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Abstract

In this paper we describe a dynamic model and con-
trol system for a human platform diver. The dynamic
model is a 38 degree-of-freedom rigid body model with
dynamic parameters similar to those given in the liter-
ature for humans. The control system uses a state
machine, algorithms for balance, and proportional-
derivative servos to balance the model on a 10 me-
ter platform, to generate the angular velocity for the
dive, and to perform the maneuvers required during
the dive. The motion of the simulated divers closely
resembles video footage of dives performed by human
athletes. The control and simulation techniques pre-
sented 1n this paper will be useful for analysis of sports
performance and to as a source of realistic motion for
synthetic actors.

Introduction

Capturing the nuances of human motion in animation
1s a difficult problem with traditional or computer an-
imation techniques. If the motion or appearance of an
animated human is unnatural, the audience will find
the motion unappealing. Because of the subtleties of
human motion and the high standards we apply to the
appearance of animated humans, we do not yet have
natural and realistic computer animations of many hu-
man behaviors.

One potential solution to this problem is simulation
and the human motion described in this paper was gen-
erated using a rigid body simulation. Dynamic simu-
lation yields motion that is physically correct within
the limits of the simulated model because the model
takes into account the mass, inertia, and physical laws
affecting the motion. Physically correct motion is not
necessarily natural-looking motion and dynamic simu-
lation alone will not provide motion for an active sys-
tem, such as a human, with an internal source of en-
ergy. For active systems, control algorithms are used

Figure 1: Graphical image of the diver in the flight phase of a
backward 1-% somersault pike with £ twist.

to compute the torques that should be applied at the
joints to cause the model to perform the desired task.
To produce natural-locking motion, the control algo-
rithms must mimic those used by humans and avoid
excessive torques, extraneous motions, and other arti-
facts that will make the motion appear unnatural.

Dynamic simulations, coupled with control systems,
allow an animator to control the action of human mod-
els in a high-level and intuitive fashion. With simula-
tion, the motions of individual body parts are com-
puted using the equations of motion and the joint an-
gles do not have to be individually specified. One
potential disadvantage of using dynamic simulation is
that the animator no longer has explicit control over
the absolute location of the joint angles at any given
point in time, and therefore is unable to influence the
subtleties of the motion directly.

This paper discusses the simulation and control of
a human performing several 10 meter platform dives.
The dives performed by the animated human are an
inward 1~% somersault pike, a reverse 3-% somersault



tuck, and a backward -4 somersault with 1 twist (fig-
ure 1). In this paper, we focus on the ge‘neration of
a physically realistic, dynamic simulation of a human
and on the development of control algorithms for div-
ing. The next section presents related research from
areas that provide the foundation for this work. The
third section describes the methods used to generate
and control the simulation. A discussion of the model
and the results we obtained is presented in the last
section.

Background

Three areas provide material relevant to the simulation
of diving. Results from robotics and control theory
have allowed the construction of robots that perform
a variety of different tasks and the results provide in-
sight into possible control algorithms for a diving hu-
man. The biomechanics literature contains studies of
the dynamic properties of the hurnan body as well as
analysis of the techniques used for various aerial ma-
neuvers. The computer graphics community has ex-
plored many of the problems inherent in modeling and
animating humans in a realistic fashion.

Robotics

Research in the area of robotics has focused on the
construction and control of mechanical systems. Al-
though a robot with the degrees of freedom of a hu-
man body has not yet been built, the methods and
techniques used in controlling actual robots in the lab-
oratory are applicable to the simulation of more com-
plex systems. Raibert and his colleagues built a se-
ries of running machines that performed a number of
dynamic tasks. They developed one, two, and four-
legged robots that run. walk. hop, change gaits, and
climb stairs (Raibert 1986; Hodgins 1991; Hodgins and
Raibert 1991). Of this research, the control algorithms
that allowed planar and three-dimensional two-legged
robots to perform somersaults are the most relevant to
diving. (Hodgins and Raibert 1990; Playter and Raib-
ert 1992). To initiate a somersault, the machine runs
forward, thrusts with both legs, and pitches the body
forward using the hip actuators. The robot shortens
its legs during the somersault to increase angular ve-
locity. The robot lengthens its legs to land, lands on
both feet, and continues running. The somersault is
similar to a dive in that the creature must apply forces
to the ground to generate the needed angular momen-
tum for the ballistic part of the maneuver and the con-
trol techniques for the divers build on the control ideas
developed for the somersaulting robots.

Murthy and Keerthi (1993} present an optimal con-
trol system for a two-dimensional, four degree-of-
freedom diver. They formulated a time-optimal control
problem using state and control constraints and used
a numerical approach to compute the solution. The
simulated diver performed both forward and backward
somersaults. Solutions required about 10 minutes of
computation on an Intel 486-based machine.

Biomechanics

Biomechanics is concerned with the study of human
performance as related to the mechanical systems of
the body. One area of research is concerned with the
techniques and methods used by humans in performing
aerial maneuvers. Results from this research provide
insight into possible techniques for simulating the hu-
man diver. Yeadon and his colleagues analyzed human
movemment by recording the three-dimensional motion
of aerial maneuvers with high-speed film cameras and
digitizing the resulting footage (Yeadon 1990; Yeadon,
Athia, and Hales 1990). Yeadon also developed a dy-
namic model of the human body and a simulation sys-
tem for aerial maneuvers. Yeadon’s system used in-
verse dynamics without a control system, in contrast
to our diving simulation which uses forward dynamics
with a control system. The data from film capture for
three test subjects compared favorably with Yeadon’s
simulation.

For many years, researchers have debated how cats
tand on their feet and how humans perform certain
free-fall aerial maneuvers. Frohlich presents an excel-
lent discussion of the techniques used by humans for
aerial maneuvers (Frohlich 1979). He describes the
physical characteristics of divers and dives and uses
this as a basis for describing different techniques for
initiating somersaults and twists. Through simulation
and informal human experiments, he demonstrated
how humans can perform somersaults and twists us-
ing torque generated by pushing on a platform and
also showed how they can perform similar maneuvers
with no angular momentum from the platform.

Computer Animation

Animation of human motion has long been a major
focus of research in the graphics community. Girard
(1987) developed models of articulated figure motion
using a hybrid kinematic/dynamic approach. The
overall position and trajectory of the body was mod-
eled dynamically, but the position of each limb was
controlled kinematically. Wilhelms (1987) also devel-
oped dynarmic simulations of articulated human fig-
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Figure 2: A diagram of the animation system used for the dy-
namic simulation of human models. The user controls the an-
imation by providing parameters for the control system, such
as the amount of twist during lift-off. The control system uses
this information to compute a torque for the integrator. The
equations of motion are used to compute the acceleration for a
given torque and state of the system. The integrator computes
the velocity and position at the next time step by integrating
the acceleration. The system state is then used to draw the
graphical image and provide feedback for the control system.

ures, using user-specified torques at each joint to pro-
vide control.

The Jack system developed by Badler and his col-
leagues incorporates kinematic and dynamic models of
humans based on data collected by NASA (Badler et
al 1993). The system allows the body to be positioned
interactively and has several built-in behaviors includ-
ing balance, reaching, grasping, and a walking behav-
ior that uses a simplified dynamic model. In addition,
they developed a model of human motion based on the
strength profiles for a range of motion corresponding
to each joint (Lee et al 1991). Jack has been used
extensively for ergonomic analysis and human factors
engineering.

Magnenat-Thalmann, Thalmann, and colleagues ex-
plored methods for simulating and rendering realistic
representations of human figures. They focused on fa-
cial animation, animation of clothing and hair, and
skin deformation (Magnenat-Thalmann 1989; Carig-
nan et al 1992; Magnenat-Thalmann and Thalmann
1990: Gourret, Magnenat-Thalmann, and Thalmann
1989).

Simulation of Human Diving

The systemn used to create the animations of a diving
human consists of the equations of motion for a rigid
body model of a human, contrel algorithms for diving,
a graphical display for viewing the motion, and a user
interface for changing the parameters of the simulation
(figure 2). The user directs the simulation by speci-

Figure 3: The controlled degrees of freedom of the human model.
There are fourteen joints and the diagrams shows the number
of degrees of freedom at each joint. The direction of the ar-
rows indicate the positive direction of rotation for each degree
of freedom. The polygonal model was obtained from Viewpoint
Datalabs.

fying desired characteristics for the dive. For exam-
ple, the animator might specify when and how tightly
the diver should bend at the waist. At each simula-
tion time step, the control system computes torques
for each joint based on the state of the system and
the requirements of the task. The equations of motion
of the system are integrated forward in time, and the
resulting motion is displayed using a graphical model
and recorded for later use. The details of the human
model and control system are described below.

Model

The human is approximated by a rigid-body model
consisting of 15 segments connected by rotary joints.
Some joints, like the knee, are modeled as a single
axis pin joint, others are modeled by two and three
axis gimbal joints. The volume. mass, center of mass,
and moments of inertia are calculated from a polygo-
nal representation of the human body (figure 3). The
algorithm used to calculate the properties of the polyg-
onal model integrates technique over the set of tetra-
hedra formed by the triangular faces of the model and
the origin. (Lien and Kajiya 1984). Density data ob-
tained from anatomical literature was used in calcu-
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Figure 4: A back-flip can be performed by a human with no
angular velocity by moving the limbs of the body in the order
shown in this diagram.

lating the dynamic properties of the body segments
(Dempster and Gaughran 1965). The densities can be
found in table 1, and we assume that the density of
each body part is uniform. The mass of the dynamic
model, computed using the polygonal model, is similar
to measurements from cadavers (Dempster and Gaugh-
ran 1965). We also tested the dynamic accuracy of
the model by making it perform a back-flip maneuver
without the presence of angular momentum (Frohlich
1979). The back-flip caused our model to rotate 70°
while Frohlich’s model performed an 82° back-flip (fig-
ure 4).

The graphical image used to monitor the behavior
of the model is shown in figure 1, the parameters of
the model are given in table 1, and the degrees of free-
dom of the joints are shown in figure 3. The equations
of motion were generated using a commercially avail-
able package, that generates subroutines for the equa-
tions of motion using a variant of Kane’s method and a
symbolic simplification phase (Rosenthal and Sherman
1936).

The dynamic interaction of the diver’s feet with
the platform is modeled using three-dimensional con-
straints. Each dive involves either two or four pomts of
contact for each foot, depending on whether the ball of
the foot or both the ball and the heel are on the plat-
form. The acceleration of the contact point of the foot
with respect to the platform is the constraint error.
The forces computed with the constraint matrix are
applied to the foot at the point of contact. The pen-
etration of the foot into the platform and the velocity
of the foot relative to the platform are used to stabilize
the constraint equations using Baumgarte stabilization
(Baumgarte 1972). To allow the feet to leave the plat-
form, the force is applied to the foot only when the
foot has penetrated the platform a specified amount
and the velocity of the foot is in the same direction as
that of gravity. Friction is infinite in this simulation,
so the diver cannot slip on the platform.

In addition to using constraints for contact with the

Link | Density | Mass Moment of Inertia
(g/cm®) | (kg) (z.y. = kgm?)

Head 1.1708 5.89 0.030 0.033 0.023
Torso 1.0088 | 29.27 0.73 0.63 0.32
Pelvis 1.0297 | 16.61 0.23 0.18 0.16
Upper Leg 1.0401 8.35 0.15 0.18 0.025
Lower Leg 1.0789 4.16 0.055 0.056 0.007
Foot 1.0664 1.34 0.0018 0.0075 0.0070
Upper Arm 1.0676 2.79 0.025 0.025 0.0050
Lower Arm 1.1015 1.21 | 0.0050 0.0054 0.0012
Hand 1.0696 | 0.551 0.0016  0.0020 0.0005

Table 1: Parameters of the rigid body model of a human. The
moment of inertia is computed about the center of mass of each
link. The densities are given in Dempster and Gaughran (1965).

Link COM to Proximal COM .to Distal
(z,y,zm) (z,y,z m)
Torso to
neck 012 0 .32
Torso to
waist 012 0o -.22
Torso to
shoulder -.048  +.164 12
Head -.009 0 -.064
Pelvis 023 [ 103 005 +.098  -.11
Upper Leg | 024 _£.006  .120 | -.052 _*£.019 -1
Lower Leg 005 +.019 165 | -.002  £.009  -.25
Foot -.046 £.009 048
Upper Arm | -.0002 £.038 120 | -.005  £.036  -.17
Lower Arm -.025  £.007 .090 012 +£.014  -.11
Hand -.026 0 0835

Table 2: The distance from the center of mass of each link to the
distal and proximal joints in =, y, and z. The positive distance
along the Y-axis refers to a location on the left side of the body,
while a negative distance refers to the right side.

platform, constraints are also used by the somersault-
ing diver to achieve a tight tuck. For the somersaulting
dive, the diver pulls his legs to his chest with his hands.
A distance constraint is used to constrain the diver’s
hands to his knees. Much like the platform constraint,
the relative acceleration of the hands and knees are
used to compute the force that should be applied to
each body. The force applied to the hands is equal
and opposite to that applied to the knees.

Control of Diving

To perform a platform dive, a human must take differ-
ent control actions during the different phases of the
dive. For example, during somersaulting dives divers
first bend their knees and push from the platform with
their feet. Once a diver is in the air he or she will pike
or tuck at the waist to perform the somersault. Fi-
nally before entering the water divers will straighten.
placing their arms over their head. We reproduce this
behavior in simulation by using a state machine to se-
lect the type of control needed for each phase of the




[ State [ Inward 1-1 somersault l Reverse 3-4 somersault Backward 1-3 twist
Compression Prepare for jump: Prepare for jump: Prepare for jump:
Bend at Knees +Y Bend at Knees +Y Bend at Knees +Y
Bend at Hips -Y Bend at Hips ~Y Bend at Hips -Y
Swing Arms behind Back Swing Arms behind Back
Decompression | Jump from platform: Jump from platform: Jump from platform:
Bend at Waist ~Y Bend at Waist +Y Bend at Waist +Y
Twist at Waist +2Z
Straighten Hips Straighten Hips Straighten Hips
Straighten Knees Straighten Knees slightly Straighten Knees
Swing Arms down Swing Arms over Head Swing Arms forward
Extend Ankles Extend Ankles Extend Ankles
and push off platform and push off platform and push off platform
Flight1 Perform pike: Perform tuck: Perform twist:
Bend at Hips ~Y Bend at Hips -Y
Bend at Waist -Y Untwist at Waist —Z
Bend at Knees +Y Twist at Waist +X
Bring Arms down to Knees Bring Left Arm over Head
Bring Right Arm across Chest
Flight2 Perform tight tuck: Perform pike:
Constrain Hands to Knees Bring both Arms to Sides
Untwist at Waist ~X
Bend at Waist -Y
Bend at Hips -Y
Entry Prepare to enter water: Prepare to enter water: Prepare to enter water:
Straighten Hips Straighten Hips Straighten Hips
Straighten Knees
Straighten Waist Straighten Waist
Swing Arms over Head Swing Arms over Head Swing Arms over Head

Table 3: The state machine determines which control laws should be in effect to perform the specified task at each phase of the dive.
The axis of rotation of a joint correlates to figure 3. Figure 5 shows an image sequence for each dive in this table.

dive. The main phases of the dive are Compression,
Decompression, Flight1, Flight2, and Entry. While the
basic phases are common to all dives, different dives
will require different control actions at each phase. For
example, during the Flight! phase. a twisting diver
will activate control actions to twist at the waist, but
a somersaulting diver will bend at the waist instead.
The transitions are based upon a global clock that is
initiated at the start of the dive.

The control laws for the three dives are presented
in table 3. In the Compression phase the simulated
diver bends his knees, hips, and ankles in preparation
for the dive. In the Decompression phase, the diver
straightens his hips and knees, while pushing off the
platform with his ankles. During Decompression the
arms swing to generate the appropriate angular veloc-
ity for a twisting or somersaulting dive. In Flight! and
Flight2 the diver performs the desired maneuver. The
Entry phase occurs when the diver straightens, puts
his arms over his head, and enters the water.

During the dive, multiple levels of control are active.
For example, during lift-off three levels of control are
active. The highest level of control is the state machine
that detects the time-based transition from Compres-
sion to Decompression. The middle level of control
maintains balance by setting the desired position of

the ankle proportional to the position of the knee:
ankleyy = ankleynom + 0.2kneeyy

where ankleyy is the desired angle about the Y-axis
for the ankle, ankleynom is the nominal position of the
ankle, and kneeyy is the desired angle about the Y-
axis for the knee. The lowest level of control positions
each joint at its desired position using a proportional-
derivative servo:

T = I\'p(éd - O) + /"qu;

where 7 is the torque computed for the joint, ¢ is the
joint location, ¢4 is the desired joint location, and ¢ is
the joint rotation rate. The gains of the proportional-
derivative servo, k, and k,, were chosen empirically
(table 4). The desired values are smoothed by using
trajectories to go from the current desired value to the
newly computed desired value. Eliminating large step
changes in the desired values reduces the jerk seen in
the simulated motion.

We simulated three different dives using this control
framework. The inward 1-—,_1,- somersault pike is the least
difficult dive to perform, because the somersault does
not require a large angular velocity and the diver has
a large window of time to prepare for entry into the



A sequence of images from the three simulated dives. The inward 1-1 somersault pike is on the left, the backward 1-1

somersault pike with 4 twist is in the center, and the reverse ! —% somersault tuck is on the right. Each image in each sequence is

separated by 0.5 seconds in time. In the reverse 3-1 somersault tuck the diver is at the beginning of each somersault in frames 3, 4,

Figure 5

and 5.



Joint Proportional Derivative
x,y,z Gain x,¥,2 Gain
NeckP>T 30 30 30] 3 3 3
Waist>1 450 450 450 | 30 50 30
TWaists (flight) 150 600 450 | 30 50 30
Waist~ (entry) 450 450 450 | 30 50 30
Waist? (Aight) 450 600 1000 | 30 50 100
HipT~7T 100 200 40 | 10 20 4
Hip® (flight) 100 200 70 ] 10 20 7
Hip= (entry) 100 100 70 | 10 20 7
Hip? (fAight) 200 100 200 | 20 20 20
Kneef =1 400 20
Kneel ™ (decomp) 900 20
Kneel (decomp) 600 20
Ankle?>T 200 200 20 3 7 1
Shoulder 57 60 60 77
Shoulder~ (flight) 80 100 8 8
ElbowT~T 40 20 4 1
Wrist?o7 10 1 1 0.1

Table 4: Gains used for the proportional-derivative servos on
each joint. For some joints, the gains depend on the type of
dive and state of the system. The superscript P denotes a 1—%
somersault pike, S denotesa 3-% somersault tuck, and T denotes

a 1-1 somersault with % twist. The gains for the waist and hip

increase to allow the diver to perform the specified maneuver.
Also note the shoulder increases gain for the somersault, so they
can pull the knees to the chest in the flight phase.

water. Graphs of the angular velocity for this dive are
shown in figure 6. The graph shows that the angular
velocity for the inward 1-+ somersault pike rises slowly,
remains nearly constant for the duration of flight and
then drops upon entry into the water. An image se-
quence of this dive is shown in figure 5.

The second dive 1s a reverse 3—% somersault tuck.
This dive is more difficult than the 1-1 somersault be-
cause the required angular velocity is much larger and
a very tight tuck is required during the flight phase
to achieve such a high angular velocity. Human divers
use their hands to pull their knees close to their chest
and we used the constraints mentioned earlier to attach
the hands of the simulated diver to his knees. The con-
straints allowed the simulation to achieve the inertial
configuration needed to generate the high angular ve-
locity for this dive. A graph of the angular velocity
about the somersaulting axis for this dive is shown in
figure 6. The graph shows that the rotation for this
dive is in the opposite direction from that needed in
the inward and backward dive. The data also shows
that the 3-% somersault requires much more angular
velocity than the other two dives. An umage sequence
of this dive is shown in figure 5.

The backward 1-1 somersault with & twist was the
most difficult dive to control because it involved rota-
tions about multiple axes. However, this dive is rated
as an easier dive for humans than the 3»:}; somersault

25
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Figure 6: Graphs of the angular velocity about the somersault-

ing axis for all three dives. The 3-4 somersault is represented

by a solid line, the 1-4 somersault by a dotted line, and the %

twist by a dashed line.

because the rotation rate is lower. This dive requires
the generation of twisting torque at lift-off, and the
transferal of angular velocity about the twist axis to
angular velocity about the somersaulting axis. The
technique used to transition from a twist to a somer-
sault is presented in Frohlich (1979). Divers having
non-zero angular momentum and performing a somer-
sault about the X-axis can initiate a twist by throwing
their left arm down and their right arm up. This mo-
tion results in a counterclockwise rotation of the diver
about the Y-axis. This rotation causes a twisting mo-
tion about the Z-axis because the diver’s principal axes
of rotation are no longer aligned with their angular mo-
mentum axis, so the angular velocity vector now has
components along both the X and Z-axis. Figure 7
shows a diagram of this technique, and figure 8 shows
the rates of rotation about all three axes and the loca-
tion of the diver over time for the twisting dive. The
location of the center of mass follows a parabola be-
cause the diver is falling under the influence of gravity.
The graphs of the location of the center of mass for
the other two dives look very similar, except the diver
skews in the Y direction more during a twisting dive.
The graph of the angular velocity shows that the an-
gular velocity is highest about the twisting axis during
the first half of the dive, but decreases as the angular
velocity about the somersaulting axis increases. Fig-
ure 8 also shows the movement of the hip and waist.
The dashed line indicates the desired value for the joint
computed by the control system and the solid line in-
dicates the actual motion of the joint.

Discussion

Images of the backward 1-1 somersault with £ twist,
performed by a simulated diver and a human diver. are
shown in the image sequence in figure 9. Each simu-
lated dive was compared to video footage of Olympic
athletes performing the same dive by compositing the
simulated dive and the actual dive side by side on video
and synchronizing the dives at the point in time when
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Figure 7: As a somersaulting diver brings one arm over their
head and one arm to their side they induce a rotation about the
Y-axis. If the diver had non-zero angular momentum, a twist
would be induced about the Z-axis in order to conserve angular
momentum. Because the rotation of §, their body-local X-axis
is no longer aligned with the angular momentum axis and their
body begins to twist.

Somersault

both divers entered the water. The simulated diver
does not perform the dive in exactly the same manner
as the real athlete because he leaves the platform more
quickly, but takes more time to transition from twist
to somersault. The simulated diver and human diver
perform the pike and entry phases in a similar fashion.

Despite the natural-looking motion achieved with
the model of the diver, many simplifying assumptions
were made in the model. We assumed that air re-
sistance was negligible and did not apply drag to the
body as 1t fell through the air. While not correct, this
assumption does not affect the motion of the diver sub-
stantially because they fall at a maximum velocity of
15 m/s aud at that velocity air resistance does not slow
the diver significantly (Van Gheluwe 1981). We also as-
sumed that the density of each body part of the human
mode] was uniform and that the joints were simple rev-
olute joints. Despite the assumption of uniform density
the moments of inertia are similar to human data from
Dempster and Gaughran (1965). The assumption of
simple revolute joints does influence the motion how-
ever, and a more accurate model of the shoulder and
spinal column, such as those used in the Jack system
(Badler 1993), would make the motion look more nat-
ural.

Joint range limitations and strength considerations
were not taken into account in our model. The force at
each joint comes from a torque source placed at that
Joint and this simplification could result in a simulated
human that is stronger or faster than a real human.
If the gains on the control system are too high, the
resulting motion will be unnatural. For example, a
dive might be performed that met the specifications, in
that the diver tucked, opened, and entered the water
vertically, but the performance might lack the grace
and style of a human one. Although the accuracy of
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Figure 8: Graphs of the location of center of mass, angular veloc-
ity, and selected joint motion for the :1; twist dive. The dashed
lines in the last two graphs represent the desired location of a
joint, and the solid lines represent the actual location.

this simulation is sufficient for computer animation,
other applications such as sports performance analysis
may require additional accuracy.

The graphical representation of a human influences
the observer’s perception of the motion. For example,
when motion capture data of walking is played back
as a serles of light sources at each joint, the resulting
animation gives observers the impression of a human
walking (Johansson 1973). However mapping the same
data to a polygonal approximation of a human body
raises the audience’s expectations and allows them to
see more of the motion. Now the audience has a better
understanding of motion of the model, and if the mo-
tion capture data is inaccurate, then the motion will
look less realistic.

A similar effect occurs when we increase the realism
of the polygonal representation of the simulated diver.
Although the rigid body motion is similar to that of
a human diver, our simulation is missing the subtle
secondary motion of subsystems of the human body,
such as clothing and hair moving in response to the
motion of the human body and skin moving in response
to muscle contraction. The physical appearance of our



Figure 9: A sequence of images of a simulated diver and a human diver performing a backward 1-1 somersault pike with % twist.
Each image is separated by 0.5 seconds in time. The size of the splash is a major consideration in the performance of the dive. This
simulation integrates the motion of the diver and a simulation of splashing fluid (O’Brien and Hodgins 1994).



model could be improved with the introduction of a
flexible torso, muscle, skin, hair, and clothing, all of
which will require additional physical models.

The control system described in this paper works
well for the three 10 meter dives. Development of ad-
ditional dives would require the specification of control
actions for the new dives. For example, a 10 meter in-
ward 2-1 somersault pike would require generation of
more angular velocity than the l-% somersault and the
actions for each phase would have to be revised.

The control system would have to be tuned for a
model of a human with different dynamic parameters.
A control system that took action to adjust the amount
of rotation during flight would make the diving control
system more robust to changes in the dynamic model.
A control system that alters rotation during flight in
somersaulting robots was developed by Playter and
Raibert (1992) and could be adapted to diving. How-
ever, the sensor requirements for such a control system
might exceed the perceptual information available to a
human performing diving maneuvers.

Development of a diver that makes a running ap-
proach would require significant work because a sepa-
rate control system for running would have to be in-
tegrated into the diving simulation. Diving from a
springboard would require the simulation and integra-
tion of a flexible beam into the simulation. Both ad-
ditions would also require the development of control
algorithms for running, walking, and balancing on flex-
ible surfaces.

Diving is a dynamic, acyclic behavior with distinct
phases and the control system we designed reflects
these properties. Cyclic behaviors like running may
require more sophisticated control algorithms because
of the need to repeat the pattern with little variation
on each cycle (Hodgins 1994). Other human behaviors
such as grasping an object or reclining in a chair are
acyclic and do not rely as heavily on the dynamics of
the system. The state machines described in this paper
are less likely to be useful for tasks of this nature.

If dynamic simulation of human motion is to be use-
ful in virtual environments and sports training, the
simulations must run in real time. Current worksta-
tion graphics hardware can render complex models at
the interactive rates needed for virtual environments,
but workstation class machines cannot calculate the
dynamics of a high degree-of-freedom human model in
real time. Qur simulation of the human diver with 38
degrees-of-freedom and 24 constraints runs 40 times
slower than real time, without graphics, on a Silicon
Graphics Onyx with a 150 MHz R4400 processor. We
define real time to mean that simulation time ecuals
the time elapsed on a wall clock. With the current rate
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of increase in speed of workstation hardware and re-
search into faster or parallel dynamics algorithms, the
simulation of a realistic rigid body model of a human
should run in real time within a few years.

Realistic simulation of human motion will be use-
ful in entertainment, virtual environments, and also
has the potential to be useful in athletic performance
and human motion studies. Currently, virtual actors
are used mainly in entertainment and many examples
of their use can be seen in the film, video game, and
amusernent park industries. Another promising appli-
cation of techniques for generating realistic human mo-
tion 1s in the area of athletic performance. When ana-
lyzing a particular motion, athletes and coaches would
be able to change parameters in a physical simula-
tion of a human performing their sport. This ability
would allow athletes, who might not understand how
the motion of a particular body part will affect their
performance, to experiment and ask questions such as,
“What if T tucked tighter in this dive?” Interactive
simulations could give both coaches and athletes bet-
ter intuition about the physics involved in their sport
and could lead to improved human performance.
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