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ABSTRACT

The animation of human figures is one of the major
problems in computer animation. A recent approach to this
problem is the use of dynamic analysis to compute the move-
ment of a human figure given the forces and torques operating
on the body. One of the main problems with this technique is
computing the forces and torques required for particular
motions. As a solution to this problem an interactive interface
to our dynamics routines has been produced. This interface,
along with a collection of low level motion processes, can be
used to control the motion of a human figure model. In this
paper both the user interface to our dynamics routines and the
motion processes that we use are described.
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1. Introduction

One of the more challenging parts of computer animation
is the animation of human figures and other articulated bodies
(for example, robots and animals). Over the past decade a
number of techniques have been developed for the animation of
human figures. These techniques vary from digitizing human
movement, to the development of kinematic models of human
motion. Recently the dynamic analysis of human motion has
been proposed as a way of animating human figures

[Armstrong and Green 1985a, Wilhelms and Barsky 1985].

Dynamic analysis has a number of advantages over other
approaches to human animation. Since this technique is based
on well known techniques from physics and robotics, it is capa-
ble of producing very realistic motion. The motion of the
human figure is controlled by forces and torques that are
applied to the limbs of the body. In most motions only a small
number of the limbs are actively involved, these limbs are called
the controlled limbs. The other limbs in the body either main-
fain the same relative position, or follow the motion of the
controlled limbs. The latter motion can be automatically pro-
duced by the dynamics software, therefore, the animator only
needs to specify motion information for the controlled limbs.
The small volume of information required to produce motion
could lead to human animation systems that are much easier to
‘use than existing systems.

There are two main problems associated with the use of

dynamic analysis for human animation. The first problem is
the amount of computer time required to compute the motion
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of the human figure. Traditional approaches to the computa-
tion of human motion require overnight batch runs for simple
animation sequences [Wilhelms 1985]. We have developed an
approach to the solution of the equations of motion that is sig-
nificantly faster than other techniques. This approach can pro-
duce near-real-time animation on commonly available
hardware. Some of our results in this area are described in sec-
tion 2.

The second problem is determining the torques and forces
required to produce a particular motion sequence. Animators
work in terms of body positions and complex motions, such as
walking and running. They have no experience with the
torques and forces required to produce the motion they want.
There are two parts to our solution to this problem. The first
part is the development of a number of low level motion
processes. These processes generate the torques and forces
required to produce particular types of motion. The second
part of the solution is an interactive user interface that allows
the animator to specify values for the parameters used by the
motion processes, or directly apply torques and forces to the
body while it is in motion. The animator can obtain immediate
feedback on the effects of changes in parameter values, or the
effects of torques and forces. Through this interface the ani-
mator is able to experiment with different ways of producing
motion, and develop a feel for how they can be used to pro-
duce the motion he or she wants. There is also the possibility
of producing canned motions that can be called upon by the
animator. These motions could be parameterized so they can
be customized to a particular situation. The work we have
done in this area is discussed in sections 3 and 4.

2. Near-Real-Time Dynamics

One of the main drawbacks to using dynamic analysis for
human animation has been the amount of computing required.
Some of the formulations of the equations of motion for
human figures and techniques for their solution are based on
the techniques developed in mechanical engineering for the
analysis of general linkages such as those found in machines.
The linkage structure of the human body is not as complicated
as the systems studied in mechanical engineering, where any of
the links in the mechanism could directly effect the motion of
any of the other links. This can give rise to a graph structure
for the links. On the other hand, the human body can be
viewed as a tree of links with no interconnections between the
leaves on different branches. This observation significantly
simplifies the equations of motion and allows for efficient solu-
tion techniques. This version of the equations of motion and
techniques for their solution have been described elsewhere
[Armstrong and Green 1985a,b]. At this point we will sum-
marize the results of this work.
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Two implementations of our solution of the equations of
motion have been produced. The first implementation is
designed to run on a single processor. This implementation is
written in C and currently runs on a DEC VAX 11/780, SUN
workstation, and IRIS workstation. The time required to com-
pute a motion sequence depends upon the inertias used for the
body parts. The step size required for a stable solution of the
equations of motion is proportional to the square root of the
values of the inertias. In our current implementation the iner-
tias are about a factor of 10 larger than those found in a
human body. This results in a computation time that is within
a factor of 3 to 10 of real-time depending on the complexity of
the figure and the complexity of the motion. The animation
produced by this implementation is fast enough to get a good
feel for the motion while the program is running. The other
implementation is designed to run on a network of processors
[Armstrong et.al. 1986]. Since the human body can be viewed
as a tree of limbs, subsets of limbs of the tree can be assigned
to different processors, and a large amount of the computation
can proceed in parallel. The results we have obtained so far
indicate that real-time animation could be produced by a net-
work of four SUN 3 workstations.

These results indicate that it is possible to construct a sys-
tem where the animator can manipulate the dynamics of a
human figure in real-time.

3. Control Strategies

Most human motion involves only a subset of the limbs in
the body. When the animator develops these motions he or she
will want to work with a small number of limbs at any point in
time. Controlling more than two or three limbs in real-time is
probably beyond the capabilities of most people. Thus, the
animation system should allow the animator to build up his or
her motion sequence on a limb-at-a-time basis. The main
problem with this approach is that when one limb moves, the
other limbs it is connected to are subjected to forces and
torques as a result of its motion. This is a natural result of
Newton's laws of motion. Some of these secondary motions
may be desirable. For example, when the upper arm moves the
animator will want the lower arm and all the limbs attached to
it to also move. Other secondary motions are not desirable. A
good example of this is when the figure reaches for an object
only the arm should move and not the body as a whole.

The solution to this problem can be based on the use of a
number of motion processes, which when added to the body
model guarantee reasonable behavior. These motion processes
are similar in function to the finite state automata used by
Zeltzer [Zeltzer 1982]. A number of features of human motion
can be handled by a collection of motion processes. Some of
these features are: maintaining the same relative position
between two connected limbs, balance, ground reaction, and the
performance of simple motions, such as reaches. The motion
processes can be divided into two basic categories; called limb
processes and global processes. A limb process is responsible
for the motion of only one limb. Each limb can have one or
more motion processes associated with it at any one time. The
number and types of motion processes on each limb are under
the control of the animator. The global motion processes
affect more than one limb. These processes are responsible for
motions that require global knowledge of the state of the body.
Examples of this type of process are balance and ground reac-
tion.

The motion processes described in the following sections
were motivated by the work that has been done in biomechanics
(see [McMahon 1984a] for a good introduction to some of the
relevant work). We have used biomechanics as a source of
ideas for controlling the motion of the body, we are not trying
to accurately model the human nervous or muscle systems.
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3.1. Limb Motion Processes

The human figure model consists of a number of links,
with each link representing a part of the body. The current
model contains 14 links (head, neck, upper body, lower body,
upper arm, lower arm, upper leg, lower leg, and foot). At the
proximal end of each link there is a three-degree-of-freedom
rotational joint connecting it to its parent. The upper body
link has three extra degrees of freedom representing the transla-
tion of the body with respect to the world coordinate system.
The current state of the model is given by the position of the
upper body and the three rotation angles at each joint.

There are nine parameters that can be used to control the
motion of each link. These parameters are the components of
the the internal torques (torques generated at the joints),
external torques (torques applied from outside of the body),
and external forces (forces applied from outside of the body).
Only the internal torques are used by the limb motion
processes. At any point in time there can be one or more
motion processes associated with each limb. Each of these
processes contributes to the internal torque that is applied to
that limb.

The motion processes are controlled by a joint informa-
tion table. This table contains one entry for each degree of
freedom in each joint. The table entry contains the state of the
degree of freedom and parameter values that are required by
the associated motion processes. The state is a bit vector that
specifies the motion processes that are currently associated with
that degree of freedom. There is one bit in this vector for each
motion processes. If the bit is set, the motion process can
affect that degree of freedom.

The motion processes are executed on each iteration of the
dynamics calculations. Each degree of freedom in each limb is
considered separately. At start of the processing for a degree
of freedom, its internal torque is set to zero. Then the state bit
vector is examined to determine the motion processes that are
to be executed. Each motion process uses the current state of
the link, plus its own parameters (stored in the joint informa-
tion table) to compute a contribution to the internal torque.
At the end of this process, new internal torques have been gen-

-erated for each limb in the model.

At the present time we are using four motion processes.
The first process, called free swing, is a null process that does
not contribute to the internal torque of the joint. This process
allows the joint to move freely (without any constraints) in the
degree of freedom it is attached to.

The second motion process, called friction, generates a
velocity dependent friction which is used to slow the limb down
when it is in motion. The friction in a joint is proportional to
the relative angular velocity of the limb with respect to its
parent. The constant of proportionality can be interactively
controlled by the animator. This model of friction agrees with
results from biomechanics [McMahon 1984a].

The third motion process, called the maintain process, is
used to maintain the relative angular positions between two
adjacent limbs. When producing a motion, the animator may
want only a subset of the limbs to move. The other limbs in
the body should stay in the same relative positions. This
motion process is used to achieve this goal. When using this
motion process the animator specifies a parameter, called
center, which is the desired angle between the limb and its
parent. The motion process maintains the angle between the
two limbs close to the value of center. The angle between
limbs cannot be clamped to the center value for two reasons.
First, this behavior is not realistic from a biological point of
view. Second, fixing an angle adds a constraint to the dynam-
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ics equations and would require reformulating the solution.
The following function, T(x), is used to determine the torque
applied to a joint given the angle, x, at the joint, and the
desired angle, center.

T(x) = a (exp(B(x—center)) — 1) if x > center (1)

-a (exp(B(center-x)) - 1), otherwise

- The parameters a and B, which can be set by the animator,
determine the strength of the torque applied at the joint. Ini-
tial values are supplied for center, a, and B that will maintain
the human figure in a standing position. The form of this
motion process is based on results from studies on muscle
dynamics [McMahon 1984a] [Hatze 1977].

The fourth motion process, called the simple move pro-
cess, is used to move a limb from one position to another. The
animator specifies the new angle between the limb and its
parent, and this motion process produces a smooth motion
between the current limb position and the new limb position.
When the new limb position is reached the maintain process is
invoked to maintain the new position. In order to move the
limb from its old position to its new position a sequence of
torques (one for each time step of the dynamics calculations)
must be applied to the joint. This sequence of torques must
satisfy two conditions. The first condition is that the torques
must be strong enough to move the limb to its new position.
The second condition is that the generated motion must appear
to be natural.

In order to satisfy the first condition we use expression
(1) to estimate the amount of torque required to reach the new
position (the new position is used as the value of center). If
this torque was applied to the joint, the limb would reach its
new position within one or two iterations of the calculations.
Time steps on the order of 0.01 seconds are usually used in the
dynamics calculations, therefore, the limb would move from its
original position to its new position in a small fraction of a
second. For most types of motion this change of position is
far too rapid. The torques produced by expression (1) are
unrealistic, but they do guarantee that the limb will reach the
new position, thus it is a good starting point for our calcula-
tions.

In order to produce more realistic motion we place two
constraints on the torque produced by expression (1). The first
constraint is that the torque cannot exceed a certain maximum
value (these values can be found in tables of maximum torques
for physical activities [Plagenhoef 1971]). The second con-
straint is that the rate of change of torque cannot exceed a
- maximum value (reasonable values for this parameter are scat-
tered in the literature). When these two constraints are applied
to the torques produced by expression (1), smooth motion is
produced in the first part of the action. The main problem
With this technique is that the motion does not slow down as
the final position is reached. Even with this problem the
results look fairly realistic.

The motion in the second half of the action can be
improved by decreasing the torque applied to the limb as it
approaches the new position. The angular mid-point of the
motion is fairly easy to determine (the average of the initial
and final angles). After this point the torque applied to the
limb should be decreasing. This can be achieved by setting the
- maximum torque to the torque value at the mid—point of the
action. At each iteration after the mid_point, the maximum
torque is decreased by the square root of the ratio of the dis-
tance from the current position to the goal, to the distance
from the center position to the goal. That is, we use the fol-
lowing expression:
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max t = center_t ((current - goal) / (half - goal)) (2)

where: center_t = the torque at the angular mid-point of
the action
current = current joint angle
goal = final joint angle
half = the mid-point of the action

The above expression seems to produce a smooth motion in the
second half of the action.

3.2. Global Motion Processes

The global motion processes use the states of several limbs
in order to control the global motion of the body. These
processes can generate torques and forces that are applied to
several of the body's limbs. At the present time two global
processes are used in our software. These processes maintain
the balance of the figure, and its reaction to the ground.

At the present time, a very simple approach is taken to
balancing the figure. First, the difference between the positions
of the top and bottom of the body is calculated. A restorative
force based on this difference is then applied to one or more
limbs of the body, depending upon the type of motion. This
technique can be used to keep the body in a standing position,
but in general it is too restrictive. A more realistic balancing
technique would be based on the limbs that are in contact with
the ground. Torques generated by these limbs could be used to
keep the body in balance.

One of the main problems with balance is that different
types of balance may be required for different types of motion.
In the case of diving and gymnastics, a balance process may
hinder the motion. Walking is based on falling forward
[McMahon 1984b], so an external balance process could make it
impossible for the figure to walk. In other motions, such as
reaching and lifting, balance is very important, so for these
motions a balance process must be used. This suggests that
either a sophisticated model of balance must be developed, or it
must be under the control of the animator.

The human figure must be able to react to any of the
objects it comes in contact with. The most common of these
objects is the floor or ground. In equilibrium the floor will
exert a force on the body equal to the body's weight. This
solution cannot be used in animation, since the motion of the
body will change the force applied to the floor by the body.
The approach that we have used is to monitor the position of
the body’s feet (or another points of contact with the floor).
A spring force is applied to the feet in order to keep the feet at
the floor level. This technique works as long as the feet stay
close to the floor. If the body is falling towards the floor, a
more sophisticated technique is required. The friction between
the feet and the floor must also be considered, otherwise the
feet will slide all over the floor. A good discussion of ground
reaction can be found in [Wilhelms 1985]. :

4. Software Architecture

The interactive animation system that we have developed
is divided into two main components, which are shown in fig.
1. The first component, called the front end, is responsible for
displaying the human figure model and interacting with the
user. This component of the animation system resides on an
IRIS 1400 workstation and is responsible for controlling the
animation system. The second component is the dynamic
analysis program. This program performs all the dynamics cal-
culations for the human figure model. The second component
can reside on the IRIS workstation, or on one or more of the
other processors on our local network.
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Fig. 1 Software Architecture

The two components of the animation system communi-
cate by sending packets over an interprocess communications
facility (either a pipe, or a socket in the case of an ethernet
connection). The front end invokes the back end process when
the user wants to perform dynamics computations. Upon invo-
cation, the dynamics program reads a start-up file containing a
number of parameters for the computation, and performs the
first step in the computation. At the end of the first step the
dynamics program sends a set of packets to the front end.
There is one packet in this set for each limb in the body, giving
its current joint angles. There is also a packet specifying the
current position of the root limb within the world coordinate
system. At this point the front end program responds with one
or more packets. These packets are used to change the state of
a limb, pass parameters for the motion processes, or specify a
torque or force to be applied to the body. The last packet in
this exchange is a Next_step packet sent from the front end to
the dynamics program. At this point the dynamics program
starts the next calculation cycle. This packet exchange ensures
that the front end and the dynamics program are always in
step.

A packet exchange need not occur at each time step of the
computation. The time step used in the computation is of the
order of 0.01 seconds. This time step is too fine for display
and the types of control we are using. Currently, the packet
exchanges occur every 0.05 seconds of simulation time. This

rate is sufficient for both display and control.

This division of the animation system into separate
processes has two main advantages. First, separating the
dynamics computations from the display and user interface
allows the use of either the single processor or distributed ver-
sions of the computations with the same user interface. In
other words, as far as the animator is concerned interacting
with the single processor and distributed version of the compu-
tations is the same. The only noticeable difference is the speed
of computation. This allows the animator to take advantage of
the available computing resources without changing his mode of
operation. Second, the use of separate processes allows several
people to work on the project-without interfering with each
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Fig. 2 Screen Layout
other.

The screen layout for the front end is shown in fig. 2.
The display screen is divided into three main sections, called the
figure display, main menu, and motion menu. The figure
display is used for displaying a graphical representation of the
human body. The human body is represented by a three
dimensional polygon model, with four to six polygons defining
each of the limbs. Each of the polygons in a limb has a dif-
ferent colour facilitating the identification of the different sides

of the figure. This type of model allows us to display the"

human figure at a rate of 14 frames per second.

The main menu contains a collection of commands that
can be invoked when the dynamics computations are not being
performed. The commands on this menu are used to change
the eye position, record the motion produced by the dynamics
routines, start the dynamics computations, playback a motion
sequence that has been previously computed, save a motion
sequence on a disk file, and retrieve a previously computed
motion sequence from disk.

Once the dynamics computations have been started they
can be interrupted in two ways. If the user presses one of the
mouse buttons, the dynamics computations are suspended at the
next packet exchange, and control is transferred to the main
menu. The dynamics computations can be restarted by select-
ing the dynamics command from the main menu. This facility
allows the user to change the eye position, or record parts of
the motion while the computations are in progress.

The other way of interrupting the dynamics computations
is to move the mouse into the motion menu area. At this point
the cursor changes shape, and the user can select one or more
commands from the motion menu. The motion menu contains
the name of each joint in the body and the name of the
parameters for the motion processes. In order to change a
parameter value for a motion process, the user selects the joint
and parameter name from the menu, and then selects the value
command. At this point the user is prompted for the new
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value for the parameter. Similarly the user can change the
~ state of any of the limbs in the body. When the user is fin-
ished modifying the motion processes, he or she can move the

- mouse into the figure display in order to resume the computa-
tion,

This user interface has three main advantages over batch
dynamics computations. First, at any point in the computation
the user can suspend the computation, and then playback (in
real-time) the motion sequence that has been produced. This
allows the user to terminate computations that are not produc-
- ing the desired motion before the end the the motion sequence.
This saves both animator and machine time. Second, the ani-
mator can interactively change the motion as it is being com-
puted. This allows the animator to react to the motion of the
human figure, and frees him from precisely timing the move-
ments of the figure. Third, the near-real-time computation of
the motion allows the animator to experiment with different
types of control strategies.

5. Summary

In this paper we have reviewed some of the work that has
- been done on applying dynamic analysis to the animation of
human figures. We have also summarized the work we have
done on producing efficient algorithms for solving the equa-
~ tions of motion and their implementation in both a single pro-
cessor and multiple processor environments.

- The significant new material in this paper is the discussion
~ of automatic motion processes for controlling the human figure
and the interactive system that we have developed for human
figure animation. This interactive animation system allows the
animator to take advantage of the power and flexibility of the
new dynamic analysis techniques.
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