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Abstract. This paper describes a fast technique for modifying human motion se-
guencesin a way that preserves physical properties of the motion. Reference mo-
tion may be obtained from any source: motion capture data, keyframed motion,
or procedurally generated motion. We show that by deriving a simplified control
systemfrom motion data onlywe are able to modify the motion in a physically
realistic way at nearly real-time speeds, because we can scale and modify the
simplified system directly. To demonstrate the effectiveness of this approach, we
animate running motion for a variety of characters over a range of itief.c
Results can be computed at several frames per second.

1 Introduction

If animated characters in virtual environments are to be believable, they must exhibit a
high level of adaptability in the performance of motion tasksc@&use high quidy mo-

tion is expensive to generate, it is important to make the best use of motion we already
have. Much effort has been spent investigating how existing motion can be modified to
fit new situations. Current approaches include motion interpolation, constrained opti-
mization, and use of a control system.

One difficulty with many current approaches to motion warping is the effort required
on the part of the designer or animator to precisely define the task or behavior. For
example, when a control system is created, task information is embedded within that
control system, and the burden lies with the designer to make it very general. In a
constrained optimization approach, the user must specify a set of constraints and an
optimization function that adequately describe a task. Choosing a good set of constraints
and a good optimization function is a difficult problem, ardent research has focused
on techniques that allow this information to be interactively modified.

This paper explores an alternative representation of a task that provides fast perfor-
mance and may be easier to specify. A task is defined based on the simplest machine
capable of performing the activity. Simple machine analogies are used to scale a run-
ning motion to new characters, change a character’s running velocity for steady state
running, and allow a running characteraccelerate and decelerate (see Appendix).

To achieve fast performance, we give up complete physical realism — the resulting
motion is only guaranteed to reflect the physically correct behavior that is captured
in the simple machine approximation. We will show, however, that the quality of the
results compares favorably to results from previous work in scaling an entire control
system to new characters [6]. The advantages demonstrated in the current paper are
vastly improved computation speed and an ability to make a greater variety of changes
to the original motion.
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2 Background

A variety of techniques have been used to alter existing motion, including interpola-
tion, constrained optimization, and dynamic scaling of control system parameters. Tech-
niques such as inverse kinematics may also be used to modify motion while meeting
constraints such as maintaining balance [13][8]. Interpolation or blending of joint angle
curves can be used when many examples are available (e.g. [17][3][15]). The main ad-
vantage of working with joint angle curves is speed. The motion must be postprocessed,
however, to avoid constraint violations, and the results may not be physically plausible.

If only a single reference motion (or no reference motion) is available, constrained
optimization may be used. An optimization approach that involves forward simulation
can create physically plausible results, as in [20][12]. The main disadvantage of this ap-
proach is the time required to perform optimization over a large number of degrees of
freedom. Popowdand Witkin's [12] work is the most similar to that presented here, be-
cause it uses a simplified version of a human character to make the computational prob-
lem tractable. Their approach still requires minutes to generate a new motion, however,
because forward simulation is required to evaluate a pointin the search space. Optimiza-
tion need not involve forward simulation, as in [3][5][18]. Many of these approaches
are fast enough to support interactive modification of constraints by an animator. They
achieve good time performance by avoiding forward dynamic simulation within the
optimization loop, but give up guaranteed physical realism as a result.

If a control system is available, some amount of flexibility will be designed into that
control system. Full and partial dynamic systems have been used to animate complex
figures since at least the mid-80's [4][2][14][16][7][9]. Creation of robust and flexible
control systems has consistently proven difficult, however, and the animator or program-
mer must have extensive knowledge about the details of the behavior. Control system
parameters can be dynamically scaled to obtain additional flexibility, as in [6]. This ap-
proach works over a limited range of characters, however, and it requires a great deal
of time, because it includes a search that must be performed over high-level control
parameters.

In this paper, we build on the dynamic scaling approach of [6], but work with ap-
proximations of the full human system to make scaling tractable. We also work only
with the reference motion data, not the full control system, to make the results applica-
ble to other motion sources such as motion capture and keyframed data. We show that it
is possible to maintain physical realism for the most important characteristics of a task,
while avoiding much of the search required in other approaches, so that a user can vary
parameters such as the character geometry, character scale, and motion velocity and see
the effects at interactive speeds.

3 Approach

To modify a motion sequence, we follow the process outlined in Figure 1. The only
inputs required are a reference motion, a description of the character (with minimal
information about physical properties), and the requested modificationsefienence

motionconsists of joint angles and body root position over time, and can come from
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Fig. 1. (Left) Block diagram of the scaling process. (Right) The task model for running is a point
mass. Force is applied along the line from the stance foot to the mass point.

any source, including motion capture or keyframed motion. dftegacter description
consists of joint locations, degrees of freedom, and physical parameters. The only re-
quired physical parameters are the total mass and center of mass locagantfoody

part (e.g. the lower leg). Theser-specified adjustmerdan be a new character descrip-

tion, new velocity, and/or a new acceleration. The output iffitled motion sequence
Because the scaling operations can be performed rapidly, the user can immediately see
the effects of their modifications.

This scaling algorithm has three key steps. The first step is to fit a simple task model
to the reference motion data. This step requires some knowledge of the task. A simple
model for jumping, for example, may differ from a simple model for running. The task
model need only be defined once for each new behavior, however. The second step is
to scale and modify both the reference motion and the simple machine version of this
motion. The simple machine motion can be scaled in a physically correct manner using
the direct techniques described in this paper. The reference motion cannot, however;
direct scaling of the reference motion may cause the character to violate some obvious
physical constraints such as maintaining balance or maintaining ground contact. The
third step is to correct the scaled reference motion so that it matches the scaled mo-
tion of the simple machine. This ensures that the final motion sequence does obey the
most important physical laws: those incorporated into the simple machine description
of the task. The sections below describe this three-step process for a variety of examples
derived from a single reference running motion.

4 Fit Abstract Model

The reference motion data contains no explicit model of the task or motion strategy. The
role of the simple machine approximation is to develop such a model based on the input
data. This physically-based representation of the motion makes it possible to modify
the motion in a physically-plausible way.



Running motion from a physically-based simulation described in Hodgins et al. [7]
is used for all examples shown in this paper. We used only the motion itself and the
character description from this simulation. Similar information could easily be obtained
from motion capture, keyframed data, or other sources.

The task model used for running is shown in Figure 1 (right). It consists of a point
mass and two feet. The point mass represents the center of mass of the character. It is
connected to each foot by a spring. In Figurerljs the total system masg, is the
ground contact forcé; is the spring stiffnesg,the actual leg length, arid the desired
leg length. McMahon [10] uses a similar model in his analyses of human runners.

Ground forces for this task model are reverse-engineered frormadtederation of
the center of mass. Motion curves for the character center of mass are extracted from
the reference motion data and differentiated twice to obtain acceleratjort). Force
can then be expressed as:

ileg (t) = m(gcom (t) - ﬂ) (l)

Two separate approximations were used for line of action of the force. Each approxima-
tion captures, on averag®)% of the total force represented in equation 1. In the model
shown in Figure 1, forces are assumed tolidy along the leg. The second model as-
sumes forces only in the vertical direction. When pure vertical forces are assumed, the
ability to speed up or slow down is lost, as is any side-to-side motion of the body. The
model is useful, however, for scaling steady state velocity (Section 5.2).

Control equations for the simple machine are fit to the measured ground force in-
formation to form a complete description of the simple running machine. The leg force
of the simple machine is controlled as follows:

fieg@) = k(la(t) = 1), la(t) =lo +a+ bt +ct? 2)

wherely is the leg length at touchdowhranges from 0 to 1 over a single stance phase,
andqa, b, ande are coefficients modulating desired leg length. We will call Equation 2 the
control systenfior this simple machine. A second order model for desired leg length was
the simplest model that provided an adequate fit to the data. Adding damping parameters
to the model did not result in a better fit or allow us to create a simpler model for this
particular dataset.

Parametersf,.,(t) andl, are measured properties of the motion. The remaining
four parametersq(, b, ¢, andk) are fit to the input data over a single stance phase using
a least squares solution. A search is then performed that allows initial state as well as
the four model parameters to vary in order to obtain a repeatable running cycle. The
resulting simple machine will run with steady-state velocity, center of mass trajectory,
and feet trajectories very similar to those of the original motion.

Figure 2 (left) shows the desired leg lengihand the actual leg length plotted over
time for a single stance phase. Figure 2 (right) compares the vertical motion of the
center of mass for the reference motion to that of the simple model over one running
stride. The fit is qualitatively quite good. Most of the differences are due to the fact that
the simple machine data was postprocessed to create a repeatable running cycle.
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Fig. 2. (Left) Desired leg length (dotted line) plotted vs. actual leg length (solid line) over one
stance phase. (Right) Simple machine center of mass height (dotted line) is compared to reference
center of mass height (solid line). One stride of the running motion is shown.

5 Scale / Modify Motion

Once a simple machine representation of the reference motion is available, the motion
parameters can be changed to meet new objectives. This section describes scaling the
motion to new characters, changing steady-state velocity, and adding acceleration and
deceleration to theunning motion.

5.1 Scale to New Characters

The motion of the simple machine can be accurately scaled to a new character based on
a relative length measurement and a relative mass measurement. The analysis is based
on dimensionless groups. One set of dimensionless groups that describes the simple
running machine ig:

gT? = fT% kT? 3

k) L k) L k) ML k) M ( )

wheref is any angle measuremeptis acceleration due to gravity, is any time mea-
surement/. is length,z is a position M is mass,f is force, anck is stiffness. If these
guantities are the same for two characters, then the two motiomyasenically simi-
lar.

We know that gravity remains the same for the two characters. This information,
plus a relative length measurement, tells us how to scale’fiaad positionz. (For
example, ifL scales by a factor of twd[*> must scale by a factor of two to keep the
second dimensionless group constant.) In addition, a relative mass measurement allows
us to scale force and stiffnesst. Thus, if we know the relative length parameters
and the relative masses of the two characters, we can scale the control parameters of
the simple machine and re-simulate to obtain the new motion. Equivalently, we can

* Note that radians are dimensionless, and sm its own forms a dimensionless group. For a
discussion of how to create and use dimensionless groups, see for example [19].



| Parameter | Units [Scale Factot

Time s L3
Positions m L
Velocities m/s L?

Angular Podions| radians 1
Angular Velodties|radians/s L=

Table 1. Scale factors for simple machine motion, based on a single relative length parameter.

scale the output motion and avoid the forward simulation step. Rules for scaling output
motion to a new character are shown in Table 1.

5.2 Scaling Steady-State Velocity

Velocity cannot be scaled using principles of dynamic similarity. Steady-state velocities
can be scaled directly, however, in the special case where ground forces are applied only
in the vertical direction. Eliminating horizontal forces will prevent the character from
speeding up or slowing down, so this approximation is limited to steady-state running.

We begin with the observation that flight time for running tends to remain fairly
constant over a range of velocities [11]. In other words, the vertical trajectory of the
ballistic component of the running motion will be roughly the same for different veloc-
ities. If forces are applied only in the z-direction, velocity can be scaled by stretching
the paths of the feet and center of mass horizontally, while keeping the total length of
time over the motion (and hence of the ballistic portions of the motion) the same.

The horizontally-scaled motion can be generated using the same laws of physics and
the same control system as the original motion, but it has a different steady-state veloc-
ity as desired. We can see how this works by examining the expressions for acceleration
a..m () and velocityv, ., (t) when only vertical forces are allowed:

0 A
Qcom (t) = 0 ? gcom (t) = B (4)
frea) | Veom,z (1) + [3 com, (t)dt

wheref.,(t) is the vertical ground contact forcey, is the mass of the character, and

is acceleration due to gravity. The vertical control system has been completely separated
from horizontal velocity. Velocity constantsandB can be changed without interfering

with the control system or the vertical motion of the center of mass over time. In other
words, horizontal velocity can be scaled by a factor s simply by multiplying terms
A and B by factor s. The resulting motion matches patterns found in biomechanical
measurements of running [11] during flight. It does not match during stance, however,
because the stance time does vary somewhat with velocity. Adapting the control law to
achieve this effect is a topic of future work.



5.3 Acceleration and Deceleration

Acceleration and decelerationroeot be achieved with a simple set of scaling laws.
However, motion can be rapidly scaled to add acceleration and deceleratiaglttthe
use of a transition table for the simple machine.

The simple machine’s state can be described by two parameter values measured at
the top of the flight phase of a stride: dimensionless horizontal veldcity «/I;T

and dimensionless vertical height = % wherew is the horizontal velocityy is
acceleration due to gravity is leg length at touchdown, anfdis vertical height™*

Given a state, a desired touchdown angle for thedggand a control algorithm, we

can simulate the next stride and compute the next state. In other words, a physically-
based forward simulatiofi will take a state, a touchdown angle, and a control algorithm

to a new state at the top of the next flight phase:

< U, H,0pc>5<U H > (5)

Expression 5 can be used to compute a transition table from one state to the next
based on touchdown andglg. The transition table can be computed offline. The use of
dimensionless parameters ensures that the transition table applies for any character. This
transition table can be used to select a series of touchdown angles to excti@ration
or deceleration as specified by the user.

6 Correct Reference Motion

Once a character’s motion has been scaled, that motion is mapped back to the complete
character using the simplest possible technique: inverse kinematics at each frame of the
animation. The center of mass of the character and the positions of the feet are incre-
mentally moved toward their desired positions until the error is visually imperceptible.
A single marker is matched for the center of mass, and three markers are used for each
foot to preserve foot orientation.

The inverse kinematics problem is set up as follows:

dX =Jd0, dX =[AM,, AM,, ..., AM,, AR, A0]" (6)

whered X represents desired motiaf is the unknown character motiohthe system
JacobianA M is the desired change in position of markée.g. center of mass posi-
tion), AR is the desired change in root translation and orientation/&hid the desired
change in joint angles. Desired moti@X is designed to move the center of mass and
the feet toward their desired positions and to discourage large deviations from the ref-
erence motion at any particular joint. Note that this system is overconstrained, and so
the final marker positions will not be exactly the same as the simulated positions.

Using this approach, we expect to see poor continuggase the solution at one
frame may differ from the solution found at the next frame. In practice, however, this
naive approach works well, due to the relatively close fit of the original reference mo-
tion.

** Note thatU is the Froude number commonly used, for example, in hydraulic engineering.
Alexander [1] used it to estimate speeds from stride lengths.



7 Results

Results for various types of scaling are shown in the Appendix.firserow shows

the original man runner, a physically-based simulation developed by Hodgins [7], and
thesecond rowshows shows a fast version of the running motion (1.2 times the speed
of the original). Thethird row shows results from the acceleration / deceleration tech-
nique discussed in Section 5.3. The runner is in the process of slowing to half speed
over several strides. The segment shown occurs 1.7 seconds into the motion, when
the character’s velocity i8.3m/s (compared tat.6m/s for the original runner). The
fourth rowand thefifth row show the results of scaling the original motion to two new
characters with very different physical characteristics. The child has been slowed to a
velocity 0.7 times the scaled velocity. Thixth rowshows the results of previous work

in scaling the entire control system of the original runner to new characters [6]. Al-
though the characters in the fifth and sixth rows are running at the same velocity, their
running motions are different. The motion created using the simple machine approxi-
mation appears to be more balanced. On the other hand, the child with the full control
system runs with his feet planted further apart, which may be required for lateral sta-
bility. These differences point to improvements that could be made in both systems.
Animations of the results shown in this paper can be viewed at the following web page:
http://www.cs.brown.edu/people/nsp/simpleMachine.html

8 Discussion

This paper demonstrates that motion scaling can be achieved at interactive speeds while
maintaining a good level of physical realism. With the very basic inverse kinematics
approach used in these examples (implemented by the author), one to three frames
could be computed and displayed per second on a 200 MHz Sun workstation.

Although the results shown here are very promising, much can still be done to im-
prove the quality of the resulting motion. One area of future work is to explore the
value of more complex machine representations such as including the angular momen-
tum of the runner or the effect of swinging the arms. The effectiveness of this approach
must also be tested for motions other than running. Finally, the reference motion that
is responsible for the good quality of these results also represents a potential handicap.
Quirks in the original motion will remain in scaled versions. Perhaps one or more ex-
ample motions can be used as references in developing a robust strategy for performing
a task. Developing robust motion strategies from examples is an interesting open area
of research.
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Fig. 3. Original and scaled runners. Snapshots are spaced at 0.066s intervals. (1) The original
man runner. (2) Running at 1.2 times the original velocity. (3) After decelerating4tém/s
to 3.3m/s. (4) Running motion scaled to troll. (5) Scaled to child and slowed to 0.7 times scaled

velocity. (6) The child from [6].



