Motion Pattern Preserving IK
Operating in the Motion Principal Coefficients Space

Schubert R. Carvalho
Ecole Polytechnique Fédérale de
Lausanne (EPFL)

Virtual Reality Lab
CH-1015 Lausanne,
Switzerland
schubert.carvalho@epfl.ch

Ronan Boulic
Ecole Polytechnique Fédérale
de Lausanne (EPFL)
Virtual Reality Lab
CH-1015 Lausanne,
Switzerland
ronan.boulic@epfl.ch

Daniel Thalmann
Ecole Polytechnique Fédérale
de Lausanne (EPFL)
Virtual Reality Lab
CH-1015 Lausanne,
Switzerland
daniel.thalmann@epfl.ch

ABSTRACT

We introduce a constrai nt-based motion editing technique enforcing the intrinsic motion flow of a given motion pattern
(e.g., golf swing). Its major characteristic is to operate in the motion Principal Coefficients (PCs) space instead of the
pose PCs space. By construction, it is sufficient to constrain a single frame with Inverse Kinematics (e.g., the hitting
position of the golf club head) to obtain a motion solution preserving the motion pattern style. Such an approach also
reduces the size of the Jacobian matrix as the motion PCs space dimension is small for a coordinated movement (e.g.
up to 9 for the golf swing illustrating this paper). We compare this approach against a per-frame prioritized IK method

regarding performance, expressivity and simplicity.
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1 INTRODUCTION

Technological advances in motion capture techniques
make it possibleto provide high quality motionsfor com-
puter animation. However, the captured animations al-
most always attend to specific needs. Editing and reusing
these motions in new situations (e.g., retargeting to new
characters or to new environments) became an increas-
ing area of research. Unfortunately, making little ad-
justments into a good motion may introduce some un-
desirable artifacts or discontinuities, that can modify the
intrinsic style of the motion. Hence, providing ways to
preserve the characteristics of the original animation and
to impose continuity on the edited animation are the ma-
jor challenges of motion editing techniques.

In this paper, we present a new method for motion edit-
ing. As in traditional per-frame constrained-based ap-
proaches the user can make adjustments to a character
with direct manipulation, for example repositioning the
character’'s end-effectors. However, two important dif-
ferences arise between our approach and traditional per-
frame constrained-based techniques. First, our method
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considers just the frame that should be edited, instead of
arange of frames around the edited one. Second, to com-
pute the new end-effector’s position the system takesinto
account the style or characteristics of the original anima-
tion during optimization.

Although, traditional constrained-based techniques uses
just the information of the input motion, we use a
database of motion captured animations (not upper body
cleaned) of the same behavior of the edited one. These
motions are used to estimate a set of Principa Com-
ponents (PC) and Principal Coefficients (PCs) [Jol86].
The PCs space is used to model the characteristics of the
edited animation. The PC spaceisused for two purposes:
1) to bound the inverse kinematics (1K) solutions closer
to the pose space of the edited animation; and 2) to re-
duce the size of the Jacobian matrix to invert. Our ex-
periments indicate that our approach preserves the char-
acteristics of the edited motion and impose continuity
between frames just constraining the pose that should
be edited. We also assess the quality of the edited an-
imations against a traditional per-frame prioritized IK
method [CBO06].

The next section reviews related work. Section 3 pro-
vides the motivation and the overview of our approach.
Section 4 describes our approach for motion editing in
more details. Section 5 describes our motion normal-
ization schema. Then, we illustrate our method with re-
sultsin section 6. Finally, we conclude this paper by dis-
cussing current limitations of our method and possible
extensionsin section 7.
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2 RELATED WORK

2.1 Motion Editing

Constrained-based techniques [Gle01] enables the user
to specify constraints over the entire motion or at specific
times, while editing an animation. An inverse kinemat-
ics (IK) solver computes the “ best” motion, pose by pose,
satisfying al these constraints. Lee and Shin [LS99] in-
troduced the per-frame plusfiltering class of motion edit-
ing techniques. Continuity between frames was main-
tained with aB-Splinefilter. Kulpaet. a. [KMAO5] pro-
posed a motion adaptation methodology. Their method
do not use any kind of filtering, so it provides very good
results for real-time motion adaptation of virtual char-
acters. To ease the adaptation, the underlying skeleton
is divided into groups, each of which being an individ-
ua kinematic chain. This has the advantage to ease
the computation of a solution. However, as no syn-
ergy exists between groups, it may lead to unredlistic
results. Le Callennec and Boulic [CB06] proposed an
off-line interactive motion editing technique with priori-
tized constraints. The characteristics of the original mo-
tion are preserved adding the difference between the mo-
tion before and after editing as the lowest priority con-
straint.  Splines curves were used to impose smoothly
varying constraints. Recently, Liu [LZgDMSHO06] pro-
posed a motion editing technique with collision avoid-
ance to prevent the character’s limbs to interpenetrate
the body during editing. Displacement maps techniques
and aKaman filter were used to preserve the similarities
between the edited and original motions, and to impose
continuity between frames.

All these techniques do not explicitly model the char-
acteristics of the origina motion, mainly because style
is difficulty to formulate. Our approach uses Principal
Component Analysis(PCA) [Jol86] to represent style in
the low-dimensional space of PCs. We also provide an
IK solver, to treat geometric constraints, able to preserve
motion patterns (e.g., the golf swing characteristics) dur-
ing optimization, and adifferent approach to impose con-
tinuity between frames.

2.2 Principal Component Analysis

PCA is used in Computer Animation to treat different
kinds of problems. Alexaand Muller [AMOOQ] used PCA
to represent animations as a set of principal animation
components. Glardon [GBT04] used the PCA to syn-
thesize walking, running and jumping motions into a
low-dimensional space. Following this idea, Safanova
et. al. [SHPO4] proposed a motion synthesis frame-
work able to synthesize new motions by optimizing a
set of constraints in the low-dimensional space of the
PCA. They used IK, just in the characters limbs, to pre-
vent undesirable artifacts such as foot sliding. Urtasun
et. a. [UGB™04] proposed a style based motion syn-
thesis framework able to produce motions with differ-
ent styles by extrapolating the PCs parameters. Urtasun
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and Fua[UF04] also used the PCA to improve 3D body
tracking. Their formulation is similar in spirit to ours
because they need to evaluate the PCs that describes a
tracked motion style. They relaxed the overconstrained
problem of tracking multiple effectors for each frame by
alowing the Principal Coefficients to evolve overtime
too. On the contrary, we relax the problem by constrain-
ing only one frame for which the constraint is particu-
larly easy to specify, e.g. hitting frame in golf. Thisre-
duces computation time as the solution is searched in the
Principal Coefficients space, which dimension is small
compared to the posture space.

3 MOTIVATION AND OVERVIEW

The motion editing framework proposed in this paper is
motivated by the following question: how to edit a mo-
tion by constraining just one pose without adding dis-
continuities. We investigated this problem by consider-
ing three issues: first, we need to mathematicaly rep-
resent the characteristics of the edited animation; sec-
ond, we need a constraint formulation that takes into ac-
count these characteristics during optimization; third, we
need to impose continuity between frames considering
the characteristics of the edited animation.

Our aim for motion editing is to take a motion that is
good, but isin need of some adjustments, e.g., themotion
has the basic format that we want. Thisisamost aways
the case of captured motions, where simple adjustments
should be made [Gle€97]. Now, consider one adjustment:
at a specific time of the motion, there is a new position
that should be achieved. Consider Figure8 asan exam-

ple. We have agood golf swing motion, but we want that
the golf club head hits the ball onto another position. We
can associate a constraint to the golf club head, to change
its position, and compute the new motion.

A common technique used to address such problems
is inverse kinematics. 1K gives the possibility to edit
a motion by dragging the character’s end-effector to a
new position. When highly articulated figures are con-
sidered, IK algorithms are iterative. They try to find
the best solution, for some set of constraints, iteratively
minimizing some residual error (section 4.2). IK is
also the core of constraint-based motion editing tech-
niques [Gle01]. However, when IK is used to deform a
motion frame by frame, motion continuity can be bro-
ken [Gle97]. Instead of using traditional techniques
(i.e., splines curves [LS99]), we proposed a new ap-
proach (section 4.3) by exploiting the low-dimensional
parametrization of a set of motions with the same behav-
ior asthe edited one (sectio 4.1).

The present framework handles geometric constrains,
such as position or rotation of end-effectors. Geometric
constraints are more intuitive because they directly spec-
ify agoal for a specific end-effector [CB06]. Constraints
such as position of the center of mass are not specified,

ISBN 978-80-86943-98-5



because the solution is searched within the PC space of
physically balanced motions.

4 A MODEL FOR EDITING
4.1 Motion Parametrization

In this section, we recall how a motion can be repre-
sented by PCA. The parameters of the PCA can be easily
estimated from captured animations of people perform-
ing a specific activity (see, section 5 for more details).
Let us define a pose, O, as a state vector describing the
global position and orientation of the root node, and a set
of joint angles:

© = [61,P1,0;,...,0,] (1)

where, P, and 0, represent the 3D global position and
3D orientation of the root node in the sacroiliac level and
0; isthe local transformation of the j* joint expressed
using exponential map formulation [Gra9§].

A motion can be represented as anormalized motion vec-
tor ¥ of dimension: D = n + N. Where N = 132 isthe
total number of poses and n = 93 is the number of de-
grees of freedom of the skeleton including the 3D global
position and 3D orientation of the root node. ¥ isacol-
umn vector of the form:

U =[04,.,604,...04,]", 0<k<1 (2

where, ©,, isaposture corresponding to the normalized
time ¢, (see, section 5 for more details).

Given the motion database, we compute the mean mo-
tion ¥, and the covariance matrix Cjp a7, Where M =
10 is the size of the motion database. The eigenvec-
tors of the covariance matrix are computed and a linear
map is constructed to obtain the principal components
E; 1<i<a [J0I86]. Assuming this set of examples to be
representative for a golf swing motion, any motion vec-
tor W can be approximated as alinear combination of the
mean motion and the PC:

Va4 > o ©)
=1

where, « = (a, ..., o, are the Principal Coefficients

that characterize the motion and m < M. m represents

the number of PC required to reconstruct a desired per-

centage o of the database. This percentage is defined as:

_ Z:il Ai

Z?il Ai

where )\; isthe eigenvalue corresponding to the E; eigen-
vector, ordered in decreasing order. The parameters of

the linear model are estimated only once off-line, before
the editing process starts.

(4)
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4.2 Constraining a Single Posture in the
Motion PC Space

In this section, we demonstrate how standard 1K meth-
ods can be adapted to our needs. If we define the pose,
including the root node, of a virtual character as a n-
dimensional vector (joint space, Eq. 1) and the position
of the end-effector, x, as a p-dimensiona vector (task
space), the inverse kinematics function can be defined
as.

0=f"(x) ©)

for a redundant manipulator, i.e.,, n > p, the problem is
always ill-posed (there is not unique solution) and even
if n = p multiple solutions can exist [Cra86]. Hence, IK
algorithms should determine just one solution to Eq. 5
given many possibilities. In the presence of redundant
manipulators IK can be formulated as the solution of an
optimization problem:

g =x(0) (6)

where x(©) and g are p-dimensional vectors expressed
in the task space. The task function x(©) represents the
position or orientation of an end-effector frame while g
isthe goal to be reached.

One approach to solve IK problems, with optimization
criteria, isthe well known Resolved Motion Rate Control
(RMRC) proposed by [Whi69]. The RMRC computes an
optimal change, A©, to ©, for asmall change, Ax, inx.
Thefinal pose can be found adding A® with respect to ©
(6 = ©+A0). Tousethe RMRC technique we need to
compute the Jacobian matrix of the forward kinematics
function, x = f(©), and invert it:

AO = J(O) 'Ax (7

where, J(©) = 9x/00 is the Jacobian matrix of size
(pxn). TosolveEq. 7inthisway J(©) should be square
(n = p) and non-singular. But, for a redundant manip-
ulator this is not the case. The damped pseudo-inverse
technique can be used deal with this problem [Mac90]:

A© = J(©)* Ax ®)
where, J (9)Tg is the damped pseudo-inverse. The
damped factor, &, is added to prevent Jacobian’'s singu-
larities and to stabilize IK solutions [Mac90]. Eqg. 8 can
be solved by Singular Value Decomposition (SVD) ex-
ploring the null space of the Jacobian matrix. However,
this Jacobian is not able to restrict the solutions to the
motion pattern space, e.g., the space of golf swing mo-
tions, because it searches for solutions into the complete
joint space.

We alleviate this problem by exploiting the PC space re-
stricted to the single frame we want to constraint. This
approach reduces the Jacobian’s size and consequently
restricts the solution to the motion pattern space. For
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example, as we want to preserve the golf swing charac-
teristics as much as possible, we restrict the solution in
the space of similar poses.

We underconstrain the problem by considering just the
parameters corresponding to a specific normalized time,
tx. The poseto constrain can berepresented asafunction
of the Principal Coefficients and the normalized time:

@tk = Z(tlmah ..,Oém) (9)

So, to compute the new pose configuration for the dis-
placement Ax, we have:

Aa = J(a)TfAX (10)

where, J(«) = 9x/0« is the Jacobian matrix, of size
(p x m), relating the task increment with the «; coeffi-
cients. Once, we have the new increment A, the up-
dated pose can be found computing Eq. 3 just for the
normalized time of the constrained pose. The Jacobian,
J (), can be easily computed with the chain rule:

8Xl 8Xl 69]
=|=—]- 11
ool =) o,
The derivatives of B—’e‘; can be fast and easily compu-

ted [Bae01]. Besides, §; are linear combinations of the

E; principal components, so {g%} issimply extracted
il

from the jth coordinate of E; [UFOAf] for thetimet,. We

denote this Jacobian as J(E),, itssizeisonly n x m, to

be compared to the much larger size D x m of the PC

basis. The size of the Jacobian J(«) is much smaller
than the Jacobian used in Eq. 8 (Figure 1).

m
Pl e

7|

Figure 1. Obtaining J(«) from J(©) and the ¢, slice
of the Principal Components basis.

In the experiments reported in this paper (section 6), we
havep =3;m=9andn = 93. J(a)gxg; J(9)3><93;
J(E)¢,03x9 and the PC basis is as 12276 x 9 already
said.

4.3 Continuity

When a motion is deformed at specific times continu-
ity between frames should be maintained [Gle01]. In our
case, continuity isenforced through the PCA parameters.
As the «; coefficients (Eq. 3) are considered invariants
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for al frames of the motion (Eq. 2). Then, if we mod-
ify the «; coefficients for a pose ©,,, the updated «;,
generate afull motion belonging the PC space.

More precisely, to deform a given motion, ¥ . We es-
timate its ap coefficients projecting this motion in the
linear model described by Eq. 3. The next step is to
choose the pose ©p, , which should be edited, and ex-
tract its corresponding Jacobian, J(E);,. Then, Eq. 10
is iteratively solved to compute the desired increment
Aap. Thefinal step isto use the new ap coefficients
(ap = ap + Aap) into Eq. 3 to impose continuity. Al-
gorithm 1 describes the whole solution:

Algorithm 1 Motion deformation and continuity.
ap < ap; Aap « 0; J(E);, — E,
while not converged do

Compute {J(©p,, ), Ax}

J(ap) < J(©p, )J(E),

Aap — J(@p)*Ax

ap «— ap + Aap

Op,, «— VYor, +apEy,
end while .
Up — U, + Z&DiEi

i=1

©

The convergence of algorithm 1 is achieved by tracking
the error of the norm of the difference between the cur-
rent state and the desired state: e = ||x(©) — gl|. We
verified the algorithm'’s convergence for a simple exam-
ple depicted by Figure 2. In thisexample, thegolf club
head should hitsthe ball onto another position defined by
the user.

v v

Figure 2. Left side: original pose ©p, . Right side:
edited pose. This final pose was computed using 9
PC.

Figure 3 shows the convergence of Algorithm 1 as a
function of the number of o, coefficients. The conver-
gence is faster when more than five dimensions are used
(Table 1) as the solution posture is more likely to be-
long to the generated pose space for t;,. When less than
six dimensions were used, we noticed the presence of
some undesirable artifacts (e.g., feet sliding) during re-
construction (step 9 of the Algorithm 1). This problem
is a consequence of the low percentage, corresponding
to such a small number of PC, used during reconstruc-
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tion [SHPO4] and not of the quality of the updated ap
coefficients.

0.35

03

0.25

02

015

Error {meters)

01F

005

0
0 500
MNumber of lterations

Figure 3. Convergence of algorithm 1. The conver-
gence runs faster when more than five PC are used.
We set 1500 iterations and chose a fixed value for the
damping factor, £ = 10 .

1000 1500

PC | Time(seconds) | Nb. of Iterations
2 40.000 19106
3 110.000 50214
4 42.000 19929
5 9.000 4194
6 1.625 757
7 0.500 235
8 0.484 221
9 0.531 247

Table 1. Computation time, from lines 2 to 8 of the Al-
gorithm 1, as a function of the number of PC. We used
thevalues¢ = 10 and e < 0.01m.

5 MOTION NORMALIZATION

A motion duration normalization is necessary in our ap-
proach because the PCA'’s parameters are estimated from
complete motions. This is required as the single con-
strained posture should be as much as possible indepen-
dent from duration variations of the original captured
motions. For example, the golf club head should hit the
ball at the same normalized time for all motions.

Let us recall the relationship between the motion index
frame f,, the frame-rate F, (e.g., 25 fps), the motion
duration T', and the normalized time:

fr =TF 1ty (12)

Then, the total number of frames, Fr, can be expressed:

Fr =TF, (13)

The normalization is done in two stages. First, each mo-
tion U, hasits corresponding total time 7; (Figure 4(a)).
So, we preprocess the motion database to compute the
mean time, T, (left side of Eq. 14), of al motions.

Full Papers

[

101

We use this time directly into Eq. 13 to establish the
final normalized size, which is F 132. The nor-
malization is done using quaternion spherical interpola-
tion [Sho85] 1.But, for the root position we proceed with
asimple linear interpolation.

Thefirst step produces the normalized motions database,
U (Figure 4(b)). Second, we search in thisnormalized
database for the key frame, K, for which the golf club
should hits the ball. Then, we compute the mean key
frame, Ky, from al these motions:

M M
1 Z 1 Z
i=1 i=1

The mean key frame is used to compute the durations
T,,, and T,,, for thefirst half, [Ky,, ..., Ky, ], and sec-
ond half, [Ky, ., ..., Ky, ], of the final normalized mo-
tion, \T/M (Figure. 4(c)). Each interval iswarped accord-
ing to these two durations. The final normalized ani-
mations, ¥, are used to estimate the PCA’s parameters
(section 4.1).

L2 T || 191 [ [Pt Tu [ Tw]

Yo T2 | 2 | \ || [$pl T [ Two ]
: - L K - K

¥ Tu P L 1§ Tl Tl
FL] u2

(a) (b) ()
Figure 4. Motion normalization process.

6 EXPERIMENTS

We analyzed the performance of our approach in a num-
ber of experiments. We verified its performance, the
style preservation of the edited motions, and its extrap-
olation capabilities. As afina experiment, we compare
our model against a per-frame motion deformation tech-
nique [CBO6] regarding performance, expressivity and
simplicity.

6.1 Editingand Style

Figures 7(b) and 6 show the performance and style
preservation results of the proposed model for motion
editing. Figure 7(a) depictsthe five goal positions (white
balls) where the golf club head should hits the ball. The
start position is the same for all five editing operations
and is described by the blue ball. These positions were
intentionally chosen to coincide with some of the posi-
tions of the motion database - to see if the edited mo-
tion would converge towards the original motion group
or some of the others groups. For example, position 1

Theinitial representation of the joint anglesis exponential map. Before
the interpolation, we convert them to quaternion. After the interpola-
tion, we come back to exponential map to estimate the parameters of
the linear model.

ISBN 978-80-86943-98-5




(Figure 7(a)) corresponds to the 3D position of the golf
club head for the motion of group 2 (Figure 6), the in-
put motion, which belongs to group 1, should hits the
ball in that position. Figure 6 depicts the first two «;
coefficients of Eq. 3 for the 10 golf swing motion vec-
tors. Note that, vectors corresponding to similar styles
of golf swing tend to cluster. Figure 5 shows the per-
centage of the database (Eq. 4) for the first 9 PC. The
10th PC is negligible.

1

098

096

094}

% Database

092f

081

083}

086

1 2 3 4 5 6 7 8 9
Mumber of Components

Figure 5. Percentage of the database.

Figure 7(b) shows the performance results. Each opti-
mization took from 1 to 5 seconds approximately to con-
verge. The algorithm’s convergence depends of some
parameters: the number of principal components (which
we set to 8) and the intrinsic parameters of the optimizer
(i.e., the damping factor, ¢ = 10, the number of itera-
tions, which we set to 1500, and the value of the tracked
error, which we set to 0,01m). A high value of the reg-
ularization term & guarantees a stable but slow conver-
gence. When ¢ is zero the algorithm converges quickly
(i.e, less than 12 iterations) but some undesirable poses
and consequently discontinuities problems were pro-
duced for goals far from the initial end-effector position.
Thisundesirable behavior happens because the IK solver
tries to achieve unreachable poses, i.e, poses that are not
in the database. The choice of a suitable value for ¢ is
thus one of the subtle difficultiesto yield agood compro-
mi se between robustness and efficiency [Mac90, BB0O4].
The tracked error and the number of iterations were used
to restrict the region of feasible poses during parame-
ter's extrapolation. It means that, if the IK solver tries
to achieve unreachable poses, the onesthat are not in the
motion database, the algorithm does not converge, but
produces a result minimizing the norm of the error. Us-
ing these criterions a compromise between parameters
extrapolation and efficiency were established.

Finally, we verified that the edited motions preserved the
same characteristics as the input motion (Figure 6).

The optimization criteria used to solve the IK problem
(Eq. 10) provides a local solution with minimum norm
close to the starting state. Thereby, the final motion so-
[ution is found in the neighborhood of the starting state.
This was checked by re-projecting the first two updated
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ap, coefficients into the original golf motion database,
as shown by Figure 6.

Golf Swing Database

*Input Motion (starting state)

w2-25" Edited Motions

— 1

.
ok Position2

2nd Component

-....-+ Position3

" Pasition
------- -*Positiond osttion

B +Positiond

25 30 35 40

5 ! I I
- 10

15 20
1st Component
Figure 6. Clustering behavior of the motion database.
Three groups of styleswere found. The motions cor-
responding to the positions of Figure 7(a) are showed
by black dots. The edited motions are showed by the

blue dots. Three groups of style are showed.

6.2 Visual Comparison

In this section, we compare the visua quality of the
edited motion. To edit a motion by using the per-frame
method proposed by [CBO06] the user has to specify the
trajectory of the end-effector (modeled as spline curves)
and the time intervals for which the motion will be de-
formed. On the contrary, by using our approach the user
needsto specify thefinal goal position of the end-effector
just for one frame - the one that should be deformed.
Now, for visual comparison of both techniques, we asked
the user to achieve the editing task of shifting the hit of
the golf club head (in front of the left foot, at frame 94).
The first line of Figure 8 shows the starting motion
with the ball in the middle of the feet, the second line
shows the animation result with our approach and the
third line the result with the per-frame motion deforma-
tion method.

To edit this simple motion by using the per-frame ap-
proach, the user needed to add four more constraints in
addition the golf club head constraint: three on the feet
to prevent foot sliding and one to control the center of
mass, to prevent unbalance poses. The user has to es-
tablish the ease-in and ease-out time intervals to prevent
discontinuities. These time intervals increase computa-
tion cost. For this simple example, the computing cost
was approximately 100 sec, without visuaization. We
also noticed inter penetration of the arms at frame 93,
and discontinuities between frames (e.g., body balance)
around the hit position. Of course, these problems can
be fixed, but more tuning is needed.

On the contrary, with the proposed motion editing model
only one constraint was necessary - the golf club head
congtraint - to achieve more realistic results. Our ap-
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—1 - 1500 terations
——2- 330 terations

——3- 1500 terations |
—— 4 - 238 terations

——5- 221 terations

0.953s

. .
500 1000
Number of lteration

(b)

1500

Figure 7. Motion editing performance. The convergenceis stopped when the end-effector islessthan 1 cm of the
goal. Thisthreshold isused to delimit a region of feasible poses.

proach provided more natural poses (i.e., there is no in-
ter penetration of the arms). The proposed model for
continuity demonstrated more stable results, we did not
noticed unbalanced poses or foot sliding. The comput-
ing cost was approximately 1 sec, without visualization.
To summarize, if the motion needs just an adjustment of
one key event, our approach can provide faster and more
realistic results.

7 CONCLUSION AND FUTURE WORK

We have presented a new approach for interactive
constraint-based motion editing, by constraining only a
single pose in the motion space of the Principal Compo-
nents and by imposing continuity exploiting this space.
We demonstrated the performance, flexibility and sim-
plicity of this approach through the editing of a golf
swing motion and by comparing the results against a per-
frame prioritized 1K technique. Our approach provided
faster and better quality results with less tuning from the
user side.

One current limitation of our framework, compared with
existing motion editing techniques [CBO6], is that the
congtraint is applied to a single frame. Extending it to
constrain multiple framesis possible but one hasto keep
in mind the small dimension of the PC space, that can
quickly lead to an overconstrained problem. One pos-
sibility to aleviate this problem is to assign them a dif-
ferent priority [BBO4]. Another possibility could be to
solve them separately and interpolate the PC solutions
between their associated frames. In any case the small
computing cost for finding a solution in the presented
context (lessthan 4sin general) makes our approach well
suited for exploiting more versatile objectives.
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