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Abstract

We present an integrated framework for interactive editing of the momentum and external forces in a motion
capture sequence. Allowing user control of the momentum and forces provides a powerful and intuitive editing
tool for dynamic motions. To make a higher jump, for example, the user simply increases the linear momentum in
the vertical direction, while our system automatically calculates a motion that maintains both the same landing
position and physical plausibility. Our key insight is using trajectory optimization based on normalized dynamics
to simultaneously propagate momentum and force space changes. We demonstrate our approach with edits of long
sequences of dynamic actions, including kicks, jumps, and spins.

Categories and Subject Descriptors (according to ACM CCS): 1.3.6 [Computer Graphics]: Methodology and
Techniques—Interaction techniques 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—

Animation

1. Introduction

Editing motion capture data is a longstanding problem in
computer graphics. Modifications are difficult in part be-
cause edits can easily break physical plausibility and be-
cause it is easy to make the motion look unnatural given
the many subtle details of human motion contained in the
original data. The contribution of this work is an integrated
framework that allows the user to edit a motion in the mo-
mentum and force spaces. We show through examples that
this space presents an intuitive and expressive level of con-
trol, providing a way to create significant changes to a mo-
tion while retaining physical plausibility and detail.

Table 1 shows a number of different motion quantities

Physical Quantities Variable Name
motion m(t)
first derivative, m(t),
linear and angular momentum P(1),L(1)
second derivative, force (), f ()

Table 1: Motion Analysis.
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that could, in principle, be edited. Most previous editing ap-
proaches have focused on the motion itself, m(¢), because
that is what is shown in the rendered animation. In contrast,
our approach gives the user the ability to alter the linear and
angular momentum and the external forces seen in the be-
havior. For dynamic motions in particular, this editing space
is natural, as it provides control over the impact of a kick,
the height of a jump, or the velocity of a spin.

The key technical component of our system is the propa-
gation of these changes in the first and second derivative into
the motion itself. In general, the position, the velocity and
the acceleration of the motion have fixed a relationship char-
acterized by time. However, to incorporate edits from mo-
mentum, force and position spaces, the relationship must be
changed. To solve this problem, we introduce a trajectory op-
timization technique based on normalized dynamics, where
the time axis can be scaled to realize the edited momentum
or force profile while satisfying a position constraint.

In our interface, the user can adjust the shape of the mo-
mentum curves, and specify constraints in position and time.
For example, Figure 1(a) shows the original momentum pro-
file along the vertical axis for a back flip motion. The pro-
file exhibits three waves which correspond to a preparatory
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behavior (bending down), jumping and landing. This pat-
tern reflects the way athletes manage momentum to opti-
mize capability. We call this momentum pattern the strategy,
to perform difficult dynamic motion. We demonstrate that a
smooth scaling of the existing strategy provides us with ef-
ficient control over the dynamic movement while preserving
the strategy.

Just as a user editing in motion space can create an unnat-
ural motion, a user editing in momentum or force space may
create a physically impossible motion. Our current imple-
mentation does not guard against this eventuality but leaves
it up to the user to iteratively adjust the edit when the mo-
tion moves outside the space where the motion is perceived
physically plausible.

We demonstrate our results on a number of different mo-
tion capture sequences. Our system runs at interactive rates
even on long sequences, using less than 2 seconds to com-
pute a 5 second sequence. The editing process is made man-
ageable by allowing the user to select the window of time for
editing and the axes of momentum or force to be edited. Our
results include examples in which a change in momentum is
propagated across multiple editing windows, showing func-
tionality that is not generally available in an editing system,
except through the ability of the animator to reason about
physical motion.

2. Related Work

Researchers have studied techniques for editing a single mo-
tion clip to generate rich sets of variations. Motion displace-
ment mapping [Gle98, LS99] has been widely adapted to
preserve the original features of input motion data while sat-
isfying a new set of constraints as much as possible. Us-
ing structurally similar motion sets, researchers have inves-
tigated motion interpolation to obtain continuous spans of
high quality motion. From a given motion database, [KG04]
developed a method to search for blendable pairs of mo-
tion clips. [MKO5] introduced a statistical interpolation
that optimizes interpolation kernels for parameters at each
frame. [SHPO04] analyzed the motions produced by interpo-
lation for physical correctness. Recently, researchers com-
bined an interpolation technique with motion graphs to al-
low parametric interpolation of motion while traversing the
graph [SO06,HG07,SHO7]. These methods have commonly
searched for a way to change the motion trajectory itself.

Velocity and force spaces have also been explored for mo-
tion editing. [PBMO00] introduced a force-based motion edit-
ing technique for locomotion. [MPS06] presented an inter-
active retiming method in velocity space that preserves phys-
ical plausibility and [HdSP07] found a way to guide the time
warping with a reference motion. In [TMO7], the user acts
out the timing information using a mouse or pen-tablet. For
complex acrobatic stunts, [MF07] created a physically valid
motion editing technique to make the input motion more dy-
namic. [SL10] presented an animation system to improve

the visual quality of motion by correcting physical proper-
ties. We extend these approaches by considering changes in
velocity, momentum, and external force space in a unified
framework.

Motion data has been analyzed in combination with a dy-
namic model to deepen our understanding of the underlying
physics driving the motion. [LP, ALP06] used momentum
as constraints to preserve the original dynamics of a motion
while synthesizing new motion. Physical properties are also
used for balancing [SP05,MZS09]. Our work is different in
that we are directly editing the momentum profile.

In the robotics literature, the linear relationship between
joint velocity and momentum around the center of mass
has been derived [KKK™*03]. Biomechanics has shown that
momentum is being regulated during walking [PEO4]. In
dance and sports science, researchers have studied momen-
tum to understand how humans perform highly skilled mo-
tion [Law86, LB96]. This research suggests that if we pre-
serve the momentum profile of a highly skilled dynamic mo-
tion while changing the magnitude, the resulting motion will
be a natural variation following the way in which a human
improves his or her athletic ability.

3. Overview

We begin with an illustrative example to motivate our
technical components and design decisions. In this exam-
ple, we consider the case where a user wants to edit a back
flip motion to make a higher jump. A back flip is a highly
dynamic task and thus it is difficult to edit in position space.
Although it is possible to make the jump higher by simply
changing the root trajectory, it is difficult to maintain the
physical plausibility of the original motion.

In our system, the user first selects the axis of interest,
the direction in which the momentum is to be edited. In this
example, the user chooses the vertical axis because the user
is interested in making the jump higher. The system then
displays the linear momentum in the selected direction as a
graph shown in Figure 1(a).

Now the user can scale the original momentum profile us-
ing the user interface(Figure 1(b)). The jump is now higher
due to the larger linear momentum. However, the edit has
a side effect where the character lands in the air because
the duration of the motion is unchanged. To solve this prob-
lem, the user can direct our system to maintain the original
landing height, while respecting the new momentum profile.
This additional constraint is enabled by modifying the time
scale using the normalized dynamics formulation described
in Section 4. The new momentum profile is shown in Fig-
ure 1(c), where the duration of the motion is adjusted to land
on the floor.

Another problem with naive momentum editing is that the
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Figure 1: Original, edited and resulting momentum profiles

physical plausibility may be lost. In Figure 1(c), notice that
the slope of the momentum profile during the flight phase
has changed, which implies that gravity is no longer con-
strained. In the normalized dynamics framework, we can
enforce physical rules during a flight phase, such as grav-
ity and conservation of momentum. The momentum pro-
file after correcting the gravity acceleration during the flight
phase is shown in Figure 1(d). The user has now obtained a
momentum profile that makes a higher jump, maintains the
same landing height, and is physically consistent.

The last adjustment the user might want to make is the
contact constraint. Because of the different center of mass
(COM) trajectory, the contact links may either penetrate the
ground or float in the air with the same joint angles as in the
original motion. Our system provides an interface to specify
active contact constraints and recalculates the pose with in-
verse kinematics to satisfy those constraints, as described in
Section 6.2.

Our system architecture is illustrated in Figure 2. We ex-
plain the system architecture focusing on the data flow in
three steps: motion analysis, editing constraints and motion
synthesis.

4. Motion Analysis

We capture human motions at 120 Hz and take advantage
of the high time resolution to calculate the first and sec-
ond derivatives accurately. After obtaining marker positions
from a commercial optical motion capture system, we use
the inverse kinematics described in [YNO3] to obtain the
joint angle trajectories of our character body model with
54 degrees of freedom (DOF) and inertial properties similar
to humans. We then obtain the six-axis momentum profile
using the model and the joint angle and velocity data from
the motion capture data. Note that the estimated momentum
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profiles are not perfectly accurate because of the model and
measurement errors.

5. Editing Constraints

Our system provides the user with an interface for specify-
ing constraints in the momentum/force space and/or in the
Euclidean space.

Selecting Editing Window. First, the user chooses the
editing window within the sequence of motion.

Selecting Axis of Interest. The user is allowed to edit one
axis at a time. Highly dynamic human motions often exhibit
one or two principal axes of movement in which case the
user can edit multiple axes sequentially. Choosing just one
axis allows us to present a simple interface to the user.

Momentum/Force Scaling. The user should choose ei-
ther momentum or force as the editing channel. Scaling via
external force is more appropriate for handling a slipping-
intensive scene, for example, as the sliding-on-a-cart exam-
ple in the supplemental video. In other cases, we usually se-
lect momentum.

Time/Position Constraints. The user may want to keep
the original duration of motion or final COM position with
altered momentum profile. If the user wants to modify both,
the user needs to edit the motion in two steps.

Additional Constraints. Modifying COM trajectory of-
ten leads to violations of the ground contact constraints. We
allow the user to specify any position constraints on a certain
body part. In our experiments, we use this functionality for
keeping ground contact constraints.

6. Motion Synthesis

Motion synthesis takes the user-edited momentum profiles
as well as other conventional constraints such as reference
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Figure 2: System Architecture.

joint angles and body part position constraints, and calcu-
lates a new motion consistent with those constraints. Motion
synthesis consists of two main components. We first obtain
the trajectory of the center of mass (COM) using normalized
dynamics that considers the momentum and position con-
straints at the same time. The new COM trajectory is then
used for velocity feedback integration, which calculates the
whole-body joint trajectories considering all constraints. We
describe these two components in the following two subsec-
tions.

6.1. Trajectory Optimization

Trajectory optimization is used to calculate new COM tra-
jectory consistent with the edited external force or momen-
tum profile. The technique is based on the concept called
normalized dynamics, where the dynamics are described
with a time-scaling parameter. Modifying the external force
or momentum profiles usually changes the duration of the
motion making the scaling essential.

6.1.1. Normalized Dynamics

The total external force and moment applied to a character
and the character’s total linear and angular momenta are re-
lated by the following equations:

f=P+mg
n =1L

M
@)

where f and n are the total external force and moment re-
spectively, P and L are the total linear and angular momenta
respectively, m is the total mass of the character, and g is
the gravity acceleration vector. The linear momentum of the
character is calculated from the velocity of the center of
mass, X, as

P =mx.

3

A similar relationship can be found for the angular momen-
tum and velocity:

L=1Io 4)

where o is the angular velocity when the whole character is
considered as a single rigid body and / is the moment of in-
ertia of the entire character model around its center of mass.
Notable differences between Eqs.(3) and (4) are that the mo-
ments of inertia change over time as the posture changes, and
that @ cannot be integrated to obtain the orientation. The lat-
ter problem does not appear when we only consider planar
motions and the rotation is limited to a single, fixed axis. In
this case, the equation becomes

where * = {x,y,z} denotes the axis of interest.

We derive the normalized dynamics by normalizing time
by a scaling factor ¢ defined as

dt

c=—

dt

where ¢ is the time and 7 is the normalized time, or phase.

Using c, the time derivative is converted to the phase deriva-
tive by

(6)

d 1d

& cde @
Equations (1)-(3), (5) are converted to the phase space as
0 = 0y ®
dL
Vo= ©
P = (10)
dOx

L. = H, e (11)

(© The Eurographics Association 2010.
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where the normalized quantities are defined as

o =cf
vV = cn
u = mj/c
Hy = Ii/c
2
Y = g

Equations (8) and (10) yield the equations to calculate the
linear momentum and position:

P(t) = Po—uyr+/01¢(c)dc (12)

=
=
a
2
Il

T
xo—i-l/ P(o)do (13)
uJo

Note that we assume that ¢ is constant during the integration
period and therefore y and y are also constant.

Similarly, the angular momentum can be obtained from
the external moment as

L(t)=Lo+ /OTV(G)dG. (14)

The equation for the rotation angle can be obtained only for
the single-axis rotation case as

1 T
0+(T) =040+ H—*/O L«(0)do. (15)

We can calculate the external force and momentum for
a given motion sequence. We use the time of the original
motion as the normalized time, thus ¢ = 1. Note that ¢ may
not always be 1 for the edited motion.

6.1.2. Force Scaling

‘We now derive the equations when the external forces along
the three axes are independently scaled by constant scaling
factors from the original values, i.e.

f(t)—mg = S(f(r) —mg) (16)
A ss 0 O

S = 0 sy O a7
0 0 s

Note that the difference from the gravitational force, rather
than the force itself, is scaled.

If we simply plug the new external force into the stan-
dard equation of motion, the new COM trajectory would be
uniquely determined. Thanks to the normalized dynamics,
however, we can still modify the trajectory by modifying the
time scale from c to another constant value ¢. The normal-
ized mass and gravity become f1 and ¥ accordingly. The nor-
malized forces are scaled as

0(7) — 7 = S(0(7) — ). (18)
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The new momentum in the normalized time becomes

P(t) = Po—jfr+ /0 “$(0)do

Po+5 [ (4(0) ~mdo
Py +S(P(t) — Pg) (19)

where we have used Eq. (12) to eliminate the integration
term. Eq. (19) leads to

P(t) — Py = S(P(t) — Py) (20)

which means that the increase of the momentum is also
scaled by the same ratio as the external force. We can then
obtain the new COM trajectory by

x(1)

1 /T4
Xo—i-:/ P(o)do
aJo

So+2S(x(t) —x0) + - (Fy—SPo)T (1)
where we have used Eq. (13) to eliminate the integration

term.

6.1.3. Editing Force/Momentum Scale

In this section, we discuss the usage of Eq. (21) for
force/momentum editing. We assume the following editing
scenario:

e The user edits one of the six axes by giving a scaling factor
s for the force or momentum.

e For the edited direction, the user can choose to keep either
the duration of motion (time constraint) or final COM po-
sition (position constraint).

e For other directions, the user may choose to constrain the
final COM position. In that case, the force scales of those
directions will be determined automatically based on the
time scale determined from the constraint on the edited di-
rection. The user may subsequently choose to edit another
axis.

In the rest of the section, we will use the single-axis ver-
sion of Eq. (21):

(By—sPy)T (22

(1) = 2o+ &5(x(t) —x0) + &

where x can be the COM position in any of the x, y or z direc-
tion. Also note that Eq. (22) can be applied to the rotational
axes by substituting
x,xg < 6,09
m «— I

Py — Ly.

The time constraint is trivially realized by setting ¢ = 1.

>

To realize the position constraint, we set T = 7" and Axy =

X(T) — %o = x(T) — xo, and solve for ¢:
mAXT

smAxt + (p() —sPy)T

(23)

=
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where T is the duration of the motion.

6.1.4. No-Contact Case

When there is no external force, the motion during the flight
phase is determined by the initial momentum and time scale.
Substituting ¢ = 0 to Eq. (12) and using Eq. (13), we obtain
the COM trajectory as

x(0) = x0 + S Pyt — Lo, (24)
m 2

If the difference between the final and initial positions is con-
strained to be Ax7, we can calculate a unique time scale. We
consider the scalar version of Eq. (24) to separate the direc-
tion with gravity from others. In the direction of gravity, we
have a second-order equation for c:

1 P T

7gT2c2 ———c+MAx7 =0 (25)
2 m

which can be solved as

v +4/ v% — 2gAxT 6)

c= oF
where vy = Py/m.

In the directions without gravity, the new time scale is ob-
tained by
_ Axr

= . 27
¢ V()T ( )

6.2. Whole-Body Motion Synthesis

The formulation presented in the previous section gives a
new COM trajectory consistent with the given force or mo-
mentum profile. The optimization can be performed at mul-
tiple sections of a time window in which case the time scale
becomes a function of time, ¢(¢). In fact, we can even per-
form the optimization for each frame to realize the same
COM trajectory in phase.

We now describe how to synthesize a new whole-body
motion considering the COM trajectory as well as other con-
straints, including the position of a body part to maintain
contact and reference joint angles to make the pose similar
to the original motion. For this purpose, we employ a veloc-
ity feedback integration technique, where we calculate the
joint velocities at each frame considering the constraints and
integrate them until the end of the time window.

The joint velocities are calculated by Jacobian-based in-
verse kinematics (IK) algorithm [YNO3]. In a normal IK set-
ting, joint velocity calculation and integration are repeated
iteratively to obtain a single pose. In our case, we run the
process once for each frame and the result of integration be-
comes the pose of the next frame.

We set reference posture constraints for each body seg-
ment except the root to guide the result to reference motion.
From the edited momentum and/or external force profiles,

we have a new COM trajectory to follow. Note that the num-
ber of constraints from these two sets of constraints is al-
ready similar to the number of DOFs. We set additional po-
sition constraints such as ground contact constraints in some
examples.

Joint velocities g are calculated using the following linear
equation:

v=1Jq (28)

where v is a set of feedback velocities to maintain the con-
straints and J is the Jacobian matrix of the constraints. If the
number of constraints is greater than the DOF of the charac-
ter, which is usually the case in our setting, Eq.(28) becomes
overconstrained and all constraints may not be satisfied. The
IK algorithm described in [YNO3] allows any number of
constraints without numerical difficulties by grouping the
constraints into two priorities, where the high-priority con-
straints are strictly satisfied and the low-priority constraints
are satisfied as long as they do not violate the high-priority
constraints. We can tune the relative strength of the con-
straints by changing their weights and feedback gains. It is
not difficult to find a set of gains that produces reasonable
results. In our experiments, we used 100-200 as the default
parameters for the high-priority gains. The exact value of
the gains does not affect the quality in most example. How-
ever, when the gains are too small, say 0.1, the resulting mo-
tion appeared squash. To avoid this, we used relatively high
gains. See [YNO3] for details on the algorithm.

The feedback velocity for the COM constraints is

veom = kcom (& —x) (29

where % and x are the desired and current COM positions
respectively and kcpyy is a positive constant. The Jacobian
matrix for the COM constraint, Jcop, has been formulated
by [SNO2].

The feedback velocity for a body part position constraint
is given by

vp = kp(p—p) (30)

where p and p are the desired and current positions of the
body part and kp is a positive constant. The Jacobian matrix
for this type of constraint can also be calculated in a number
of ways, see for example, [OS84].

We also consider the joint angles to make the edited mo-
tion as close as possible to the original motion. The feedback
velocity is

vi=ki(G—q) 3D

where ¢ is the reference joint angles typically taken from
the original motion capture data. The corresponding Jaco-
bian matrix is simply an identity matrix. We include the root
orientation as part of the joint angle to maintain the original
posture when a linear momentum has been changed, while

(© The Eurographics Association 2010.
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(a) Jumping (b) Sliding on a cart (c) Double kick

Figure 3: Example momentum profiles. The x and y axes are
phase of input motion and magnitude of momentum repec-
tively. (a) Linear momentum along vertical direction (b) Lin-
ear momentum along heading direction (c¢) Angular momen-

tum around vertical direction

the root position is excluded because it conflicts with the
COM trajectory constraint.

We integrate the joint velocity ¢ while considering the cur-
rent time scale c(f) by

t+8t/c(t)
ai+8/ci) =q)+ [ alds G

In our implementation, we treat all constraints as low-
priority constraints except for the contact position and COM
constraint. We also adapt the effect of each low-priority con-
straint depending on the location in the time window. In par-
ticular, we increase the gain for the reference joint angle con-
straint towards the end of the window because the pose at
the end of the window should match the original in order to
smoothly connect to the rest of the motion.

7. Experimental Results

Plotting the Momentum Profile and Editing. Our system
is fast enough to be used as an interactive tool. The system
automatically suggests all 6 axes to the user for convenience
and then, the user chooses axis of interest to be edited. From
the displacement of the root joint position, the system cal-
culates the heading direction of the motion parallel to the
ground. We suggest the vertical direction as a secondary di-
rection because it aligns with gravity. By applying the cross
product between these two, we get the other horizontal axis.
We set up three more axes for the angular momentum around
the linear momentum axes.

After selecting one of the axes to be edited, the user can
see the magnitude of momentum in the graph window (Fig-
ure 3). We summarize the constraints used in our experi-
ments in Table 2.

Double Kicks. We choose angular momentum around the
vertical axis as our axis of interest. If we constrain time with
increased momentum, we get a larger displacement for the

(© The Eurographics Association 2010.

root joint orientation around the vertical axis. If we con-
strain the final orientation, we get faster movement. We can
combine these two constraints one after another. We can also
make the motion less dynamic by scaling down the momen-
tum profile. If the user wants to edit both time and position
constraints, the user may perform two consecutive edits as
in Figure 4(b)(RightBottom). In this way, we can synthesize
various double kicks from a single input motion within a few
minutes.

Playing Around in an Office. We turn a sequence of not-
so-dynamic motion into a number of more dynamic moves
as an example of momentum propagation and force scaling.
This functionality allows us to edit a sequence of dynamic
motions in a more physically meaningful way. The sliding
on a cart motion has too little linear momentum at the be-
ginning, and slides too slowly. Therefore, we cannot signif-
icantly increase the dynamics of the scene even if we scale
down the external force during sliding. To fix this problem,
we select a time window prior to the sliding motion, increase
the linear momentum in the window, and make use of the in-
creased linear momentum along the heading direction to cre-
ate a much faster sliding motion. We adjust the momentum
profile by using force scaling instead of momentum scaling,
so that we can have indirect control over the frictional force
from the environment.

8. Discussion

In this paper, we present an algorithm for editing in momen-
tum and force space. This technique is both effective and in-
tuitive for dynamic motions where the momentum and forces
have significant magnitude and define the style of the perfor-
mance. Although this system is complete enough to produce
a number of different edits for a variety of behaviors, it does
have limitations in the editing capability provided to the user
and the ways in which physical feasibility are enforced.

The currently allowable edits in force and momentum
space can be extreme and the user is not forced to preserve
the momentum pattern of the original motion. Exploring the
right balance between control for the user and the mainte-
nance of physical plausibility is an interesting research ques-
tion. The space should perhaps be constrained by environ-
mental variables, such as gravity and static and dynamic fric-
tion. In the current implementation, a very rapidly rotating
character will still be able to plant a landing after a back flip,
even if the resulting horizontal forces on the ground would
be well outside the friction cone.

To informally assess how intuitive the system is we have
asked three artists who are familiar with editing human mo-
tion data using Maya to use our system. After 30 minutes of
training, they understood the concept of the editing in mo-
mentum space and could produce good results for a simple
examples such as jumping higher. However, because the im-
plementation is still preliminary, they had trouble with more
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Input Motions Constraints

double kicks angular momentum | position and/or time

controlled falling down linear momentum | position | momentum conservation during flight
back tuck linear momentum | time | ground contacts | momentum conservation during flight
jumping higher and landing in the air linear momentum | time | ground contacts

jumping higher and landing on the ground | linear momentum | position | momentum conservation during flight
running before sliding linear momentum | position

sliding on a cart external force | time

jumping over a panel linear momentum | time

rotating on a chair angular momentum | time

kicking the punching bag angular momentum | position

Table 2: The constraints used in the included examples.

“
o S T I . L e T

(a) Back Tuck. Edited to make a higher jumping motion . The natural modifications are made as if the character is pre-
paring for a higher jump.

(b) Double kick. (LeftTop) Original double kick motion. (RightTop) The motion edited with position constraints.
(LeftBottom) The motion edited with time constraints. (RightBottom) The motion edited with position and time con-
straints.

(c) Controlled falldown. The character wearing green pants shows the original motion. The others exhibit edited
motion of various heights.

? % =
- y =
i -

(d) Playing around in an office. (LeftMost) Original motion. (Others) The motion is edited in various ways. See
the supplemental video for the animation. The objects are relocated to match the new motion.

Figure 4: Experimental results.

complex editing scenarios such as combination of multiple as a Maya plug-in especially when they need to create super
editings and ground contact constraints. The sophisticated hero motion.

edits would require more training and/or an improved user

interface. The informal comments that we received indicated We would like to experiment with more detailed editing
that they felt that suggested that the system would be useful in both motion and momentum/force space. We predict that

it might be useful to have control on a per limb basis. A per
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joint basis might be too fine a level of granularity and cause
the motion to no longer contain human-like strategies of
inter-limb coordination. As for finer control on the time axis
— the user already selects the window for editing so he/she
can control the scale there. Editing in motion space could be
performed using existing techniques although the physical
realism of the motion would not necessarily be maintained.
Such a system would likely be required if we are to add edit-
ing of quasi-static and stylized motions to the functionality
of the system.
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(a) Back Tuck. Edited to make a higher jumping motion . The natural modifications are made as if the character is pre-
paring for a higher jump.

(b) Double kick. (LeftTop) Original double kick motion. (RightTop) The motion edited with position constraints.

(LeftBottom) The motion edited with time constraints. (RightBottom) The motion edited with position and time con-
straints.

Figure 5: Experimental results.
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