data: as 2D sprites, 3D global transformations, 3D
local (joint) transformations

• Motion synthesis: joint angle interpolation, inverse kinematics,
dynamics, other generators (e. g. locomotion, faces)

In a motion synthesizer, a small number of parameters control a much
greater number of joints, for example:
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• end effector position and orientation can control joints along an
articulated chain [Zhao 94, Koga 94, Tolani 96];

• a path or footsteps can control leg and foot rotations through a
locomotion model [Girard 85, Ko 96];

• a balance constraint can be superimposed on gross body motions [Badler
93b, Ko 96];

• dynamics calculations can move joints subject to arbitrary external and
internal applied forces [Kokkevis 96, Metaxas 96];

• secondary motions can enhance a simpler form [Perlin 95, Hodgins 95].

The relative merits of pre-stored and synthesized motions must be
considered when implementing virtual humans. The advantages to pre-stored
motions are primarily speed of execution and algorithmic security (by minimizing
computation). The major advantages to synthesis are the reduced parameter set size
(and hence less information that needs to be acquired or communicated) and the
concomitant generalized motion control: walk, reach, look-at, etc.

The main disadvantages to pre-stored motion are their lack of generality
(since every joint must be controlled explicitly) and their lack of anthropometric
extensibility (since changing joint-to-joint distances will change the computed
locations of end effectors such as feet, making external constraints and contacts
impossible to maintain). The disadvantages to synthesis are the difficulty of
inventing natural-looking motions and the potential for positional disaster if the
particular parameter set or code should have no solution, fail to converge on a
solution, or just compute a poor result. In particular, we note that inverse kinematics
is not in itself an adequate model of human motion – it is just a local positioning aid
[Badler 93b, Koga 94]. The issue of building adequate human motion synthesis
models is a wide open and complex research topic.

Since accurate human motion is difficult to synthesize, motion capture is a
popular alternative, but one must recognize its limited adaptability and subject
specificity. Although a complex motion may be used as performed, say in a CD-
ROM game or as the source material for a (non-human) character animation, the
motions may be best utilized if segmented into motion “phrases” that can be named,
stored, and executed separately, and possibly connected with each other via
transitional (non-captured) motions [Bruderlin 95, Rose 96]. Several projects have
used this technique to interleave “correct” human movements into simulations that
control the order of the choices. While 2D game characters have been animated this
way for years – using pre-recorded or hand animated sequences for the source
material – recently the methods have graduated to 3D whole body controls suitable
for 3D game characters, real-time avatars, and military simulations that include
individual synthetic soldiers [Pratt 94, Granieri 95, BDI 96].
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 3.2. Control for Autonomy

Providing a virtual human with human-like reactions and decision-making is
more complicated than controlling its joint motions from captured or synthesized
data. Here is where we engage the viewer with the character’s personality and
demonstrate its skill and intelligence in negotiating it’s environment, situation, and
other agents. This level of performance requires significant investment in decision-
making tools. We can identify the use of two levels of architecture:

• to optimize reactivity to the environment at the lower level (for example,
in the choice of footsteps for locomotion through the space) [Reich 94,
Ko 96, Becket 97];

• to execute parameterized scripts or plan complex task sequences at the
higher level (for example, choosing which room to search in order to
locate an object or another agent, or outlining the primary steps that must
be followed to perform a particular task) [Badler 96, Moore 94].

 3.3. Gesture Control

Human arms serve (at least) two separate functions: they permit an
agent/avatar to change the local environment through dextrous  activities by
reaching for an grasping (getting control over) objects [Gourret 89, Douville 96],
and they serve social interaction functions by augmenting the speech channel with
communicative emblems, gestures and beats [Cassell 94].

For the first function, a consequence of human dexterity and experience is
that we are rarely told how to approach and grasp an object. Rather than have our
virtual humans learn – through direct experience and errors – how to grasp an
object, we provide assistance through an object-specific relational table (OSR).
Developed from ideas about object-specific reasoning [Levison 96], the OSR has
fields for each graspable site describing the appropriate handshake, grasp approach
direction, and most importantly, its function or purpose. The OSR is manually
created for graspable objects and allows an agent to look up an appropriate grasp
site given a purpose, use the approach vector as guidance for the inverse kinematics
directives that move the arm, and know which handshake is likely to result in
reasonable finger placement. The hand itself is closed on the object through local
geometry information and collision detection.

The second function of gestures is non-verbal communication. Thus gestures
can be metaphors for actual objects, give indicators (via pointing) of location or
participants in a virtual space around the speaker, or augment the speech signal with
beats for added emphasis [Cassell 94].

Given that arm control for avatars requires fast position and orientation of
the hands for either reaching or gestural function, fast computation of arm joint
angles is essential.
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 3.4. Locomotion with Anticipation

In order to interact with a target object, an agent must determine that it is not
within a suitable distance and must therefore locomote to a task-dependent position
and orientation prior to the initiation of the reach and grasp. The locomotion process
itself uses the two level architecture: at the lowest level the agent or avatar gets a
goal and an explicit list of objects to be avoided; the other level encapsulates
locomotion states and decisions about transitions. For example, the agent could be
walking, hiding, searching, or chasing. If walking, then transitions can be based on
evaluating the best position of the foot relative to the goal and avoidances. If hiding,
then assessments about line of sight between virtual humans are computed. If
searching, then a pattern for exhaustively checking the local geometry is invoked.
Finally, if chasing, then the goal is the target object; but if the target goes out of
sight, the last observed position is used as an interim goal.

 3.5. Multi-agent Task Allocation

By encapsulating virtual human activities, we can interactively control the
assignment of tasks to agents. Since the processes have the power to query the
environment and other agents before starting to execute, multi-agent
synchronization and coordination can be modeled. Thus an agent can start a task
when another signals that the situation is ready, or one agent can lead another in a
shared task. The latter would be specially useful when an avatar works with a
simulated agent to perform a two-person task. One virtual human is designated as
the “leader” (typically the avatar, so the live participant is in control) and the other
the “follower”. The follower’s timing and motion are performed after each time-
stepped motion of the leader. (The reverse situation, where the agent leads the
avatar, may be needed for training and educational applications.) these are clearly
the first steps toward a virtual social architecture.

Once we can generate and control multiple agents and avatars, many social
and community issues arise including authentication of identity, capabilities,
permissions, social customs, transference of object control, sharing behaviors,
coordinating group tasks, etc. Underlying technology to share interactive experience
will depend on distributed system protocols and communication technology, client
workstation performance, avatar graphics, and so on.

Having two avatars “shake hands” is considered the first stage of a social
encounter requiring significant attention to the details of avatar interaction, body
representation, and action synchronization. Assuming that the communications can
be done fast enough (a big assumption), the avatars should be able to reach for each
other’s hand, detect a collision/connection, and allow the follower avatar to position
his/her hand according to the leader’s spatial position.

 4. Autonomous Actors

Autonomous actors are able to have a behavior, which means they must have
a manner of conducting themselves. Typically, the actor should perceive the objects
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and the other actors in the environment through virtual sensors: visual, tactile and
auditory sensors. Based on the perceived information, the actor’s behavioral
mechanism will determine the actions he will perform. An actor may simply evolve
in his environment or he may interact with this environment or even communicate
with other actors. In this latter case, we will consider the actor as a interactive
perceptive actor.

The main goal in our approach is to build intelligent autonomous virtual
humans or actors. By intelligent we mean that virtual humans are able to plan and
execute tasks based on a model of the current state of the virtual world. By
autonomous, we mean that actors do not require the continual intervention of a user.
Our autonomous actors should react to their environment and take decisions based
on perception systems, memory and reasoning. With such a system, we should be
able to create simulations of situations such as virtual humans moving in a complex
environment they may know and recognize, or playing ball games based on their
visual and touching perception. To achieve our goals, actors should be able to move
freely in the environment and change their motion in real-time. They should also
perceive the environment through sensors.

Figure M4.1: Example of autonomous actors

 5. Intercommunication Between Synthetic Actors

Behaviors may be also dependent on the emotional state of the actor. The
believability of virtual actor is improved by their capability to interpret and use a
nonverbal language. A nonverbal communication is concerned with postures and
their indications on what people are feeling. Postures are the means to communicate
and are defined by a specific position of the arms and legs and angles of the body.
Usually, people don’t use consciously nonverbal communication, but they
instinctively understand it to a considerable extent and respond to it without any
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explicit reasoning. These nonverbal communication is essential to drive the
interaction between people without or with contact (Figure).

 6. Crowd Simulation

Some subjects had been investigated as the emergent behavior originated
from relationship between agents, a group model based on concepts of sociology to
create some behavior's effects (e.g. domination), the creation of basic group
behaviors (e.g. flocking).

Figure M4.2: Nonverbal intercommunication
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Figure M4.3: Another example

 The first work in this sense was a model to create a group of cars in a
specific environment. For this, the concept of groups in a crowd was developed and
the group behavior distributed in a random way for all cars. After this, a work with
groups of virtual human agents was also developed. Each group had a specific
behavior modeled through the few parameters (emotional status, interests points,
level of domination for each group). This model allowed to simulate some
sociological effects like domination (happens when one or more leaders in a crowd
influence the others), sharing (effect is the result of influences by the acts of others
at the individual level), etc.

The motion planning based on the positions of each interest goal was very
useful to control the dynamic movement of crowd. Thus, some basic behaviors of
crowd based on this interests points were created, like flocking (walk together),
avoid collision with agents, seek goal (walk in the direction of the goals
independent of the avoiding collision), detection collision in areas of high or low
density of agents, predictive obstacle avoidance and fluid behavior which will be
applied in specific regions, in what depending on the density, the agents will be
"pushed" for others. With these behaviors, the panic situations as applications of the
model can be simulated.

To put many agents in a same area, e.g. waiting to pass in a door, a model
based on regions structured in a similar way like quadtrees were defined. More
agents are in the area, higher is the density of this region and less detailed is the
avoidance collision. In this way, we can predict the position to stop each agent in a
high density area and to control the animation.

 7. Human Posture Recognition for Virtual Environments

The focus of this project is the concept of action which can basically be seen
as a unit motion. Synthetic agents are animated by the application of actions and the
recognition of the live performers' actions. We are especially interested in the action
modeling and recognition level in order to build real-time interactive and
cooperative environments.
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This project is mainly based on human posture and gesture recognition to be
used in interfaces between real and virtual environments. We use a magnetic motion
capture system, Ascension Flock of Birds and an anatomical converter .

It allows us to easily apply motion generators to synthetic agents, either
humanoids or other. Several motion generators can be applied on mutually
exclusive bodyparts. An automatic transition between motions is performed on the
intersection of overlapping sets of animated body parts.

The humanoids are autonomous and decide themselves where and how to
grasp the object. A special collision detection algorithm avoids finger-object
interpenetration. Current improvements are bending of the body and dynamic
considerations to achieve the grasping.
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Figure M4.4: Some examples of crowd behavior on a train station

Figure M4.5: example

 8. Virtual Actors in a Real World

The real people are, of course, easily aware of the actions of the synthetic
actors through VR tools like head-mounted displays, but one major problem to solve
is to make the virtual actors conscious of the behavior of the real people. Virtual
actors should sense the participants through their virtual sensors. Autonomous and
perceptive actors can have different degrees of autonomy and different sensing
channels to the environment. Let us now consider the case of a participant playing
tennis with an interactive perceptive actor.

The participant can participate in VR by the head-mounted display and the
earphones. He cannot get any internal VR information. His only source of
knowledge from the VR is communicated by the vision, the sound, and some tactile
sensory information. His behavior is strongly influenced by this sensory input and
his proper intelligence. In order to process the vision of the perceptive actor in a
similar way than the vision of the participant, we need to have a different model. In
this case, the only information obtained by the perceptive actor will be through the
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virtual vision looking at the participant. Such a perspective actor would be
independent of each VR representation and he could in the same manner
communicate with participants and other perceptive actors. Perceptive actors and
participants may easily be exchanged as demonstrated with the interactive game
facility.

For virtual audition, we encounter the same problem as in virtual vision. The
real time constraints in VR demand fast reaction to sound signals and fast
recognition of the semantic it carries. Concerning the tactile sensor, we may
consider the following example: the participant places an object into the Virtual
Space using a CyberGlove and the autonomous virtual actor will try to grasp it and
put it on a virtual table, for example. The actor interacts with the environment by
grasping the object and moving it. At the beginning of interactive grasping, only the
hand canter sensor is active. The six palm values from the CyberGlove are used to
move it towards the object. Inverse kinematics update the arm postures from hand
center movement. After the sensor is activated, the hand is close enough to the
object final frame. The hand center sensor is deactivated and multi-sensors on hand
are now used to detect sensor object collision.

As an example, we have produced a fighting between a real person and an
autonomous actor. The motion of the real person is captured using a Flock of Birds.
The gestures are recognized by the system and the information is transmitted to the
virtual actor who is able to react to the gesture and decide which attitude to do. Such
an approach is based on the more general concept of real-time recognition-based
metaphor [Magnenat 91], a method consisting of recording input data from a VR
device in real-time. The input data are analyzed. Based on the meaning of the input
data, a corresponding directive is executed.

Interaction between real and virtual humans covers a wide range of topics
from creation and animation of virtual actors to computer vision techniques for data
acquisition from real world. In this project we start with the design and
implementation of an augmented reality system which allows investigation of
different real-virtual interaction aspects.

In the first phase, we use and improve Augmented Reality technology to
develop new interaction techniques. A major issue is to develop a robust computer
vision module to sample the real world. This vision system should obtain essential
data, motion data for the humans on the scene, etc., from the real world and
transform it into a machine understandable form.

The second step is to process this data in real-time. We use high level action
recognition tools to process the data for human users.

The third step is the visual and audio feedback from the computer to the
user. Currently there are two popular approaches: Using head mounted display or a
large video monitor “magic mirror metaphor”. We consider both approaches for
different types of applications. The Audio feedback will be developed to improve
the realism. The video output of a typical Augmented Reality application is a
mixture of real and virtual worlds. The video sequence from the real world is
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blended with the computer rendered virtual scene. We will emphasize on exact
representation of the real objects/humans in the virtual world.

Figure M4.6: Example of mixing the real and virtual world

The second phase of the projects will be to develop a software controlling
module for autonomous virtual humans. At LIG several researchers are developing
autonomous virtual humans with synthetic perception modules. We will develop an
interaction driven control module to develop applications like Interactive Drama.
This control module will let the participants to change the story line of a drama.

 9. VLNET - Virtual Life Network

Telepresence is the future of multimedia systems and will allow participants
to share professional and private experiences, meetings, games, parties. The sense of
"presence" in the virtual environment is an important requirement for collaborative
activities involving multiple remote users working with social interactions. Using
virtual humans within the shared environment is a essential supporting tool for
presence. We will need in the future real-time realistic 3D avatars, but also
interactive perceptive actors to populate the Virtual Worlds. Our main project in this
area is the Virtual Life Network (VLNET), developed in cooperation with
MIRALab.

The VLNET system supports a networked shared virtual environment that
allows multiple users to interact with each other and their surrounding in real time.
The users are represented by 3D virtual human actors, which serve as agents to
interact with the environment and other agents. The agents have similar appearance
and behaviors with the real humans, to support the sense of presence of the users in
the environment.

Virtual Life Network (VLNET) is a Networked Collaborative Virtual
Environment system incorporating highly realistic virtual human representations.
VLNET lets several users meet in shared virtual worlds connected through the
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network, communicate and interact with each other and with the environment and
possibly with autonomous virtual humans that can inhabit VLNET worlds. The
actors have similar appearance and behaviors as the real humans in order to enhance
the sense of presence of the users in the environment as well as their sense of being
together in a common virtual world. The human representation also allows for facial
and gestural communication between the users.

One of the advantages of VLNET is its flexibility. By choosing different
combinations of VLNET drivers simply from the command line, the user can
choose different ways to navigate in the environment using various devices, control
the body postures using e.g. Flock of Birds, control facial expressions by real time
video analysis or from a menu of emotions, project real time video on any object in
the environment or blend it using the alpha channel etc.

A user with a bit of programming knowledge can use a set of simple
libraries to program new VLNET drivers and access all VLNET functions
(navigation, body/face animation, object behaviors, texturing) at a high level,
leaving the low level tasks (rendering, networking etc.) to VLNET system. By
programming new drivers it is possible to support new devices or paradigms for
navigation, body and face control, object behaviors, to program intelligent
autonomous actors and build new interactive multi-user applications.

Figure M4.7: Virtual chess playing

 10. The Future of Actors

The ultimate objective in creating realistic and believable synthetic actors is
to build intelligent autonomous virtual humans with adaptation, perception and
memory. These actors should be able to act freely and emotionally. Ideally, they
should be conscious and unpredictable. But, how far are we from such an ideal
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situation? Our interactive perceptive actors are able to perceive the virtual world,
the people living in this world and in the real world. They may act based on their
perception in an autonomous manner. Their intelligence is constrained and limited
to the results obtained in the development of the new methods of Artificial
Intelligence. However, the representation under the form of virtual actors is a way
of visually evaluating the progress. Intelligent actors are able to learn or understand
very simple situations. Memory is generally defined as the power or process of
reproducing or recalling what has been learned and retained especially through
associative mechanisms.

Emotional aspects may be important in nonverbal intercommunication.
Emotions are also essential in facial animation. However, a real emotion should be
considered as a state of feeling, a psychic and physical reaction subjectively
experienced as strong feeling and physiologically involving changes that prepare the
body for immediate vigorous action. In this case, we are far from implementing
truly emotional actors.

Finally, actors in the future should be adaptive, conscious and free. An actor
is adaptive as long as it may “survive” in more or less unpredictable and dangerous
environments. According to Alexander [Alexander 94], a conscious actor should be
aware especially of something within himself or characterized by sensation,
emotion, volition, and thought. An actor may be considered as free if his future
behavior is unpredictable to somebody.
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MODULE 5:
Some Relevant Projects on

Human Representation

 1. Introduction

The HUMANOID environment is dedicated to the development of
multimedia, VR and CAD applications involving virtual humans. This environment
integrates highly heterogeneous components such as the environment model, the
humanoid model and various motion generators. A standard way of representing
humanoids in VRML 2.0 is also presented here. This standard will allow humanoids
created using authoring tools from one vendor to be animated using the tools from
another. VRML humanoids can be animated using keyframing, inverse kinematics,
performance animation systems and other techniques. MPEG is currently working
on the MPEG-4 standard. The MPEG-4 standard will include coding of integrated
synthetic and natural, audio and visual data in bandwidth and storage-capacity-
limited systems with real time synchronization and scalability. The MPEG BODY
model proposal is presented in this module.

 2. The ESPRIT HUMANOID European project

The HUMANOID environment is dedicated to the development of
multimedia, VR and CAD applications involving virtual humans [Boulic 95]. This
environment integrates highly heterogeneous components such as the environment
model, the humanoid model (BODY data structure) and various motion generators.
The purpose of the BODY data structure is to maintain the following generic
information:

• topological tree structure for a vertebrate body with predefined mobility;

• corresponding volume discretisation with mass distribution;

• corresponding envelope.

 2.1. Overview of the BODY Structure

Figure M5.1 shows the different components of the BODY data structure
and indicates the dependencies between them with the arrows. The high level
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parameters induce the size of the SKELETON which in turn induce some
constraints over the VOLUME and ENVELOPE information.

A general mechanism allows to customize the skeleton structure at two
levels, either at a high level with a small set of scaling parameters or at the low level
of the position and orientation of the various articulations defined in the
SKELETON data structure. In both cases the modifications are propagated to the
lower level structure of the volume and envelope.

In some working context some optional part of the SKELETON may be
switched on or off to improve the real-time display performances. The hands are a
typical example because they hold nearly as many degrees of freedom as the other
part of the skeleton.

Figure M5.1: BODY data structure showing the propagation of dependencies

 2.2. General Functionality

The BODY data structure allows to characterize a human model from a
template body and it provides entry points to the components of the corresponding
3D hierarchy. The major purpose of a BODY data structure is to retain the basic
information of the geometric characterisation, the mass distribution and the
deformation entities for a general topology of a trunk connected to four limbs and a
head.

The information requested for this design is partitionned in two groups.
First, the information necessary to define the topology, mobilities, solids and
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deformation entities is frozen into the BODY framework. The user is still given a
great flexibility with the second group of parameters which can produce a wide
range of BODY individuals at various levels of details.

2.2.1. BODY template and BODY instance

Two uses of a BODY structure have been identified for that goal (Figure
M5.2):

• At the lower level a BODY template can be designed very precisely either for
the position and orientation of the joints and the SOLID volumes, and the size
of the solid volumes. A general mechanism automatically derives the SOLID's
length parameters from the skeleton structure.

• A BODY template can in turn serves as a reference for one (or more) BODY
instance(s). The BODY instance can define a few high level normalization
parameters to scale the BODY template. The solids entities are also scaled
accordingly.

Figure M5.2: a BODY instance needs a BODY template for high level scaling

In the general case of multiple BODY sharing a common environment, there
would typically be one BODY template serving as a family model to the BODY
instances, each of them holding a different set of normalization parameters.

Other differences between a BODY template and instance are the following :

• A BODY template maintains no 3D hierarchy, whenever one wishes to visualize
the low level design of a BODY template, (s)he can create a BODY instance
refering to it and display it.

• A BODY template maintains the number of its instances to postpone its
destruction after the destruction of its last instance.
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• A BODY template is always defined in the reference posture (all the joints
having a zero value) while a BODY instance can be animated with a motion
generator.

Changes in a BODY template are not automatically propagated to the
BODY instances for two reasons : It costs a lot and it may not be necessary. As a
consequence, the BODY instance entry points are not maintained by the BODY
template. However, these changes are implicitly reflected in the high level scaling
operations allowed for BODY instances. A BODY instance just need to re-scale
itself with its current set of normalization parameters to be consistent with its
template. This operation is called the fitting of the instance .

2.2.2. Normalization Parameters

A standardized topology and distribution of mobilities have been set with the
aim of representing all the decisive human mobilities without overloading the
resulting mechanical structure. Without the hands, the internal mobilities of the
body have a dimension of 67. Each hand adds 25 more mobilities. The detailed
description of the complete 3D hierarchy is given in Section 1.2.1.4 .

The geometrical characterization of the standard mechanical structure is
stored in a SKELETON data structure. The normalization parameters add a higher
level for the characterization of a human data structure. This aspect is provided in
order to derive specific SKELETON instances from a standard one belonging to a
template BODY (Figure M5.3). Our first template was derived from the "marylin"
skeleton model coming from initial developments made at the University of
Montreal. However, a template can be constructed from anthropometric data to
match a given population. Five parameters are used in a two-step process to scale
the SKELETON of a BODY with respect to its template BODY :

a) a uniform scaling is made along x, y, and z with the total_height.

b) specific scaling are made along the following independent directions:

• frontal : along y axis with frontal_scaling

• lateral : high_lateral_scaling and low_lateral_scaling are proposed to
differentiate the higher body from the lower body ( usefull for gender
characterization)

• vertical : while keeping the same total height, the skeleton can be
characterized with the parameter spine_origin_ratio which expresses the
ratio of spine origin height over the total height

The second type of normalization parameter is the total_mass which is
distributed over a set of volumetric primitives approximating the body distribution
(Cf SOLID). This allows for the computation of the center of gravity and inertial
matrices.
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2.2.3. Options

A BODY H3D hierarchy contains at least the motion data structure
including the skeleton. These node_3Ds are internal node_3D. The hands have to be
explicitly mentioned as part of the 3D hierarchy due to their inherent complexity (32
node_3D for each).

Two other families of terminal node_3D carrying more specific information
can be derived from the template and defined in a BODY :

• The volumetric primitives approximating human volume and weight distribution
: This is useful for approximation of the body volume for interference checking
and for the computation of inertial properties of dynamics.

• The polygonal surface approximating the human skin surface (without
deformation): This surface consists of separate surfaces approximating segments
of the body (16 pieces are used considering the hands as a whole). The template
can store different approximations of the same surface piece.

All the node_3D can be directly accessed. Direct access to typed data as
JOINT and FREE can be constructed on request.

2.2.4. Geometric Characterization

The skeleton topological structure appears on Figure M5.4 and M5.5. Each
node_3D is identified by its unique name within its UNIT. Each JOINT node_3D
possesses one degree of freedom, further denoted a dof, either translational or
rotational. Some functional location node_3Ds are included by default in the basic
skeleton or the hands. Only one default SOLID, the virtual_floor, is provided with
the skeleton set. The location of the node_3d is shown on Figs. M5.6 for the
skeleton and M5.7 for the hand.
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Figure M5.3(a): Scaling process from the template BODY

Figure M5.3.(b): Various scaled BODY instances from a single BODY template
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Figure M5.4: General topology of the skeleton without the hands
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Figure M5.5: hierarchy of the right hand

Figure M5.6: 3D front view of the skeleton indicating the location of
the node_3D
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Figure M5.7: 3D view of the skeleton of the right hand indicating the
location of the node_3D in the rest position. (the integer values refer to
Figure M5.5).

Let us now define our initial position also called the rest position. In this
position, the body is standing up with dangling arms oriented such that the palmar
surface of hand lies in the sagital plane with medial orientation (Figure M5.8). In
the rest position, all the degrees of freedom have a zero value except the shoulder
flexion and elbow flexion (respectively -5 degrees and 5 degrees) in order to
provide a more natural posture.

Figure M5.8: the skeleton in the initial position (also called rest)
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The skeleton_root is the entry node_3D to the internal mobilities of the
skeleton. As such it is the default root of motion within the skeleton. As it is situated
at the base of the spine, it is quite close to the center of mass for large classes of
postures. That property makes it a good root of motion for numerous movements
involving the whole displacement of the body (walking, jumping, etc.).

However, some movements are better designed with a different root of
motion, e.g. hanging by the hand is easier designed when the root of motion is the
hand center, or picking an object on the floor is better controlled when the root of
motion is the supporting foot. Changing the root of motion is possible without
changing the topology. However, one has to be aware that changing the root of
motion during a movement, says for a transition between two types of movements,
may introduce a perceptible motion discontinuity.

The naming convention of the mobilities dofs is:

• tilt : forward-backward motion in the sagital plane along a lateral axis (x
BODY)

• roll : sideward balance motion in the coronal plane along a frontal axis (y
BODY )

• torsion : twisting along the vertical axis (z BODY)

 3. VRML 2 Working Group on Human Modeling

The working group on Human Modeling is located at
http://ece.uwaterloo.ca:80/~h-anim/. The following text is a selection from the                                      
“Specification for a Standard VRML Humanoid - (DRAFT) Version 1.1”, available
on the WEB site.

 3.1. Goals

As the 3D Internet continues to grow, there will be an increasing need to
represent human beings in online virtual environments. Achieving that goal will
require the creation of libraries of interchangeable humanoids, as well as authoring
tools that make it easy to create new humanoids and animate them in various ways.

This document specifies a standard way of representing humanoids in
VRML 97. This standard will allow humanoids created using authoring tools from
one vendor to be animated using tools from another. VRML humanoids can be
animated using keyframing, inverse kinematics, performance animation systems and
other techniques.

Our design goals are as follows:

• Compatibility: Humanoids should work in any VRML 97 compliant
browser.

• Flexibility: No assumptions are made about the types of applications that
will use humanoids.
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• Simplicity: When in doubt, leave it out. The specification can always be
extended later.

Much of the design is driven by these three goals. The compatibility requirement
has led us to avoid the use of scripting, since the VRML 97 specification does not
require any particular scripting language to be implemented. The flexibility
requirement has led us to make the spec fairly "low-level", in that it allows direct
access to the joints of the humanoid's body and the vertices of the individual body
segments. The simplicity requirement has led us to focus specifically on humanoids,
instead of trying to deal with arbitrary articulated figures.

 3.2. Overview

The human body consists of a number of segments (such as the forearm,
hand and foot) which are connected to each other by joints (such as the elbow, wrist
and ankle). In order for an application to animate a humanoid, it needs to obtain
access to the joints and alter the joint angles. The application may also need to
retrieve information about such things as joint limits and segment masses.

Each segment of the body will typically be defined by a mesh of polygons,
and an application may need to alter the locations of the vertices in that mesh. The
application may also need to obtain information about which vertices should be
treated as a group for the purpose of deformation.

A VRML Humanoid file contains a set of Joint nodes that are arranged to
form a hierarchy. Each Joint node can contain other Joint nodes, and may also
contain a Segment node which describes the body part associated with that joint.
Each Segment can also have a number of Site nodes, which define locations relative
to the segment. Sites can be used for attaching clothing and jewelry, and can be used
as end-effectors for inverse kinematics applications. They can also be used to define
eyepoints and viewpoint locations. Each Segment node can have a number of
Displacer nodes, which specify which vertices within the segment correspond to
particular feature or configuration of vertices.

The file also contains a single Humanoid node which stores human-readable
data about the humanoid such as author and copyright information. That node also
stores references to all the Joint, Segment and Site nodes, and serves as a "wrapper"
for the humanoid. In addition, it provides a top-level Transform for positioning the
humanoid in its environment.

Keyframe animation sequences can be stored in the same file, with the
outputs of various VRML interpolator nodes being ROUTEd to the joints of the
body. Alternatively, the file may include Script nodes which access the joints
directly. In addition, applications can obtain references to the individual joints and
segments from the Humanoid node. Such applications will typically animate the
humanoid by setting the joint rotations.
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 3.3. The Nodes

In order to simplify the creation of humanoids, several new node types are
introduced. Each node is defined by a PROTO. The basic implementation of all the
nodes is very straightforward, yet each provides enough flexibility to allow more
advanced techniques to be used.

3.3.1. The Joint Node

Each joint in the body is represented by a Joint node. The most common
implementation for a Joint will be a Transform node, which is used to define the
relationship of each body segment to its immediate parent. However, that's just one
possible implementation -- humanoid authors are free to implement the Joint node
however they choose. In particular, some systems may choose to use a single
polygonal mesh to represent a humanoid, rather than having a separate
IndexedFaceSet for each body segment. In such a case, a Joint would be responsible
for moving the vertices that correspond to a particular body segment and all the
segments descended from it. Many computer games use such a single-mesh
representation in order to create smooth, seamless figures.

The Joint node is also used to store other joint-specific information. In
particular, a joint name is provided so that applications can identify each Joint node
at runtime. In addition, the Joint node may contain hints for inverse-kinematics
systems that wish to control the H-Anim figure. These hints include the upper and
lower joint limits, the orientation of the joint limits, and a stiffness/resistance value.
Note that these limits are not enforced by any mechanism within the scene graph of
the humanoid, and are provided for information purposes only. Use of this
information and enforcement of the joint limits is up to the application.

The Joint PROTO looks like this:

PROTO Joint [
    exposedField     SFString     name                ""
    exposedField     SFVec3f      center              0 0 0
    exposedField     SFRotation   rotation            0 0 1 0
    exposedField     SFVec3f      scale               1 1 1
    exposedField     SFRotation   scaleOrientation    0 0 1 0
    exposedField     SFVec3f      translation         0 0 0
    exposedField     MFFloat      ulimit              []
    exposedField     MFFloat      llimit              []
    exposedField     SFRotation   limitOrientation    0 0 1 0
    exposedField     MFFloat      stiffness           [ 1 1 1 ]
    exposedField     MFNode       children            []
]

Notice that most of the fields correspond to those of the Transform node.
This is because the typical implementation of the Joint PROTO will be:

{
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    Transform {
        translation IS translation
        rotation IS rotation
        scale IS scale
        scaleOrientation IS scaleOrientation
        center IS center
        children IS children
    }
}

Other implementations are certainly possible. The only requirement is that a
Joint be able to accept the events listed above. The center exposedField gives the
position of the Joint's center of rotation, relative to the root of the overall humanoid
body description. Note that the center field is not intended to receive events. The
locations of the joint centers are available by reading the center fields of the Joints
(see Modeling the Humanoid for details).

Since the locations of the joint centers are all in the same coordinate frame,
the length of any segment can be determined by simply subtracting the locations of
the joint centers. The exception will be segments at the ends of the fingers and toes,
for which the Site locations within the Segment must be used (see the description of
Sites below for details).

The ulimit and llimit fields of the Joint PROTO specify the upper and lower
joint rotation limits. Both fields are three-element MFFloats containing separate
values for the X, Y and Z rotation limits. The ulimit field stores the upper (i.e.
maximum) values for rotation around the X, Y and Z axes. The llimit field stores the
lower (i.e. minimum) values for rotation around those axes. Note that the default
values for each of these fields is [], which means that the joint is assumed to be
unconstrained.

The limitOrientation exposedField gives the orientation of the coordinate
frame in which the ulimit and llimit values are to be interpreted. The
limitOrientation describes the orientation of a local coordinate frame, relative to the
Joint center position described by the center exposedField. The stiffness
exposedField, if present, contains values ranging between 0.0 and 1.0 which give
the inverse kinematics system hints about the "willingness" of a joint to move a
particular degree of freedom. For example, a Joint node's stiffness can be used in an
arm joint chain to give preference to moving the left wrist and left elbow over
moving the left shoulder, or it can be used within a single Joint node with multiple
degrees of freedom to give preference to individual degrees of freedom. The larger
the stiffness value, the more the joint will resist movement.

Each Joint should have a DEF name that matches the name field for that
Joint, but with a distinguishing prefix in front of it. That prefix can be anything, but
must be the same for all the Joints in a particular humanoid. The distinguishing
prefix is useful in the case of static routing to the Joints of multiple humanoids in
the same file. If only a single humanoid is stored in a file, the prefix should be
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"hanim_" (for Humanoid Animation). For example, the left shoulder would have a
DEF name of "hanim_l_shoulder".

The DEF name is used for static routing, which would typically connect
OrientationInterpolators in the humanoid file to the joints. The name field is used
for identifying the joints at runtime, since the DEF names would not necessarily be
available. It will occasionally be useful for the person creating a humanoid to be
able to add additional joints to the body. The body remains humanoid in form, and
is still generally expected to have the basic joints described later in this document.
However, they may be thought of as a minimal set to which extensions may be
added (such as a prehensile tail). See the section on Non-standard Joints and
Segments. If necessary, some of the joints (such as the many vertebrae) may be
omitted. See Appendix A for details.

3.3.2. The Segment Node

Each body segment is stored in a Segment node. The Segment node will
typically be implemented as a Group node containing one or more Shapes or
perhaps Transform nodes that position the body part within its coordinate system
(see Modeling the Humanoid for details). The use of LOD nodes is recommended if
the geometry of the Segment is complex.

PROTO Segment [
    exposedField    SFString    name              ""
    exposedField    SFVec3f     centerOfMass      0 0 0
    exposedField    SFVec3f     momentsOfInertia  1 1 1
    exposedField    SFFloat     mass              0
    exposedField    MFNode      children          [ ]
    exposedField    SFNode      coord             NULL
    exposedField    MFNode      displacers        [ ]
    eventIn         MFNode      addChildren
    eventIn         MFNode      removeChildren
]

This will typically be implemented as follows:

{
    Group {
        children IS children
        addChildren IS addChildren
        removeChildren IS removeChildren
    }
}

All the fields are optional. The mass is the total mass of the segment, and the
centerOfMass is the location within the segment of its center of mass. Humanoids
that are modeled as a continuous mesh will still have Segment nodes, in order to
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store per-segment information. In such a case, the Segment wouldn't necessarily
contain any geometry, though it should still be a child of a Joint node.

For Segments that have deformable meshes, the coord field should contain a
Coordinate node that is USEd in the IndexedFaceSet for the Segment. The
Coordinate node should be given the same name DEF name as the Segment, but
with a "_coords" appended (e.g. "skull_coords").

3.3.3. The Site Node

A Site node serves three purposes. The first is to define an "end effector"
location which can be used by an inverse kinematics system. The second is to define
an attachment point for accessories such as jewelry and clothing. The third is to
define a location for a virtual camera in the reference frame of a Segment (such as a
view "through the eyes" of the humanoid for use in multi-user worlds).

Sites are stored within the children exposedField of a Segment node. The
rotation and translation fields of the Site node define the location and orientation of
the end effector within the coordinate frame of the Segment. The children field is
used to store any accessories that can be attached to the segment.

The Site PROTO looks like this:

PROTO Site [
    eventIn         MFNode      addChildren
    eventIn         MFNode      removeChildren
    exposedField    MFNode      children         []
    exposedField    SFString    name             ""
    exposedField    SFVec3f     center           0 0 0
    exposedField    SFRotation  rotation         0 0 1 0
    exposedField    SFVec3f     scale            1 1 1
    exposedField    SFRotation  scaleOrientation 0 0 1 0
    exposedField    SFVec3f     translation      0 0 0
]

The typical implementation for a Site will be:

{
    Transform {
        children IS children
        addChildren IS addChildren
        removeChildren IS removeChildren
        center IS center
        rotation IS rotation
        scale IS scale
        scaleOrientation IS scaleOrientation
        translation IS translation
    }
}
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If used as an end effector, the Site node should have a name consisting of the
name of the Segment to which it's attached, with a "_tip" suffix appended. For
example, the end effector Site on the right index finger would be named
"r_index_distal_tip", and the Site node would be a child of the "r_index_distal"
Segment. Sites that are used to define camera locations should have a "_view"
suffix appended. Sites that are not end effectors should have a "_loc" suffix. Sites
that are required by an application but are not defined in this specification should be
prefixed with "x_".

Sites that intended to be used as attachment points for Viewpoint nodes
(such as the left and right eyes) should be oriented so that they face in the direction
the eye should be looking. In other words, attaching the following Viewpoint to the
Site at the left eye will result in a view looking out from the humanoid's left eye:

Viewpoint {
    position 0 0 0
}

Note that the default position for the Viewpoint node is 0 0 10, and the
default orientation is 0 0 1 0, which is why Viewpoints that are attached to Sites
must specify non-default values.

3.3.4. The Displacer Node

Applications may need to alter the shape of individual Segments. At the
most basic level, this is done by writing to the point field of the Coordinate node
that's found in the coord field of the Segment node. In some cases, the application
may need to be able to identify specific groups of vertices within a Segment. For
example, the application may need to know which vertices within the skull Segment
comprise the left eyebrow. It may also require "hints" as to the direction in which
each vertex should move. That information is stored in a node called a Displacer.
The Displacers for a particular Segment are stored in the displacers field of that
Segment.

The Displacer PROTO looks like this:

PROTO Displacer [
    exposedField SFString name           ""
    exposedField MFInt32  coordIndex     [ ]
    exposedField MFVec3f  displacements  [ ]
]

The name field provides a name for the Displacer, by which it can be
identified by the application at runtime. That name  should also be used as the DEF
name of the Displacer node itself.  The coordIndex field contains the indices into the
coordinate array for the Segment of the vertices that are affected by the displacer.
For example,

Displacer {
    name "l_eyebrow_feature"
    coordIndex [ 7, 12, 21, 18 ]
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}

would mean that vertices 7, 12, 21 and 18 of the Segment form the left eyebrow.

The displacements field, if present, provides a set of 3D values that should
be added to the neutral or resting position of each of the vertices referenced in the
coordIndex field of the Segment. These values correspond one to one with the
values in the coordIndex array. The values should be maximum displacements, and
the application is free to scale them as needed before adding them to the neutral
vertex positions. For example,

Displacer {
    name "l_eyebrow_raiser_action"
    coordIndex [ 7, 12, 21, 18 ]
    displacements [ 0 0.0025 0, 0 0.005 0, 0 0.0025 0, 0 0.001 0 ]
}

would raise the four vertices of the left eyebrow in a vertical direction. Vertex
number 7 would be displaced up to 2.5 millimeters in the vertical (Y) direction,
vertex number 12 would be displaced up to 5 millimeters, vertex 21 would be
displaced up to 2.5 millimeters, and vertex number 18 would be displaced by just
one millimeter. The application may choose to uniformly scale those displacements.

A Displacer can be used in three different ways. At its most basic level, it
can simply be used to identify the vertices corresponding to a particular feature on
the Segment, which the application can then displace as it sees fit. At the next level,
it can be used to represent a particular muscular action which displaces the vertices
in various directions (linearly or radially).

The third way in which a Displacer can be used is to represent a complete
configuration of the vertices in a Segment. For example, in the case of a face, there
might be a Displacer for each facial expression. Displacers that are used to identify
features should have a name with a "_feature" suffix. Displacers that are used to
move a feature should be given a name with an "_action" suffix, usually with an
additional pre-suffix to indicate the kind of motion (such as
"l_eyebrow_raiser_action"). Displacers that correspond to a particular configuration
of the vertices should have a "_config" suffix.

Note that while Displacers are most often used to control the shape of the
face, they can certainly be used for other body parts as well. For example, they may
be used to control the changing shape of an arm Segment as the arm flexes,
simulating the effect of muscle inflation.

3.3.5. The Humanoid Node

The Humanoid node is used to store human-readable data such as author and
copyright information, as well as to store references to the joints, segments and
views and to serve as a container for the entire humanoid. It also provides a
convenient way of moving the humanoid through its environment.
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PROTO Humanoid [
    exposedField    SFString   name                  ""
    exposedField    MFString   info                  [ ]
    exposedField    SFString   version               "1.1"
    exposedField    MFNode     joints                [ ]
    exposedField    MFNode     segments              [ ]
    exposedField    MFNode     sites                 [ ]
    exposedField    MFNode     viewpoints            [ ]
    exposedField    MFNode     humanoidBody          [ ]
    exposedField    SFVec3f    center                0 0 0
    exposedField    SFRotation rotation              0 0 1 0
    exposedField    SFVec3f    scale                 1 1 1
    exposedField    SFRotation scaleOrientation      0 0 1 0
    exposedField    SFVec3f    translation           0 0 0
]

The Humanoid node is typically implemented as follows:

{
  Transform {
    center           IS center
    rotation         IS rotation
    scale            IS scale
    scaleOrientation IS scaleOrientation
    translation      IS translation
    children [
      Group {
        children IS viewpoints
      }
      Group {
        children IS humanoidBody
      }
    ]
  }
}

The Humanoid node can be used to position the humanoid in space. Note
that the HumanoidRoot Joint is typically used to handle animations within the local
coordinate system of the humanoid, such as jumping or walking. For example, while
walking, the overall movement of the body (such as a swagger) would affect the
HumanoidRoot Joint, while the average linear velocity through the scene would
affect the Humanoid node. The humanoidBody field contains the HumanoidRoot
node.

The version field stores the version of this specification that the Humanoid
file conforms to. The document you're now reading describes version "1.1" of the
specification. The info field consists of an array of strings, each of which is of the
form "tag=value". The following tags are defined so far:
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• authorName
• authorEmail
• copyright
• creationDate
• usageRestrictions
• humanoidVersion
• age
• gender (typically "male" or "female")
• height
• weight

Additional tag=value pairs can be included as needed.

The HumanoidVersion tag refers to the version of the humanoid being used, in
order to track revisions to the data. It is not the same as the version field of the
Humanoid node, which refers to the version of the H-Anim specification which was
used when building the humanoid.

The joints field contains references (i.e. USEs) of each of the Joint nodes in the
body. Each of the referenced joints should be a Joint node. The order in which they
are listed is irrelevant, since the names of the joints are stored in the joints
themselves. Similarly, the segments field contains references to each of the Segment
nodes of the body, the viewpoints field contains references to the Viewpoint nodes
in the file, and the sites field contains references to the Site nodes in the file.

The Humanoid node should be given a DEF name of "Humanoid", in order to
make it easy to access using the External Authoring Interface.

 3.4. Modeling the Humanoid

The humanoid should be modeled in a standing position, facing in the +Z
direction with +Y up and +X to the humanoid's left. The origin (0, 0, 0) should be
located at ground level, between the humanoid's feet. The feet should be flat on the
ground, spaced apart about the same distance as the width of the hips. The bottom of
the feet should be at Y=0. The arms should be straight and parallel to the sides of
the body with the palms of the hands facing inwards towards the thighs. The hands
should be flat, with the axes of joints "1" through "3" of the fingers being parallel to
the Y axis and the axis of the thumb being angled up at 45 degrees towards the +Z
direction. Note that the coordinate system for each joint in the thumb is still oriented
to align with that of the overall humanoid.

Movement of the "0" joints of the fingers is typically quite limited, and the
rigidity of those articulations varies from finger to finger. Further details about the
placement, orientation and movement of the "0" joints can be obtained from any
anatomy reference text.



129

(illustration courtesy of the SNHC group)

Figure M5.9: Default position of the humanoid

The face should be modeled with the eyebrows at rest, the mouth closed and
the eyes wide open. The humanoid should be built with actual human size ranges in
mind. All dimensions are in meters. A typical human is roughly 1.75 meters tall.

In this position, all the joint angles should be zero. In other words, all the
rotation fields in all the Joint nodes should be left at their default value of (0 0 1 0).
In addition, the translation fields should be left at their default value of (0 0 0) and
the scale factors should be left at their default value of (1 1 1). The only field which
should have a non-default value is center, which is used to specify the point around
which the joint (and its attached children and body segment if any) will rotate.
Sending the default values for translation, rotation and scaling to all the Joints in the
body must return the body to the neutral position described above.

The center field of each joint should be placed so that the joints rotate in the
same way that they would on a real human body.

The following diagram shows the orientation of the hand. The crosshairs
simply suggest possible locations for the joint centers and finger tips.
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Figure M5.10: Orientation of the hand

It is suggested, but not required, that all of the body segments should be built
in place. That is, they should require no translation, rotation, or scaling to be
connected with their neighbors. For example, the hand should be built so that it's in
the correct position in relation to the forearm. The forearm should be built so that
it's in the correct position in relation to the upper arm, and so on. All the body's
coordinates will share a common origin, which is that of the humanoid itself. If this
proves difficult for an authoring tool to implement, it is acceptable to use a
Transform node inside each Segment, or even several Transforms, in order to
position the geometry for that segment correctly.

Note that the coordinate system for each Joint is oriented to align with that
of the overall humanoid.

 4. MPEG4 Body Model Proposal

The MPEG4 Body model proposal is based on the EPFL-LIG human model.
MPEG4 SNHC (Synthetic/Natural Hybrid Coding) is located at
http://www.es.com/mpeg4-snhc/. The following text is selected from this site to                                   
summarize the aim of this human body model.

MPEG is currently working on the MPEG-4 standard. The MPEG-4
standard will include coding of integrated synthetic and natural, audio and visual
data in bandwidth and storage-capacity-limited systems with real time
synchronization and scalability.

 4.1. Motivation

Audio/Visual (A/V) coding and 2D/3D computer graphics are converging
relative to their enabling technologies and use in real-time/interactive applications.
Emerging silicon and software environments will be able to deliver media content
for real-time/interactive experiences in widespread office, field, industrial, public,
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and private settings of work and leisure. These environments will rely on a high
level of integration that taps increasingly common computing resources, tools,
algorithms, and data primitives to decode, composite, and render scenes. The media
content objects must be transported as transient or stored data over channels and in
storage such as the Internet, ATM/B-ISDN communications, CD-ROM, on-line
modifiable disks paging data in PC platforms, archival digital libraries, and
RAM/ROM of decoders, PC graphics accelerators, microprocessors, and media-
processors/accelerators now under development. Model-based coding emerging in
video compression also offers gains in functionality that will expand the focus of
coding technology from achieving lower bit rates to content-based interactivity.
There is an opportunity to faster greater media interoperability with a media model
standard.

One fundamental goal of MPEG-4 is:

“To efficiently code interactive 2D and 3D environments consisting of real-time
audio, video, and synthetic objects ”

Increasingly over the past years, movie and video data have been produced
with a combination of natural and synthetic data, both for audio and video. In the
conventional environment of NTSC/PAL/SECAM video, the diverse components of
the complete scene are rendered and composited into video frames with audio
soundtracks. The ability to interact with the original component objects is severely
restricted, and for efficient transmission or storage, the compression coding is
performed on the composited data.

Recently, the technology we as humans presented with and interact with
audio/visual information has been changing rapidly. The conventional approach has
been linear video and movies, (with associated soundtracks), and interaction has
been limited to what we can call VCR functions. Now, new opportunities present
themselves, for example the World Wide Web, which potentially offer a whole new
freedom for interacting with audio/visual data. Such interactivity is provided for
individual objects, rather than at the level of the composited video frame. Therefore,
it is appealing to perform coding on the pre-rendered, pre-composited (pre-mixed)
audio/visual data, because it offers the potential for higher compression
performance, and the opportunity for user-interaction. However, problems exist.

There are many forms of audio/visual data, such as video games, mechanical
CAD, architectural CAD, 3-D terrain terrain databases and medical imagery. No
universal way exists to exchange and integrate relevant sets of these data into a
composite scene. Second, the volume of audio/visual data is so high that
compression of the data is required even on wideband networks, and even for non-
real-time downloading of data sets. Third, in a truly flexible environment, part of a
scene will be streaming in real-time (like conventional video), and part will be
running under interactive control of the local user, which means that
synchronization of events with fine granularity is required.

MPEG has developed considerable expertise in the areas of efficient coding
and real-time synchronization, and has established the MPEG-4 program to address
the integration of audio/visual information as objects which are assembled or
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composed into scenes in flexible ways. This Call for Proposals is specifically
concerned with coding techniques for environments containing mixed synthetic and
natural data.

 4.2. Approach within MPEG-4

MPEG-4 solicits technology for standardizing the coding of hybrid data
which combines important features of traditional Audio/Visual with 2D/3D
graphical data based upon natural and synthetic sources.

The goal of the standardization effort is to enhance exchange of emerging
media models and to exploit a wide range of bandwidths in telecommunication
channels and decoder capabilities. Applications include virtual environment
simulation, conferencing, browsing, training, education, entertainment, A/V
desktop, media production and distribution, and related forms of real-
time/interactive and broadcast media.

MPEG-4 seeks the integration of video coding (based upon 2D feature
analysis and model-based coding as well as block-based image coding and motion
estimation) and coding of structured 2D/3D graphical synthetic environments
(including modeling, communication, run-time efficiency, real-time interaction, and
rendering of them). Application  targets (like interactive gaming, multimedia,
server-based A/V databases, and 3D virtual environments) are driving requirements
for serving current and future capabilities of industry decoders and graphics
processors. The value of hybrid coding should be gauged by how it serves industry
to enhance animate content, to improve the efficiency of communication and
software development, to facilitate model exchange and market cross-over, and to
enable interoperability of interactive media models used with networked
heterogeneous systems.
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MODULE 6:
Conclusion

 1. Introduction

Concluding, the module 6 presents a list of the people working on human
modeling. This list is divided in three sections: academic works, companies and
products on this area and projects or associations. A brief description of the work in
progress is made. Some possible medical applications of virtual humans are also
highlighted in a way to suggest the collaboration between specialist in medicine and
computer graphics.

 2. List of the People Working on Human Modeling

 2.1. Academic

2.1.1. Center for Human Modeling and Simulation (JACK Project)

Professor Badler, from the University of Pennsylvania is well known for
pionniering  human modeling for Human Factors applications back to the end of the
70s. The major reference regarding the research and development made in his
laboratory is the book “Simulating Humans” [Badler 93]. Dedicated studies on the
spine [Monheit 91] strength-based control [Lee 93], [Lee 90], real-time interaction
[Badler 93b] and inverse kinematics control [Phillips 90], [Phillips 91] can be found
in major conference proceedings or journals.

The generic human model is described with the Peabody language [Jack 1].
Jack is an interactive system for constructing and manipulating Peabody objects,
one of them being human bodies. This system is now a product called Jack and
marketed by the spin-off Transom Technologies Inc. [Jack 2]. Jack provides a 3D
interactive environment for controlling articulated figures. It features a detailed
human model and includes realistic behavioral controls, anthropometric scaling,
task animation and evaluation systems, view analysis, automatic reach and grasp,
collision detection and avoidance, and many other useful tools for a wide range of
applications.
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The body of researches taken up by this team have focused mostly on two
application fields:

• Ergonomics: anthropometry studies for reachability, visibility assessment, etc.
this is achieved interactively.

• Military simulation: real-time battlefield simulation in cooperation with the
Naval Postgraduate School from Monterey (Professor Michael Zyda) and other
american military institutions.

Figure M6.1: Example of a Jack medical-military application

2.1.2. Computerized Anthropometric Research and Design (CARD lab.)

The Computerized Anthropometric Research and Design (CARD) Lab is
part of the Human Interface Technology Branch of the Air Force Research
Laboratories at Wright-Patterson Air Force Base, Ohio.

CARD Lab Objectives:

• To advance methods for defining the multidimensional size, shape, strength, and
functional characteristics of humans.

• To develop engineering tools and databases for designers of Air Force systems,
personal protective equipment, and clothing.

• To assist the Defense Department's acquisition community in the design,
specification, and testing of Air Force weapons systems.

The performance of Air Force aircrew members and support personnel is
directly influenced by the man-machine interface. In order to optimize this interface,
highly accurate anthropometry is required to define the shape and contour of the
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body. As the Air Force's sole source of expertise in anthropometry, the CARD lab
provides state-of-the-art measuring techniques and novel statistical methods which
optimize the integration of Air Force equipment and weapons systems to the human.

Figure M6.2: The WB-4 whole-body scanner, the latest addition to
the CARD lab, makes 3-D scans of the entire body.

Advances in three-dimensional surface imaging technology promise to
revolutionize the collection, storage, and analysis of anthropometric data. The
CARD lab has been a leader in the development and refinement of 3-D surface
scanning techniques since 1987. Over 1,000 high-resolution surface scans of the
heads of military and civilian personnel are stored at the CARD lab. Magnetic
Resonance Images (MRIs) have also been collected for analysis with the surface
scans.

Figure M6.3: Integrate is the 3-D image visualization software
developed by the CARD lab to view, analyze, and manipulate 3-D
scanned images.

The CARD lab has the unique ability to link the 3-D geometries of humans
to the geometries of equipment systems, so Air Force procurement programs often
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need the lab's help in the design, development, testing, and evaluation of equipment.
New roles for women in the military increase the need for data to accommodate
women in protective equipment and cockpits. The CARD lab is also working to
transfer expertise in man-machine interfaces to applications in the biomedical
community.

2.1.3. Animal and Proto-Humans Modeling and Animation

The Professor Jane Wilhelms group is applying anatomical and
physiological principles to model and animate animals and humans. They design the
animals with underlying bones, muscles, and generalized tissue that are modeled
with polygon meshes or ellipsoids. Components are highly parameterized for re-use
between animals. Muscles stretch across joints and are reshaped during joint
motion. Skin can be generated from the underlying parts, or a polygon mesh skin
from elsewhere can be attached to underlying components. In the former case,
underlying parts are voxelized into a 3D grid, which is filtered for smoothness. An
isosurface program is used to extract a polygon mesh skin. This skin points are
associated with their nearest underlying parts and move with them.

When joints move, skin points initially move with their underlying parts, but
then adjust themselves using an iterative elastic relaxation, taking into account the
effects of neighboring skin points and connections to underlying anatomy. Much of
the process is automated, but under the control of user-defined parameters.
Manipulation and animation occur at comfortable interactive speeds on graphics
workstations. Textures and fur can be applied to the animals.

The proto-humans model was of a human being. Bones and generalized
components were ellipsoidal, but muscles were polygon meshes. Also, the ability to
get higher resolution on the extremities was not present, so the model does not have
much detail. We did make an attempt to mimic actual human muscles, though
primitively.
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Figure M6.4: This collage shows images of the skin. The center is the
rest position. Skin was extracted when the underlying components
were in this position. The other images show skin as it automatically
adjusts to joint changes.

More recently, they improved their model, by using polygon mesh bones, a
more correct elastic model for skin, and non-proportional scaling for greater detail.
They also have been experimenting with fur.

Figure M6.5: This image shows the skin over the monkey in various
positions. The skin is attached to underlying components and moves
with them, initially, when the body moves. Next, skin points are
mapped to world space and adjusted using an elastic membrane
model.

2.1.4. Center for Human Simulation (CHS)

The Center for Human Simulation (CHS) at the University of Colorado
Health Sciences Center, is a synthesis of human anatomy and computed three-
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dimensional imaging. This synthesis resulted in a three-dimensional, high resolution
database of human male and female anatomy (the Visible Human) as derived from
direct analysis of anatomical specimens and radiological imaging. The general
purpose of this Center is to facilitate the collaboration of anatomists, radiologists,
computer scientists, engineers, physicians and educators to promote the application
of this and other anatomical data to basic and clinical research, clinical practice and
teaching.

Overall, the Center's advances will provide health care professionals
effectively with a thorough understanding of human form, function and
development. Furthermore, these advances will enable them to electronically model
normal, pathologic and procedural changes in, or manipulations of, human anatomy.
Therefore, the major goal of the Center is to develop simulators that provide
interactions with computerized anatomy in virtual space. The Visible Human
database defines the anatomy of the adult human body in three dimensions and at
high resolution. Radiological studies will fuel the extension of these forms to
models with controllable development, normal functions and pathology.

Anesthesiology simulators, commercially available today, will be integrated
with the complete virtual operating rooms of the Center. Body movements and fluid
dynamics will add external and internal kinetics to the computerized anatomy of the
Visible Human. Development of these functional models will require the interaction
and collaboration of a broad range of experts, including mathematicians, computer
scientists, anatomists, bioengineers, physicians, pathologists, anthropologists and
others. Eventually, the application, distribution and management of these models
will necessitate the involvement of medical information specialists, educators and
library scientists.

As models are developed and databases extended, they will be used in
education at all levels, but especially for health care professionals. In the Health
Sciences Center environment, this will include not only courses in human anatomy
and physiology for students of medicine, dentistry, physical therapy, nursing,
CHAPS and dental hygiene but also training in radiology and in surgical disciplines.
Moreover, trained health care professionals will be able to develop, teach and
practice diagnostic and therapeutic procedures in virtual reality, on electronic
normalized patients. The teaching tools will be available for all levels of education
and are anticipated to accompany the health care professional throughout their
chosen career.

As the Center develops, it will become increasingly active in graduate and
postdoctoral education of young scientists. The goal of this research training
program is to educate the anatomist of the 21st century, a new type of
anatomist/computer imaging specialist. In order to achieve this goal, a training
program will be developed that spans the range from anatomy to radiological
imaging, computer science, and engineering. This will be an interdisciplinary effort,
and will involve faculty from all CU campuses.

The current knowledge explosion in biomedical science necessitates greater
efficiency in training, data search and testing for all health care professionals, but
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particularly for physicians. This applies especially to anatomy, which is difficult to
visualize in three dimensions but provides much of the fundamental vocabulary of
the health care professional. Increasingly sophisticated presentations of anatomy are
important as reference standards in conjunction with the development of more and
more abstract radiological imaging techniques. Increasingly complex clinical
procedures, and the need to teach them, make the development of virtual-reality
models highly desirable. Analogous to flight simulation, this construct allows the
student to participate often and repeatedly in rare and emergency procedures. The
goals and cooperative efforts of the Center for Human Simulation respond directly
to these needs of the Medical School and the missions of the University of Colorado
Health Sciences Center.

The Center for Human Simulation will be based firmly on human anatomy
and physiology, just as medical and dental students – and indeed most health care
professionals -- begin their education with a foundation in anatomy. As anatomical
models are developed they will serve the teaching mission of the Health Sciences
Center, initially in courses based on human anatomy. The first use of Visible
Human material was in the Dental Gross Anatomy course for first-year CU dentistry
students in the fall of 1994. The Visible Human Male has been used in our Dental
School Gross Anatomy class since 1995. With the establishment in 1996 of a
computer laboratory, use of the Visible Human has been improved and expanded; it
was introduced to the Medical Gross Anatomy Course in 1996. Subsequently, the
electronic teaching materials will become available to anatomy courses for other
health care professionals and to clinical courses. When the appropriate tools are
available they will be used also for post-professional training and Continuing
Medical Education.

Figure M6.6: Examples
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Figure M6.7: More examples

 2.2. Companies

2.2.1. Blaxxun Avatar Den Developer Info

The blaxxun avatar den offers to combine animated VRML 2.0 avatars from
prefabricated body parts. Before you read on, you should play with it in order to get
a feel for its capabilities.

In order to allow combination of static geometry with dynamic animations
the joints that are needed for routing the animations are separated from the static
geometry of the body parts. The joint model used complies with the Specification
for a Standard VRML Humanoid. as defined by the VRML Humanoid Animation
Working Group. A simple humanoid joint model is used, avatars are about 1.8
meters or 6 feet high, they have a head, an upper and lower body, arms, hands, legs
and feet. The joints are sacroiliac, hips, knees, ankles, lower back (vl5), upper back
(vc7), shoulders, elbows, wrists, neckbase ( vc4 ) and skullbase.

The body parts are inlined from the joint model described above. A total of
15 body parts are used for an avatar. The parts used are: head, upper body, lower
body, left upper arm, left lower arm, left hand, right upper arm, right lower arm,
right hand, left upper leg, left lower leg, left foot, right upper leg, right lower leg
and right foot.

2.2.2. Boston Dynamics Inc.

Boston Dynamics Inc. (BDI) creates automated computer characters, virtual
reality training systems and engineering simulations for things that move, such as
humans, animals, robots and electromechanical devices. They specialize in
interactive dynamic simulation coupled to 3D computer graphics and force-
feedback devices. Their customers have applications in engineering, medicine,
education, and entertainment.
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DI-Guy is a software for adding life-like human characters to real-time
simulated environments. Each character moves realistically, responds to simple
commands, and travels about the environment as directed.  DI-Guy animates each
character automatically, so you don’t need an animator.  Even when switching from
one activity to another, DI-Guy makes seamless transitions and moves naturally like
a real person.  Originally developed as a soldier character for military simulations,
DI-Guy now also includes a wide range of characters, including male and female
pedestrians, flight deck crew, chem/bio characters, and several athletes.

Figure M6.8: DI-Guy family

DI-Guy is fully interactive, responding to all commands in real time. The
software achieves outstanding real-time performance through optimizations such as
motion caching, variable motion interpolation, level-of-detail switching, motion
level-of-detail switching, and task-level control. These techniques make it possible
to display dozens of articulated DI-Guy characters at one time.

You don’t have to be an animator or an expert on human motion to use the
DI-Guy family of characters.  A simple high-level interface allows your software to
“direct” the behavior of each character, choosing from a list of activities. Even when
changing from one activity to another, the characters do the right thing, always
moving their bodies naturally in response to your instructions. DI-Guy characters
are like actors responding to the director of a play.

And DI-Guy characters are easy to integrate: Designed to operate in your
software environment, they can drop right into your application. They provide 3D
graphics models, textures, motion data, a run-time motion control engine, and a
simple programming interface (API).  This unique software is designed from work
originating at the MIT Artificial Intelligence lab, a leader in robotics research.

BDI offers a wide range of characters and services to create custom
characters and behaviors to your specifications.

• People-Guy: Male and female pedestrians who stand, stroll, stride, strut, and sit
around having a conversation.

• DI-Guy Dancer: She boogies, grooves, marches, and moves, staying in beat with
the music.

• Athletes: Baseball players, football players, joggers, and acrobats.
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Figure M6.9: Example

2.2.3. Deneb/ERGO

Deneb / ERGO (The Simulation and Analysis Tool for Ergonomics and
Human Factors Engineering) is a superior 3D interactive simulation environment
specifically for visualizing and analyzing a range of postures and their effects on
humans in the workplace.

Features:

• Easily programmable human models.

• Rapid workplace and process design with full posture analysis capabilities.

• Realistic human motion with walk macro.

• Seamless interface with all Deneb simulation software products.

• Revised NIOSH lifting guidelines (1991 version).

• Garg's energy expenditure prediction model.

• RULA posture analysis.

• Methods Time Measurement analysis (MTM-UAS).

• 5, 50, 95 percentile anthropometrically correct male and female models.

Benefits:

• Rapid prototyping of human motion within a work area for task analysis:

-Graphical motion programming

-Inverse kinematics and reachability

-Redundant joints handling
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-Parametric task programming

• Evaluate task injury potential.

• Assess metabolic capacity of workers.

• Investigate working postures for upper limb disorders.

• Estimate time standards; supports efficient task planning.

• Workforce analysis for resource allocation.

Figure M6.10: Example

2.2.4. Others

• Dynamic Graphics Systems (http://www.dynagraphicsinc.com/)                                    

• Fractal Design (http://www.fractal.com/products/poser/index.html)                                                     

• Kinetix 3S Max – Character Studio (http://www.ktx.com/)                      

• Transom Technologies Inc.: Market the Jack (http://www.transom.com/)                           

• MusculoGraphics: Makers of Biomechanics and Biomedical Software
(http://www.musculographics.com/)                                     

• Protozoa (http://www.protozoa.com/)                            

• Ramsis – Homeside – Human Modelling (http://www.tecmath.com/)                           

• Safework 2.51
(http://www.sgi.com/Products/appsdirectory.dir/Applications/Animation/Applic                                                                                    
ationNumber6914.html)                         

• Sven Technologies Inc.: The shape of the future (http://www.sven-                   
tech.com/products/avatarmaker/)                                  

• Tecnomatix (http://www.tecnomatix.com/)                               

• The Motion Factory (http://www.motion-factory.com)                                  
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 2.3. Associations and Projects

2.3.1. CAESAR Project

Developing vehicles requires working with a known set of values, but the
human body is the one part in a car that does not have a set dimension or definite
known value like a nut or bolt. Although engineers constantly look to increase
ergonomics, from adjustable seating bucks to holding car clinics with consumers,
these methods have often been hit-or-miss.

Present information on anthropometry (the study of human body
measurements) is narrow at best, while some would say it's incomplete and not
well-suited towards automotive applications.

The CAESAR (Civilian American and European Surface Anthropometry
Resource) project, coordinated by the Society of Automotive Engineers (SAE) and
the Computerized Anthropometric Research and Design (CARD) Laboratory at
Wright-Patterson Air Force Base in Dayton, Ohio, seeks to resolve this problem by
providing complete anthropometric data that reflects the modern human body.

CAESAR is a cooperative project of both the private and military sectors
that will generate 3-D data on the size and shape of the modern human body. This
historical and massive project will scan over 10,000 individuals in both North
America and Europe in order to build a database of anthropometric and
demographic information to be used for automotive, aerospace, clothing and
workstation design. The military has collected and used anthropometric data since
the 1940s to engineer jet fighter cockpits and make uniforms sizes fit better.

The database will consist of each subject's scans and demographic
information. The data will be cataloged in a way so partners can pull out the
subjects that are relevant to the products they produce and draw their own
conclusions and averages.

The data derived from this study will be invaluable to automotive interior
component manufacturers when it comes to designing ergonomically correct
interiors. Safety restraint manufacturers can use this data to construct more
anatomically correct crash-test dummies.

The project started scanning subjects at the Nissan Research and
Development facility in Los Angeles, Calif., in April of this year at the rate of 20
subjects per day. CAESAR will make its way across the United States, then move
on to the Netherlands and Italy around the fall of 1998.

Scanning process

The total process takes about one hour and consists of three steps. First,
demographic information such as age, gender, occupation, ethnic group, education
level and family income in the last year are filled out on a survey. Next, subjects are
dressed in biker shorts, with sport bras for the women, and 80 3/8-inch dots are
placed on the body at body landmarks like bone structures. Last, the entire body
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surface is scanned in three different positions, with each scan taking about 17
seconds.

Equipment and technology

The Cyberware WB4 whole body scanner is used to generate the high-
resolution data of the human body's surface. Subjects are scanned in three postures,
two of which are seated. The WB4 has four scanning heads that project a horizontal
laser line on the scanned subject, and they are mounted in a circle.

With the 3-D landmarks, over 64 univariate measurements can be taken,
ranging from the head circumference to the foot breadth. The advantage of these
measurements is in their consistency and reproducibility. Also, additional
measurements can be taken from the 3-D scan long after the subject has moved on.

Deliverables

The file for a subject consists of the demographic information. The data
collected over the next two years will be compiled into a database available to the
partners of the project. Their partnership enables them access to the over-10,000
scans and the demographic information. Partners will be granted access to the
complete scans and accompanying demographics in either a CD-ROM catalog or a
secured web site.

When the scan is complete, the digitized images are "zippered." Zippering is
a process that merges the four raw data files produced by each scanning head. One
merged file is about nine megabytes of data in binary form, and approximately 40
megabytes in an ASCII form.

Also provided as a deliverable is a data analysis, visualization and extraction
tool. This tool enables the data users to extract measurements from the 3-D scan that
are not already provided.

The potential of these scans is boundless in the virtual world of computers.
The applications of these 3-D scans could allow a manufacturer to clinic a design
before it ever leaves the computer screen.

Almost all major OEMs run continuous crash simulations on computers.
With these 10,000 virtual subject files, OEMs will be able to put a different virtual
driver behind the wheel for every crash to evaluate how different body types react to
accidents.

Partnership opportunities

Through SAE's Cooperative Research Program, companies can become
involved in the CAESAR project. Partnerships cost $40,000 dollars to be involved
with the project. Partners currently active in the project include members of the
automotive, apparel, aerospace and machinery manufacturing industries.

Partnerships are not only valuable for the information, but also for the
exposure of being connected with such a prolific and noble project. Partners in the
project from the automotive interior market include Magna, Lear, Johnson Controls,
Ford Motor Co., General Motors, Nissan, and Mitsubishi.
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The cost of this data if a manufacturer tried to acquire it alone would be well
in excess of six million dollars, a price that doesn't include the development of the
proprietary technology and process.

Figure M6.11: The WB4 scanner produces high-resolution 3-D scans
of the body's surface. The subject stands in the test cylinder as the
scanning heads drop downwards, covering the entire surface of the
body.

Figure M6.12: The small, 3/8-inch dots on the subject's body
represent anatomical landmarks. Up to 80 will be placed on a body to
derive univariate measurements.

Figure M6.13: In the sitting posture, engineers are able to measure
joint centers and pelvic positioning.
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2.3.2. Others

• Specification for a standard VRML Humanoid (http://ece.uwaterloo.ca:80/~h-                                
anim/spec.html)                 

• MPEG4 (http://www.es.com/mpeg4-snhc/)                                   

• Shoulder models and biomechanical oriented groups (http://www-             
mr.wbmt.tudelft.nl/shoulder/isg/pointers.html)                                                

• ISB (http://www.kin.ucalgary.ca/isb/data/)                                       

• Human Modeling list of pointers
(http://www.hitl.washington.edu/projects/knowledge_base/humanapps/ and                                                                           
http://www.cis.upenn.edu/~badler/vhlist.html)                                                

 3. Use of Virtual Humans in Medicine

 3.1. Psychiatry and Behavior

Virtual humans are not only visual. They have a behavior, perception,
memory, and some reasoning. Behavioral human animation is a new topic
consisting of developing a more general concept of autonomous actors, reacting to
environments and making decisions based on perception systems, memory, and
reasoning. Behavior is often defined  as the way animals and humans act, and is
usually described in natural language terms that have social, psychological, or
physiological significance, but which are not necessarily easily reducible to the
movement of one or two muscles, joints, or end effectors.

A typical human behavioral animation system is based on the three key
components: the locomotor system; the perceptual system; and the organic system.

A locomotor system is concerned with how to animate physical motions of
virtual humans in their environment. A perceptual system is concerned with
perceiving the environment. The modes of attention are: orienting, listening,
touching, smelling, tasting, and looking. The organism system is concerned with
rules, skills, motives, drives, and memory. It may be regarded as the “brain” of the
actor.

With such a system, it will be possible in the future to change parameters in
the three key components for simulating some specific behavioral troubles in
psychiatry.

Another aspect addressed by Whalley [Whalley 92] is the use of Virtual
reality and virtual humans in psychotherapies. Using this new technique, it will be
possible to recreate situations in a virtual world, immersing the real patient into
virtual scenes. For example, it will be possible to reunite the patient with a deceased
parent, or to simulate the patient as a child allowing him or her to relive situations
with familiar surroundings and people.
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 3.2. Surgery and Virtual Reality

In medicine, the most promising application is surgery. The surgeon, using a
head-mounted display and DataGlove, may have a complete simulated view of the
surgery, including his or her hands. The patient should be completely reconstructed
in the virtual world; this requires a very complete graphics human database. For
medical students learning how to operate, the best way would be to start with 3D
virtual patients and explore virtually all the capabilities of surgery.

Generally, the goal of computer-based surgery simulation is to create
environments that support medical education and training by allowing the user to
visualize and rehearse clinical, surgical procedures. In this context, surgery
simulation systems can ideally provide an efficient, safe, realistic, and relatively
economical method for training clinicians in a variety of surgical tasks. The
emphasis in surgery simulation is usually placed on a user’s real-time interaction
with medical instruments, surgery techniques, and models that represent various
anatomical structures and physiological processes. Surgery simulations can give
insight into the potential consequences of a surgical technique before performing an
actual operation. For instance, a tendon transfer can be simulated by graphically
moving a tendon attachment from one location on the limb to another. The
computer model then determines how this simulated surgery affects the muscle
forces and other biomechanical variables. These effects then appear in graphical
form on the display screen. HT Medical, Inc. (http:/www.ht.com/) has advanced the
state-of-the-art in surgical simulation by focusing on the computationally intensive
tasks such as physically-based modeling, collision detection, blood flow simulation,
and dynamic constraints. The mere rendering of a 3D database is of no use in a
surgical simulator. The core task is the manipulation of this database which contains
the tissues, organs and organ-systems of the human body. This translates into the
ability to simulate the behavior of flexible as well as rigid tissues and to maneuver
them surgically in real-time.

3.2.1. Minimally Invasive Surgery Simulation

The principle of minimal access to the area of intervention leads to a number
of disadvantages for the surgeon. The direct manual operation at free visible organs
is no longer possible. The surgeon’s sense of touch and dexterity are highly reduced
due to the use of long and narrow endoscopic instruments. As a matter of fact,
endoscopic surgery requires the surgeons to be familiar with a new form of hand-
eye coordination and skilled in the manipulation of instruments by looking at the
endoscopic image projected on a video monitor. These skills are not intuitive, and
the optimization of the surgical procedures requires a considerable amount of
training and experimentation before they can actually be applied in real operations.
The realistic graphical modeling of the area of intervention allows to define a virtual
environment in which surgical procedures can be learned and practiced in an
efficient, safe and realistic way. A surgeon can repeat and practice the operation as
many times as necessary. Mistakes can be eliminated until the gesture becomes
efficient and accurate, thereby assuring the high safety and quality requirements.
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Figure M6.14: Development of a Virtual Reality abdominal surgery
training system. Simulation techniques allow the modeling of "virtual
tissue" based on a data-model which reflects the physical
characteristics like mass, stiffness and damping of real tissue. A
collision test algorithm detects contact between surgical instruments
and the virtual organs. As a by-product, contact forces between the
tissue and the instrument end-effector are calculated which can be
used to drive a force-reflecting surgeon interface.

Figure M6.15: Model of Human Anatomy. Such models are used as a
basis for a surgery trainer. The organs are modeled as B-Spline
surfaces.

Figure M6.16: Endoscopic Surgery Training, Overview. The
KISMET image shows an "outside" view of the surgery trainer
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scenario with simulated camera view (upper left viewport). KISMET
allows as well for model based camera tracking. The camera viewing
area is displayed as a pyramidal shape.

Figure M6.17: Colecystectomy Training, Endo-View.

Figure M6.18: Tumor/Cyst Detection. The current focus of the
research is to develop a virtual reality simulation that will give the
user the sensation of feeling an object beneath the surface of another.
In order to do this, studies have been performed to evaluate the
impact of model complexity on simulation speed. Experimental
studies were done on a hard-within-a-soft rubber ball model to
determine the shape of a realistic force/deflection curve for this
scenario. The simulation under development will display a muscle for
the user to touch and evaluate. We are working to allow the user to
feel a ``hard spot'' under the surface, representing a tumor or cyst
not visible to the eye.

 4. References

[Badler 93] Badler, N., Phillips, C. and Webber, B. “Simulating humans,
computer graphics animation and control”, Chapter 4:
Behavioral control, Oxford University Press, 1993.



152

[Badler 93b] Badler, N., Hollick, M., Granieri, J. “Real-Time Control of a
Virtual Human using Minimal Sensors”, Presence, v. 2, n. 1, pp.
1-5, 1993.

[Blaxxun 98] Blaxxun Avatar Den Developer Info, WEB site at
http://www.blaxxun.com/vrml/avatarden                                           

[Boston 98] Boston Dynamics Inc., WEB site at http://www.bdi.com/                      

[CHS 98] The Center for Human Simulation (CHS) at the University of
Colorado Health Sciences Center, WEB site at
http://www.uchsc.edu/sm/chs/.                                

[Jack 1] “Jack Features” from the WEB site of the Transom Technologies
and the Center for Human Modeling and Simulation at
http://www.cis.upenn.edu/hms/jack.html.                                           

[Jack 2] report XX Appendix A: The Peabody Object Representation,
from the WEB site of the VRML 2.0 Human Animation
Working group at http://ece.uwaterloo.ca/v-                          
humans/peabody.html                        

[Lee 90] Lee, P., Wei, S., Zhao, J. and Badler, N. I. “Strenght Guided
Motion”, Computer Graphics, v. 24, n. 4, pp. 253-262, 1990.

[Lee 93] Lee, P. L. Y., “Modeling Articulated Figure Motion with
Physically and Physiologically-based Constraints”, PhD
Dissertation in Mechanical Engineering and Applied Mechanics,
University of Pennsylvania, 1993.

[Magnenat 94] Magnenat-Thalmann, N. and Thalmann, D. “Towards virtual
humans in medicine: a prospective view”, Computerized
Medical Imaging and Graphics, v. 18, n. 2, pp. 97-106, 1994.

[Monheit 91] Monheit, g. and Badler, N. “A kinematic model of the human
spine and torso”, IEEE Computer Graphics & Applications, v.
11, n. 2, pp. 29-38, 1991.

[Phillips 90] Phillips, C. B., Zhao, J. and Badler, N. I. “Interactive real-Time
Articulated Figure Manipulation using Multiple Kinematic
constraints”, Computer Graphics, v. 24, n. 2, pp. 245-250, 1992.

[Phillips 91] Phillips, C. B. and Badler, N. “Interactive Behaviors for Bipedal
Articulated Figures”, Computer Graphics, v. 25, n. 4, pp. 359-
362, 1991.

[Whalley 92] Whalley, L. J. “Ethical issues in the application of virtual reality
to the treatment of mental disorders”, Proceedings of Virtual
Reality Systems, BCS, London, May 1992.

[Wilhelms 98] Wilhelms, J. Animal Modeling and Animation, WEB site at
http://www.cse.ucsc.edu:80/~wilhelms/fauna/index.html\                                                           


