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Abstract

Complex acrobatic stunts, such as double or triple ips, can be perforomiylby highly skilled athletes. On the
other hand, simpler tricks, such as single- ip jumps, are relatively easyaster. We present a method for creating
complex, multi- ip ballistic motions from simple, single- ip jumps. Our apprbatso allows an animator to inter-
act with the system by introducing modi cations to a ballistic phase of a motiann&thod automatically adjusts
motion trajectories, to assure physical validity of the motion after the modi catid@he presented technique is
ef cient and produces physically valid results without resorting to cotafionally expensive optimization. To val-
idate our approach we present the results of a study of user sensitivitsors & angular momentum and take-off
angle. The study shows that small changes of these parameters ey our method are not perceptible to a
viewer.

Categories and Subject Descriptqegcording to ACM CCS) 1.3.7 [Computing Methodologies]: Computer
GraphicsThree-Dimensional Graphics and Realism: Animation

1. Introduction vation. Our algorithm can be applied to a variety of ballistic
motions but is especially useful in motions with a signi cant
backward somersault from a starit59]. Many modern ips and twists, skiing and snowboarding tricks, or martial
acrobats have tried to repeat this feat and failed. On the other gyts moves.
hand, a single backward somersault from a stand can be per-
formed by even a beginning gymnast. In this paper we pro-  Reusing motion capture data allows us to preserve the
pose a technique that can recreate Gouleau's performance inunique style of a performer more easily than with other
a fraction of a second using a motion capture recording of a methods, such as physical simulation or optimization tech-
single backward ip (see Figa). Our algorithm takes as an  niques. While new optimization methods, for example the
input a simple ballistic motion, such as a single somersault, one proposed by Liu et aLHPO5 based on joint prefer-
and creates a more complex animation, such as a multiple ences, go a long way towards explaining biological aspects
somersault, by rotating and repeating fragments of motion, of motion style, there are still elements of style that cannot
while maintaining physically-valid momentum pro les. be easily characterized and are best captured by data-driven
) ) ) ) ) ~ techniques. For example, acrobatic coach and human motion
Our algorithm automatically applies simple motion edit-  researcher Hartley D. Price compliments Russian athletes on
ing operations to create superhuman motions or acrobatic thejr skills: "Russians were not content to merely perform
stunts that would be dif cult to record in a motion capture  the skill. They went one step farther and added a breathtak-
studio. Because it does not employ computationally expen- jng avor to the performance, leaving no doubt where the
sive algorithms, our work can produce complex acrobatic complete understanding wasy-F59]. While highly skilled
motions in milliseconds after a pre-processing step of a few athletes can add certain avors to their performance, begin-
seconds. Therefore, our technique can be used to create mulners often make small errors which also make their motion
tiple animated characters performing acrobatic motions in ynique and dif cult to create with generative methods.
real-time. At the same time, by exploiting characteristics of
ballistic motions, the proposed technique creates animations The challenge of reusing motion capture data lies in the
that satisfy the laws of linear and angular momentum conser- fact that complex, multi- ip jumps differ considerably from
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their simple, single- ip counterparts. While the take-off and
landing poses do not change signi cantly with a varying
number of ips (see Sectiob.3), in the multi- ip motions

the rotation is faster and the ight phase longer. This re-
sults in the need for a more rapid build-up of momentum in
the take-off phase and its quicker release during landing. To
account for these differences, our technique adjusts motion
timing and modi es ight trajectories. The trajectory modi-
cations can introduce small changes in the take-off angle,
while numerical approximations during the retiming step
can cause small errors in angular momentum computations.
However, we found that these changes are not perceptible in
the motions generated with our method. To validate this re-
sult, we conducted a user study. We knew from previous re-
search that most humans have dif culties noticing even sig-
ni cant discrepancies in angular momentum when observing
motions of simple objectsdDGKO03J. We were curious to

nd out if these results could be extended to human motion
as well. Our results show that motions with small changes
in angular momentum (both smooth and abrupt) as well as

changes in take-off angle were not perceived as less correct

than the original motions. In fact, surprisingly, sometimes
they were perceived as more correct. The detailed results of
our study are presented in Sectifn

In this paper we present the following contributions:

an ef cient technique for creating complex acrobatic mo-
tions with multiple ips from simple jumps, while obey-
ing momentum conservation laws,

a method for estimating mass distribution from motion
capture data, which increases the accuracy of momentum
computation,

results of a study on human perception which measures
sensitivity to errors in angular momentum and take-off an-

gle.

2. Related Work

motions WK88, SHP04 RGBC96 SP05ALP06, MPS04.
These techniques allow animators to synthesize new, phys-
ically valid motions while preserving realism and style of
motion. While many of these techniques could be applied to
the problem of creating complex acrobatic motions, this pa-
per shows that for such motions time-consuming optimiza-
tion techniques are not necessary. High-effort ballistic mo-
tions can be synthesized and edited extremely ef ciently us-
ing only basic motion editing operations.

The results of our perceptual study contribute to the area
of human perception of motion. Reitsma and Poll&&03
studied human sensitivity to changes in vertical and hori-
zontal acceleration and modi cations of gravity. Safanova
and Hodgins $HO0F observed that motion interpolation can
cause large uctuations in angular momentum which are of-
ten unnoticed if the resulting changes in angular velocities
are small. O'Sullivan et al. JDGKO03 studied perception
of angular distortions and velocity changes in post-collision
trajectories for simple objects such as spheres, blocks and
T-shapes. We contribute to this body of knowledge by mea-
suring human sensitivity to distortions in angular momentum
and take-off angle in human acrobatic motions.

Our method for estimating mass distribution is similar to
the approach proposed iB$P032. In their work, Bhat and
colleagues apply optimization to estimate motion and phys-
ical parameters of a rigid body in free ight from video,
given the body's mass distribution as an input. In contrast,
our technique uses 3D motion data to estimate not only mo-
tion parameters, but the mass distribution as well.

3. Overview

Our algorithm works in two stages: a pre-processing stage,
which needs to be executed only once when a new motion is
added to the system, and a run-time jump generation stage
(see Figurel). In the pre-processing stage, we rst nd a
ballistic phase in the input motion. Next, taking advantage

The generation of physically valid acrobatic motions has of linear momentum conservation, we estimate our charac-
been a subject of intensive study. Control mechanisms have ter's mass distribution and inertia tensors for each body part.
been successfully applied to create a wide range of of Finally, given the masses and the inertias, we compute the

acrobatic motions. These include: somersalttg/BO95
LvdPFOQ, high dives WHOOQ], kip stunts FvdPTO1
LvdPF0Q as well as ski and snowboard trick&dP03.
While control algorithms create physically valid (though
sometimes robotic-looking) motions, creation of controllers
is still a dif cult and time-consuming process.

Optimization techniques with physics constraints have be-
come a prominent method for generating realistic highly dy-
namic motions\WK88, LGC94, PAOQ, LP02 FP0O3 SHP04.

The complexity and running time of the optimization meth-
ods have been signi cantly reduced in recent work$2(Q2
FP03 SHP04. However, even with these improvements,
generating motions with optimization techniques typically
takes a few minutes, which limits their applicability in
real-time and interactive applications. Many works apply
spacetime optimization to the problem of editing ballistic

linear and angular momentum in each motion frame.

In the run-time jump generation stage (see FigR)reve

rst employ a search algorithm to identify fragments of mo-
tion that can be rotated and joined together to create a more
complex performance. Next, we retime the resulting motion
to maintain continuity of momentum curves. As a last step,
our algorithm repositions the character so its center of mass
follows physically correct trajectories. We also provide func-
tionality for user motion editing: an animator can, for exam-
ple, change the position of the legs from tucked to straight,
to create a more dif cult jump. When legs are straightened,
their distance from the center of mass increases and the jump
rotation must slow down. Our algorithm can automatically
adjust the edited motion to assure physical correctness. Sim-
ilarly, different jumps can be joined together during the ight
and adjusted to ensure correct momentum pro les. We de-
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Figure 1: Schematic diagram of our method's pre-processing stage (top) andithéme jump generation stage (bottom).

scribe the preprocessing steps of our algorithm in Seetion
and the run-time jump generation stage in Secfion

in this step we do not yet know the character's estimated
mass distribution, we use an average mass distribution of a
human body (obtained fronD|G67]) to compute the linear
momentum. In our results this approximation did not affect

4. Pre-processing Stage the accuracy of the output.

In the pre-processing stage, our algorithm computes motion
parameters such as mass distribution, linear and angular mo-4.2. Estimating Mass Distribution

mentums, and jump duration (see FigdjeThese parame- ) ) )
ters need to be computed only once for each motion and canAPPIYing momentum conservation laws to motion capture

then be used multiple times in the run-time jump generation data is a key element of our approach. The knowledge of a
stage to create various ballistic motions. character's mass distribution, though typically not provided

with motion capture data, is necessary for the computation of
linear and angular momentums. Since we are working with
motions with long ballistic phases, we have the advantage of
being able to compute the mass distribution from the input
motion alone. During a ight phase, the character's center
of mass (COM) over time follows a line in theand z di-

4.1. Ballistic Phase Detection

In this step of our algorithm we determine where ballis-
tic phases occur in the input motion. This information is

rst ushed Ito e_S;'mate t(;‘e crlmlaracters masses, then to run tge mensions and a parabola in thévertical) dimension due to
search algorithm, and nally to create a new motion and o\iry Using this property we compute the masses of the

retime it correctly. Our jump phase detection algorithm is 4y, harts which minimize the distance between the charac-
based on the constraint method proposed.0P]. That is, ter's COM calculated from the motion data and the correct

we recognize that during the take-off and landing phases the COM trajectory, which is a line i, z dimensions and a
character's feet or hands remain planted on the ground for ' '

a certain amount of time. We don't know the exact position . . ' .
of the ground in our motions (there can be multi-level envi-  To achieve this we formulate a simple linear least-squares
ronments). However, we can assume that intervals where at optimization problem:

least one end effector is not moving signi cantly are good ! 2
candidates for border frames of the ballistic motion. pos (t) COM(t)

parabola iry.

Z|3

..... fort=0:::T

Sometimes during the ballistic phase, one of the limbs )
can remain in the same place for signi cant time. There- &
fore, we add an additional condition, based on the pattern with additional conditions that the sum of the masses is con-
of linear momentum build-up and release. Typically, during stant:&{L;m = M and thatmy 0. In the above equation
take-off, linear momentum slightly drops and then suddenly T is the duration of the ight phaseos(t) is the position
increases. Similarly, during landing, there is rst a sudden of i-th body part at time obtained from the motion data
drop in momentum and then a slight increase. We used the andCOM(t) = [ axt + by; ayt?>+ byt + cy;azt+ b;]" is the cor-
momentum change conditions ( rst down, then up) together rect COM trajectory. Note that in our optimization we search
with the constraint method to nd the longest ballistic inter- both for mass distribution and the COM trajectory parame-
val in each motion. With this technique we managed to cor- tersax, bx, ay, by, ¢y, az, bz. We do not use the real-world
rectly nd jump phases in all of our motion clips. Because gravity coef cient in our model because in motion capture
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data the character's joint lengths are often scaled compared4.3. Momentum Computation

to the real-world values. Using the results of our optimiza-
tion we can compute the scaling factor as: 2ay=g, where
g is the gravity coef cient.

The 3T + 1) equations constructed from the above for-
mula don't always have a unique solution. To minimize the
number of optimized variables, we assume perfect symmetry
between right and left limbs. Even with this modi cation, we
found that the optimization still commonly produced solu-
tions unrealistic for human body mass distribution. Although
our optimization algorithm allowed us to specify a reason-
able mass distributiom?;::::m} (obtained from PG67)
as a starting point, the results of the optimization still suf-
fered from over tting. Over tting occurred because the op-
timization algorithm attempted to "explain” inherent errors
in the motion data. This caused large shifts in mass distribu-
tion, which resulted in only small improvements in the opti-
mization results. To alleviate this problem, we added another
equation to our problem formulation, which made the opti-
mization algorithm favor solutions close to the initial distri-
bution:

rmnw m mo ? for i=0::n

whereW is a small constant. This formulation removes the
over tting problem as only large improvements in the op-
timization can sway the results signi cantly from the ini-
tial solution. Given the mass distribution and the skeleton
proportions (obtained from mocap), we compute inertia ten-
sors by approximating each body part with an ellipsoid of a
constant density, as proposed ifHP05. We obtain typical

densities of body parts fronD[G67].

In our method we take advantage of the regular shape of
COM trajectories during the ight phase due to the linear
momentum conservation. We also tried to utilize the angular
momentum conservation property to increase the number of
constraints in the optimization problem. Unfortunately, com-
puted derivatives contained too much noise, due to numeri-
cal errors in our motion data, to be useful in our optimiza-
tion.

Our technique of mass estimation is useful for momentum
computations as it reduces the deviation of linear momentum
during the ight phase from the physically correct pattern.
In our computations the reduction was 30% compared to the
momentum values computed with the initial mass distribu-
tion. Itis dif cult to evaluate how well our method estimates
the real-world mass distribution of a performer, since we do
not know the actual masses of our performer's body parts
(hence the need for estimation). However, a video record-
ing of the motion capture session showed that the performer
of our motions was tall. Tall males typically exhibit lower
weight of limbs and higher weight of the trunk as the per-

centage of total weight, compared to a person of an average

height [CM69]. The results of our optimization showed the

Given the mass distribution, computing the momentum is
straightforward. The linear momentumat timet can be
computed as:

N
pt)= & mvi(t);
i=1
wherem is the mass oi-th body part and(t) is its velocity
at timet. Angular momentunt. for a system of rigid bodies
can be computed as follows:

N
L()= & Ri®IRiI()"+ m(pos(t) COM(®) vi(t);
i=1
whereR;(t) is the rotation matrix for-th body part in world
coordinatespos(t) andl; are thei-th body position and in-
ertia matrix respectively, andOM(t) is the character's cen-
ter of mass at time.

5. Run-Time Jump Generation Stage

In the run-time jump generation stage, our algorithm cre-
ates a complex multi- ip motion from an easier, single- ip
jump using basic motion editing operations (see Figdres
and2). These operations and their impact on momentum are
described in Sectiob.1 The jump generation stage starts
with a search, which nds and glues together fragments of
motion to produce a longer sequence (Seci@ Next, the
resulting motion is retimed to assure continuity of angular
and linear momentums during take-off, ight, and landing
phases (SectioB.3). Finally, the motion frames are reposi-
tioned to maintain correct COM trajectories in the ballistic
phase (SectioB.4). Additionally, we provide functionality

for user motion editing: an animator can modify character's
poses during ight, and our algorithm then automatically ad-
justs the new motion to assure conservation of linear and an-
gular momentums (Sectidnb).

5.1. Editing Operations and Their Impact on
Momentum

In our algorithm, we employ three basic motion editing oper-
ations: repositioning, rotation and retiming by interpolation.
In this section we analyze their impact on linear and angular
momentums. We also show how these operations are used in
our method to maintain the momentum conservation prop-
erty during ight and assure continuity of momentum during
take-off and landing.

Repositioning of the center of massChanges in the COM
trajectory do not affect the character's angular momentum,
which is computed with respect to the character's COM. We
use this property in the last step of the run-time jump gener-
ation stage, when adjusting the COM trajectory to the longer
ight phase.

same pattern in the estimated masses compared to the averRotation around the angular momentum vector.Rotating

age mass distribution.

a fragment of a ballistic motion around the axis de ned by a
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wherem is the mass of a particle; is the distance from the
COM, v; is the particle's velocity w.r.t. the COMy; is the
angle between; andv;, andi is a unit vector perpendicular
tor; andy;. If we rotate the reference frame by some arigle
around the axis de ned by the center of mass and the angular
momentum vector the new angular momentum will be:

L™ = & m(jrijivijsingiR(F)A) = R mi(ri - vi)
i I
= R(f) L=1L;

because the axis of rotation is paralleLtoWe use this prop-
erty in the sequencing step to increase the number of ips,
while conserving angular momentum.

Motion retiming . Uniform retiming scales the linear and
angular momentum linearly. A motion fragment with linear
momentump and angular momenturh retimed by a fac-
tor of n has momentums equal tp andnL. This is due to
scaling of velocities during retiming:

grewz d@(Y) _ d(ri(nt) dnt) _

dt d(nt) dt

While this is true in the continuous case, applying this rule to
motion capture data, where derivatives are computed numer-
ically, causes errors. However, fér n 2,these errorsin
our motions are within 20% range and according to our study
(Section7) are not perceptible in the resulting motion. We
use retiming to assure continuity of linear momentum dur-
ing take-off and landing and to adjust momentums to motion
changes made by an animator.

5.2. Search and Sequencing

The search algorithm attempts to nd a fragment of ballis-
tic motion, which can be repeated in the new sequence after

. . L . rotation around the axis de ned by the angular momentum
Figure 2: Outline of the run-time jump generation stage of ~ yecior and the character's COM. In other words, it nds
our algorithm. a) Input motion. b) First, the search algo- 4 sequence of frame&s = fm: fme ;222 fn and an anglé,
rithm nds a self-looping sequence B; root positions are ig-  g,ch that
nored. c) Next, the sequence B is rotated around the angular
momentum vector and repeated to obtain a double- ip. d) R(fmiL;f)  fu:

The resulting sequence is retimed to assure continuity of lin- That is, framefn, after rotation byf aroundL is similar to

ear momentum during take-off and landing. e) In the nal  f, (we describe the similarity measure in Appengéix We

step, the character's COM is repositioned to follow correct  call the jump fragmenFg with this property aself-looping

trajectories under gravity. sequenceFg is then progressively rotated and repeated mul-
tiple times to create a longer jump with more ips. For ex-
ample, in Figurec the self-looping motion is repeated four
times to create a double ip.

character's center of mass and the angular momentum vec- |, other words, we use the initial motion sequence:
tor will not affect the angular momentum within this motion

fragment. Intuitively, angular momentum is a vector that re- F=[Fs; Fg; Fel;

mains constant in the given reference frame during the jump whereFs = f1::::: fm 1 andFg = fre 100 feng to Create
duration. If we rotate our reference frame around the axis de- g5 new, longer sequence with more ips:

ned by that vector and the COM, then all points on that axis

will remain unchanged. More formally, angular momentum F'®"=[Fg; Fg; Rg(f); Re(2f); :::; Re(rf)];
of a system around its COM can be de ned as whereRg(f) is the sequencEg with all frames rotated by
_ 8 gy = R S A f aroundL. The parameter denotes the number of repeti-
L= =
ai‘ mri ) E?‘ Mrijvij singin); tions of Fg in F"™"and depends on the number of ips we
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want to obtain in the new motion. For example, in Fig@re
we construct a double ip, which involves the root rotation
of 4p aroundL. The rotation around in Fgisf 3 and
rotations inFg and Fg are close tog. Therefore we need

to repeat the self-looping sequence four times. We compute
rasr=d(2p num_ips fg fg)=fe wherefgandfg

are amounts of rotation arouhdin Fs andFg respectively.
Note that since we are rotating the self-looping sequence
around its angular momentum vector, the angular momen-
tumin[Fg; Rg(f); :::; Rg(rf)] will remain approximately
constant when computed with respect to the COM.

The newly created sequend€®” contains a take-off
phase and multiple rotations. Next, we perform a sec-
ond search, to add the landing phaseF§" . We nd
two framesf 2 [Rg((r 1)f); Rg(rf)] andg 2 Fg, such
that f  g. The resulting sequende will consist of Fg,
[Fg; Rg(f); :::; Rg(rf)] truncated to end at framg, and
Fg, truncated to start at framg As a last step, to elim-
inate small discontinuities in transitions between motion
fragments, we smooth joint angles by slerping over small
windows of frames.

If the ballistic motion does not contain self-looping se-
qguences (there are no similar framis and f,), our algo-
rithm can still be applied. The transition between any two
chosen frames of ballistic motion can be created by an an-
imator or automatically by smoothing. Although during the
transition the angular momentum will not be constant, we
can adjust it by applying non-uniform motion retiming as
described in SectioB.5. The same algorithm can be eas-
ily modi ed to join two different motions during the jump

Joint Single Double  Ang. vel. Time
ip (deg) ip(deg) (deg/sec) (sec)

a b w ja bj=w

ankle 125 125 821 0.00
knee 174 168 278 0.02
hip 175 202 715 0.02
trunk 78 99 931 0.02
shoulder 154 153 157 0.01

Table 1: Comparison of take-off poses for a single and
double back ip. Differences between the joint angles in the
two take-offs are negligible; with given angular velocities, it
takes less than a duration of one frame to transition between
them. Data adapted fronK[Y03 and [KY04.

variations in run up speed account for 96% of the varia-
tion in jump distance. Seyfarth, Blickhan and van Leeuwen
[SBvLO(Q report that the optimal jumping technique de ned
by leg angles is not affected by changes in approach speed
or muscle design. In acrobatic motion research, King and
Yeadon KY03, KY04] present data on joint angles during
take-off for a single and double back ip from a round-off
(see Tablel). Differences in joint angles are negligible: it
would take less than 0.02 second to transition between these
two take-offs, due to high angular velocities of body parts.

While there is less scienti ¢ data on the landing phase,
our conversations with gymnastic coachBgl[ Nel] reveal
that a perfectly executed double ip will have a very simi-
lar landing to a correctly carried out single ip, but will be

phase. As long as the two motions have the same angular performed faster.

momentum direction, the magnitudes can be adjusted by re-
timing.

5.3. Retiming

In the search step we constructed a complex motion with
multiple rotations and a longer ballistic phase compared to
the original motion. Differences in the ight phase duration
and COM trajectories affect the momentum build-up during
take-off and its release during landing. One of challenges
here is to adapt the take-off and landing phases to re ect the
changes in the ight phase and to assure continuity of linear
and angular momentums.

For low-effort jumps, changes in momentum build-up are
associated with signi cant changes in take-off poses. For ex-

Since in high-effort motions take-off and landing do not
vary signi cantly with performance level, we can achieve
natural-looking motions and eliminate momentum disconti-
nuities by simply retiming motion fragments so that they are
performed faster. We retime the take-off, ight and landing
phases by the same factorRetiming will scale the angular
momentum by a factor d in all phases of motion. During
ight, linear momentum will be adjusted by repositioning
of the character's COM, but retiming also increases linear
momentunk times during take-off and landing, and reduces
the duration of the ballistic phase by a factorkofin Ap-
pendixB we show that there exists a single scaling fa&tor
which assures the continuity of the linear momentum curve.
In practice however, small discontinuities in linear momen-
tum are not perceptible to the human eye. Therefore we can

ample, a character might bend the knees more to achieve adjustk to obtain different jump heights and rotation speeds.

a longer or higher jump. Surprisingly perhaps, the same is
not true for the high-effort ballistic motions, such as acro-
batic ips or long jumps, where the athletes are operating
close to the limit of their physical abilities. Research sug-
gests that the approach speed is the main factor affecting
the performance in high-effort motions, while take-off poses
vary little with changing performance levels. Bridgett and
Linthorne BLO6] evaluate long jumps performed by pro-
fessional athletes with maximum effort and conclude that

In our results we typically chosk 0:7k , as we found
higher jumps with slower rotations to be more aesthetically
pleasing.

5.4. Repositioning

In this step we adjust the character's center of mass in each
ight frame of the newly constructed motion, so that it fol-
lows physically valid trajectories. Computing the COM posi-
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tion alongx andz axes is simple, given values; by; az and
b; computed in the mass estimation step (Sectid) and
retiming factork chosen in the retiming step (Sectibr):

COMMt) = k axt+ by
COM®Mt) = k ag+ b
t= 0T

whereT"™"is the duration of the ballistic phase in the new

motion.We also offset the COM trajectory after the jump to

maintain the continuity of motion:

COMPHT™™  COM(T)

COMZEMT™™)  COML(T):

In the case of the (vertical) axis, we need to modify the

parabolic trajectory by scaling the initial veloctty att = 0:
COM®(t) = at®+ k byt+cy for t=0::T"%

The change in initial velocity causes a (typically small)
change in the take-off angle. However, our study indicates
(Section7) that such small changes are not perceptible.

offset
offset,

Using the above formulas, we can also make non-trivial
modi cations to the character's trajectory by modifyirag
and adjusting the scaling factki(see AppendiB). For ex-
ample in Figuredc we changed the height from which the
character takes off. In the original motion the take-off and
landing were at the same level.

5.5. User Modi cations

Our method allows an animator to modify a motion during
the ight phase, for example by changing the leg position
from tucked straight. When legs are straightened, their dis-

eliminate all angular momentum errors, it reduces them sig-
ni cantly (see Figure3). Before the retiming, angular mo-
mentum error was over 50% and could be detected by most
viewers (see Tabl2). Our method reduces the error to 20%
or less, so that according to our study it is no longer percep-
tible.

—after retiming
==+before retiming

e o
.
‘

Ang. mom. error
o
N
¥
.

o

o
N
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Figure 3: Errors in the angular momentum in a motion mod-
i ed by an animator before and after retiming relative to the
original motion. Retiming causes signi cant reduction in the
relative error.

6. Results

We applied our technique to a variety of acrobatic motions
from the CMU motion capture databas#ru and commer-

cial databases. Figuda presents a double backward som-
ersault from a stand generated with our technique and the
comparison with the original single- ip motion. The gen-
erated motion exhibits faster rotation and more rapid take-
off and landing compared to the original jump, to accom-
modate changes in momentum due to the longer ballistic
phase. Figurelb shows the results of a user's editing op-

tance from the center of mass increases, which causes anerations. A tucked forward ip is modi ed by an animator

increase in the overall body inertia. Since the momentum
must remain constant, the jump rotation must slow down.
Our algorithm can automatically adjust the edited motion to

to become a straight-leg jump. Our system retimes and repo-
sitions the motion to adapt to inertia changes. This causes
the ight phase to be longer with slower rotation and greater

assure the conservation of angular momentum. As long as Jump height compared to the original motion. Take-off and

the modi cations do not introduce signi cant changes in the
direction of the angular momentum vectorchanges in the
magnitude ofL can be eliminated by rst retiming the mo-
tion and then repositioning the character's COM during the
ight phase.

Since momentum in the modi ed motion changes over
time, the retiming factor must change as well. We create
a new, retimed frame sequence by computing which frame
should be displayed next, given the number of the previous
frame in the retimed sequence:

1

next_frame= last_framer ———————;
- - ratio(last_fram¢

whereratio(f) = jLmoegif(f)j5L(f)]j is a ratio between the
angular momentum magnitugleqgisj in the modi ed mo-
tion and the angular momentum magnityté in the origi-
nal motion at a framé. For in-between frames, we linearly

interpolate the joint angles and compute the angular momen-

tums from the interpolated values. While retiming does not
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landing phases are also modi ed due to the change in length
of the ight phase. Figurelc presents the results of joining
together two acrobatic motions, an aerial cartwheel and a
forward ip, to create a new stunt. The motions are retimed
so that the angular momentums during the ight phase are
equal in both of them. This example also shows the capabil-
ity of our technique to easily change the height from which
the character takes off.

Running time. The pre-processing stage of our algorithm
took about 3 seconds. The run-time jump generation stage
for a two- ip jump took 3.69 ms, a three- ip jump 4.60 ms
and a four- ip jump 5.09 ms.

7. Experimental Evaluation

We studied human sensitivity to errors in angular momen-
tum and take-off angle, to nd out how the approximations
introduced by our method affect viewers' perception of the
generated motions.
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Figure 4: a) A double backward somersault from a stand generated with our tast(iig turquoise) compared with the original
single- ip motion (in yellow). b) The results of a user's editing operatiompared with the original motion. ¢) The results of
joining together an aerial cartwheel (in red) and a forward ip (in turque)s

Participants. The study involved 19 student volunteers (3 see a sequence of motions, some of which were physically
women and 15 men) ranging in age from 20 to 25 years (3 correct and some of which were not. They were not informed
participants did not specify their age). None of the volun- how many of the motions contained errors or what kind of

teers had signi cant experience in computer animation or errors were introduced, but they were shown examples of
gymnastics. correct motions to give them a reference point. Participants
were instructed to mark each of the test motions either as
correct or incorrect. The test motions were arranged ran-
domly within each error group and then interleaved to reduce
the learning effect. Each motion was shown twice.

Stimuli. Animations of single- ip forward and backward
somersaults were created as a stimuli. All animations were
rendered in the same style with the same camera con gura-
tion and the same take-off position. Original motion capture
clips were used as base motions. Errors in angular momen- Results.Similar to ndings reported byQDGKO0J for sim-

tum were created by the motion retiming during the ight ple objects, our subjects were not sensitive to even signi -
phase. We tested both abrupt changes - sudden introductioncant changes in angular momentum during ballistic motion.
of retiming in the middle of the ight phase, and smooth For example, for both smooth and abrupt changes, a 25% in-
changes in angular momentum - retiming factor growing crease in angular momentum was imperceptible and as likely
linearly and achieving maximum value just before landing. to be classi ed physically valid as the original motion. Sur-
Both abrupt and smooth errors ranged from -50% to 50% of prisingly, motions with smooth decreases in momentum of-
the original angular momentum magnitude. The errors didn't ten scored higher than the original motions. This might be
change the direction of the angular momentum vector. Errors caused by humans overestimating the effect of air friction
in take-off angle were introduced by modifying the linear ve- on the motion.

locity in the ight phase along the direction of the jump and

ranged from 0 to 40% Likewise, our subjects proved not to be sensitive to er-

rors in the take-off angle. A 30% change was perceived as
Procedure. Participants were told that they were about to physically valid as often as the original motion. Perhaps even

¢ Association for Computing Machinery, Inc. 2007.
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Ang. mom. Error level and comments. We would also like to thank Intel Corp., Mi-
modif. 0% 17% 25% 37% 50% crosoft Corp., ATl Corp. and AGEIA Corp. for their support
smooth 72 71 72 41 through equipment and software grants.

incr. (00) (05) (.00) (.81)
smooth 2 9 8 78 62 Appendix A: Similarity Measure
decr. (.00) (-.22) (-.18) (-.18) (.27)
In our search algorithm we use a comparison function which
abrupt 72 76 8 48 44 computes the distance between two poses while ignoring
incr. (00) (-13) (-18) (63) (75) their positions in space and global rotations around
abrupt 72 83 68 33 22 Our comparison method is similar to previous approaches
decr. (.00) (-38) (11) (1.0) (1.4) [LCR 02, KGP02 AF02,ZMCFO05. However, in contrast to
the above methods, we rst rotate the skeleton around the
Take-off ang. Error level momentum vector before the comparison to minimize differ-
modif. 0% 10% 20% 30% 40% ences in body orientation between compared frames. In other
incr. 63 81 50 63 18 words, given two frame$; and f,, we rst compute rotation
(00) (-53) (34) (00) (1.3) anglef aroundL, by projecting the angle between root ori-

entations inf; and f2 on a plane perpendicular to. Next,

we rotatef, by f to remove the differences in global orien-
tations around.. Finally, we compute the distance between
the two frames as a weighted sum of differences between
global orientations, joint angles and angular velocities.

Table 2: Results of our study: mean ratings (in percent) and
sensitivity levels (in parenthesis). Sensitivity less or equal to
zero means that participants could not detect errors.

Similarly to [ZMCFO05, we assign higher weights to
more surprising is the fact that the higher error didn't neces- joints close to the trunk, as differences in limb positions
sarily cause increased sensitivity: a 10% change scored sig-can be easily smoothed by blending. We used the same set
ni cantly higher than the original motion and a 30% change of weights Wroot = 2, Wirunk = Whigh = 0:7, Winee= 05,
was viewed as correct more often than a 20% change. This Wghoyuiger= 0:3, Welpow= 0:1) for all of our motions.
shows that most humans have relatively little experience
with high-effort ballistic motions and nd it dif cult to esti-
mate their correctness. The results of the study are summa-Appendix B: Computing Scaling Factde

rized in Table2. The retiming process affects the linear momentum in two

directions: it increases the momentum during take-off and
landing, and also decreases the necessary momentum build-
up by reducing the ight duration. Therefore, the take-off
Our method for creating complex ballistic motions from  velocity is scaledvgy = k v, and the duration of the ight
simpler jumps is ef cient because it uses only basic editing is shortenedT = T=k , wherevy is the take-off velocity
operations. Our approach works especially well with high- along they axis in the original motion and is the dura-
effort motions, which do not exhibit signi cant changes in  tion of the ight phase before retiming. Given the parabola
take-off and landing poses with varying levels of effort. For equation:y (t) = %gt2 + Vot + ystart and the end condi-
low-energy jumps, it would be interesting to explore the pos- tion:y (T )= YenqWe solve for the factok which assures

8. Conclusions and Future Work

sibilities of using our technique jointly with optimization
methods, such as the ones proposedindg or [LP0Z, in
order to adapt take-off and landing poses to different jump
lengths. Another possible extension to this work would be
a method which allows an animator to introduce changes to
in- ight motion which signi cantly alter the direction of the
angular momentum vector. The property of angular momen-

tum conservation could then be restored by rotating the char-

acter appropriately.
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the continuity of the linear momentum curve:

\
4o
k :P 29-r .
Vo %y

wheregis the gravity coef cient, an@y = yeng VYstart is the

difference in COM heights between take-off and landing.
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