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BALLET BALANCE STRATEGIES

Camilla Pedersen
IT-University of Copenhagen, Denmark
Kenny Erleben and Jon Sporring®
Department of Computer Science, University of Copenhagen, Denmark

Abstract

Animating physically realistic human characters is challenging, since human observers are
highly tuned to recognize human cues such as emotion and gender from motion patterns. The
main contribution of this paper is a new model firmly based on biomechanics. The model has been
developed to animate balance and basic movements of a ballet dancers. It is supported by com-
puter simulated experiments and is showing good agreement with biomechanical measurements of
real-life dancers.

KE: Pertective, what impact does the work have?
Keywords:Biomechanics, Balance Strategy, Weight shift strategy, Control Mechanism.

Nomenclature

The following symbols are used in this paper: = - - -
T Joint torque
06,A0  Joint angle and angular update
Ks, Kg Spring constants ..".. ..! I.. A
Ti Position of body parit

- .\ (a) (b) (c)
Tem,Tep  Position of center of mass and pressure

m, M Mass of body parit and total mass

P; Contact point Figure 1. KE: | think it is good to be ex-
n; Normal force atp; plicit about telling where these images came
f, Contact force ap; from Three of the basis ballet positions shown in our
simulator: (a) First, (b) Second, and (c) Fifth. The
feet are positioned in the frontal plane in all poses.
Introduction

A long term goal of computer graphics is to increase

realism and believability into computer generated o ) ]

animations and pictures [1, 31, 18, 5, 37, 4]. With on original work in [35]. Ballet is a balance art and
improved rendering techniques, the lack of physical IS a pnr_ne foc_ug for Iearnl_ng about _human _balance
realism and believability is becoming increasingly 210 Weight shifting strategies. We will describe how
obvious and annoying to the common observer, andt0 make a}_dyna_mlc'ammatlon from the f|r_st of the
one accompanying long term goal in animation is to P@SIC POSitions in Figure 1 to obtain a quiet stand-
increase physical realism by using physics to model N9 On one toe. To achieve the goal the artlculatgd
plausible behavior and movement of computer mod_ﬂgure MOoves thrpugh the four sub-goals s_hown n
els. This known as physics-based animation. Figure 2 Balancing 0'? two legs, weight shift to the
This paper studies biomechanical and ballet inspiredsuPportIng leg, balancing on one leg, and balancing

balance and weight shifting strategies and is base ; the toe °f°T‘e leg. The new model s firmly basgd
on biomechanics and is supported by computer sim-

*Corresponding author. E-mail: sporring@diku.dk, phone: Ulated experiments showing good agreement with
+45 3532 1469 biomechanical measurements of real-life dancers.




Robotics: Early work on balancing robots may be

- - found in [41]. Weight shift strategies for walking
are often performed through dynamic walking ma-
chines, where there is more or less degree of con-

“ '} trol involved in the walking cycle [29, 24, 40Q].
- .
Recently, a number of spectacular and stable hu-
@) (b) manoid robots have been produced starting with the
] Honda robot [22]. Especially in relation to our
- - work, the center of pressure has recently been intro-

duced as a stable control mechanism for balancing
robots [21, 20].

l {

© ) Animation: A very early mentioning of simulated
human motion is given in [2], and early implementa-
tions may be found in [16, 30]. The implementation
Figure 2: KE: | think it is good to be explicit of dancing models is only scarcely discussed in the
about telling where these images came fronm- literature, however one exception is [8]. A major
ages from our simulator illustrating shifting the inspiration for our work has been [26, 46], where
weight from both legs in first pose (a) to the left leg center of mass is used to control the balance and
(b), to a one-legged stand (c), and finally to a one- motion of a humanoid model of varying complexity.
toed (d) quiet standing. Alternative to center of mass strategies are inverse
kinematics e.g. [27], energy models e.g. [7], and
Survey of past work learning approaches e.g. [11].

The study of balance has been performed in at

least three separate areas of research: Biomechanic§he Biomechanics of Quiet Standing
Robqtics, and Animation. We will in the following A humanin quiet standing may be modeled by an ar-
highlight some research from these areas. ticulated figure [26, 46] consisting of a set of joints
and a set of links representing body parts. The set
Biomechanics and the study of ballet: Ballet is of possible joints consist of revolute (1 Degree of
an art-form, where balance plays a central role. Freedom (DOF)), universal (2 DOF), and ball-and-
Classical ballet techniques are throughly describedsocket (3 DOF) joints. In this work, we have used
in the literature, see e.g. [17, 43]. Biomechanical Wooten’s model [46], which contains 28 DOFs, and
studies of ballet has mainly been studied through uses real measurements of the mass,center of
injury cases, e.g. [13]. In The studying of human mass,Tj, and moments of inertia of all the body
balance there i«E: are? two theories: Either parts [10]. The ankle and hip joints is of particu-
we balance by controlling the center of mass di- lar importance for this paper, and they are modeled
rectly or indirectly by controlling the center of pres- by an universal joint and a ball-and-socket joint re-
sure [28]. Empirical investigations have shown that spectively.
the velocity of center of mass plays a role in bal- Traditionally in biomechanics and anatomy motion
ancing [44]. Empirical studies on real humans have orientation is described in three planes: The Sagittal
been performed on balancing of humans versus the(x-axis), the Transversg-axis) and the Frontalz
position of the center of mass [34E: Balanc- axis) plane. These planes are illustrated in Figure 3.
ing humans versus center-of-pressure strategy, Measurements of angles and positions are tradition-
don’'t you mean center-of-mass versus center-of- ally also performed in these planes [32] by projec-
pressure?. Weight shifts have been measured us- tion onto the respective planes and axes. Typical
ing a force-platform [32, 33]. Finally, a thorough projections are: The position of the center of mass,
measurement of the properties of mass and inertiathe position of the center of pressure, angle of joints,
of human body parts may be found in [10]. and the direction of gravity. To work with the projec-



inal Axis
Erontal Plane

weights of the body parts, andare their locations.
Note that center of mass is not fixed w.r.t. any lo-
cation of the body during motion of the individual
body parts. The center of pressure is defined as
1 K
?cpzwzﬂﬁmm (4)
wheren = z? fij is the total normal force acting on

the human modelj; is the normal force applied to
the human model at thgth contact pointgj, andK

Figure 3: Sagittal, Transverse, and Frontal planesjs the number of contact points.

together with Medial, Longitudinal and Anterior
axis.KE: Do something about text

tions rather than the underlying 3D geometry, allows
for comparison with the substantial biomechanical
literature.

For simplicity, a spring model for the floor contact
forces is used, where the contact force of ftta
contact is

_ kgontact( r5J_initia| _ 51_) - k((j:ontacbj. (5)

In the equationp/nt

-

fi

is the initial point of contact,

Muscles are used to move a_nd sustai_n pos_ture of th&‘jj is the current contact poinﬁj is the velocity of
human skeleton, and our articulated figure is supple-tne current contact point, amk@entactandisontactare

mented by an actuator system, which applies joint

spring and damping constants. The vedtgyjs cal-

torques according to a simple damped angular spring.,,|ated as the projection (ff onto the contact nor-

model,

= ksmuscle<9target_ ecurren5 _ kdmuscleécurren'g

1)
In the equation is the length of the torque vec-
tor, 9'ar9€t gnd geUreNt gre target and current an-
gles, 6SU™eNtis the current velocity of the angle,
andk"UsCleandkMuscleare spring and damping con-
stants.
A balance control strategy is a function that deter-
mine updatesh0’s, based on the current state of the
articulated figureg©Ur"eNis sych that the model will
converge towards a desired state of quiet balance
l.e. the strategy iteratively determines new parame-
ter valuesp"®Ws as,

eneW: 9CUI‘I’€I’1I+ AG.

(2)

In the rest of this article, it will be assumed that the
model is placed on a planar floor, and the contact

between the floor and the feet is represented by a se

of coplanar contact pointg;. The support polygon

is defined as the 2D convex hull of all the contact
points. The center of mass is of the human model is
defined as

1 N
f’cmzmlzmif'i, (3

whereM = N m is the total massN is the num-
ber of body parts in the modety is the individual

mal of the floor, and the tangential part is a simple
model of frictional force.

Contact forces can only be repulsive, and attractive
contact forces|f;, are therefpre set to zero. Slip-
ping is obtained by settingj'”'“aI equal topj, when

the magnitude of the tangential force component ex-
ceeds a multiple 9f the magnitude of the normal
force component) ffriction|| > — [T .

The line of gravity is defined as the line going from
the center of mass to the ground in the direction of
the gravitational field. The point of intersection be-
tween the line of gravity and the floor is referred to
as the projection of the center of mass. These con-
cepts are illustrated in Figure 4.

Balance is defined as an objects ability to main-
tain quiet standing, where quiet standing is the state,
where the projection of the center of mass is kept
within the support polygon [23, 26, 46]. The impli-
cation is that the greater support polygon, the lower
Eenter of mass, the more stable the balance and vice
versa. The human body has a highly placed center
of mass over a rather small support polygon, and as
such the human body behaves as an inverted pendu-
lum. This will be further developed later.

In the remainder of this paper, control strategies for
maintaining quiet standing and moving an articu-
lated figure from one pose of quiet standing to an-
other will be discussed.



rgg”e“tandrtc%rgetare the projections of the current
and target positions of the center of projection onto
the anterior axis, ankt” andk;" are control param-
eters.

The center of pressure theory can be understood by
looking at the human balance like the balance of an
inverted pendulum. The center of mass is the top
and on the floor is the center of pressure. When the
positions are right above each other, it's a perfect
Figure 4: lllustration of biomechanical definitions: pgjanceKE: Unproven statement, cite?. In order
Center of mass, center of pressure, support polygonyg change the balance to a new desired position. The
and line of gravityKE: Bigger, difficult to read. center of mass can start an acceleration towards the
new point by moving the center of pressure in the

Balance Strategies: Mass Center ver- opposite direction. The same happens if you balance
sus Pressure Center a match on your fingerKE: There might also be

. . N some analogy to center of boyance, i.e. why ships
In the following, two strategies for balance inspired 9y y y ship

. . . are stable.
by Biomechanics will be compared: The center of

mass strategy and the center of pressure strateg)).: IgturoT 5 sthowsf b resuléllr:ﬁ dynatmlcsf of the pro-
The analysis are done on an articulated figure in gplected center ot mass and the center of pressure on

based on [46] standing with parallel feet. The bal- :Ee ant(?[rlor?ms. The Thover?en;t ?f :jh:f prolec;tlotn_ of
ance is controlled by the ankle [44] e center of mass on the articulated figure start in a

The center of mass strategy is the traditional balance” OS![tIOI’] f(?[ﬂ t?e Tetils to t?e dfetst:red posﬂ;oar;Eo; the
strategy for dynamic animation, where the angular celn er O,) eTﬁe (t'e clep srf_o © suppor o bal
change is controlled as a function of the projection polygon?). The articulated figure manages to bal-

of the center of mass onto the support plane [26, 46]:ance using both s'Frategles, but thg center of pres-
sure strategy requires only approximately 1.5 sec.

targe c while the center of mass strategy requires almost 10
NG = KEM (rcu”e”t—r 5 —KsMNvem, (6 ) ) >
ks cm cm ki vem.  (6) sec. to get a balance in the desired position. In ad-
dition, the center of pressure strategy also has the
smallest amplitude of the oscillations of the center
position is living in 2D plane, not in 3D space, of pressure, which .m_e_ans that it has the bes'F con-
trol KE: by what definition? over the contact with

right? are the projections of the current and tar- h d. The articulated fi ic also balanci
get positions of the center of mass onto the anterior, € ground. The articulated igure 1s aiso ba'ancing

axis,Vem, is the velocity vector of the center of mass in frontal plane, but in this plane the projection of

projected onto the anterior axis, akil andki™ are the center of mass starts in the desired position in
control parameters ' the center. We obtained similar results for the same

In the center of pressure strategy, the model uses th(I}eStS on another model [35] than Wooten's [46].

center of pressure to control the center of mass. The
goal of this strategy is to calculate a desired position
of the center of pressure, and use this for controlling Dynamics of a Ballet Dancer

where Af is the angular change of the ankle in

the Sagittal planerSuTent and r&re® KE: target

the muscles. Quiet standing on the toe of one leg is central in all
ballet training. This is demanding, since the dancer
_cm/ current_ targe C ’ :
Orcp = ks (rcm —T'em 5 —Ki™er)  has to balance on a very small support polygon while
target ®) at the same time looking at ease. We have devel-

r Arcp+rem, . -
cp cpmicm oped strategies for obtaining a balance on the left

ng = kP (rgg”e”t— r;[:%rge5 —kPvep,(@)  leg with the right foot by the left knee as illustrated

in Figure 2. The pose is used, when dancers turnin a

whereAr¢p is the positional change of the projec- pirouette, and it is perhaps the most basic of all bal-
tion of the center of pressure onto the anterior axis, ances in ballet training. Both in quiet balance and in



dm

Figure 5: Comparison of the dynamics of the ankle

Spine Rotation

Sustained Contact

Figure 6: A rotation in the ankles with straight legs
implies a rotation in the hip, and a rotation in the
spine is required in order to keep the upper body ver-
tical.

perhaps some picture help? The desired posi-
tion of the projection of the center of mass where
on the center of the supporting legs foot. The angu-
lar changes in the hip joints where calculated from
the angular changes in the left ankle. The right an-
kle controlled the position of the right foots center
of pressure.

Ballet aesthetics requires that the upper body is kept

for the two strategies: (a) Center of mass strategyparallel to the line of gravity during a weight shift in

and (b) Center of pressure strategyp is the center
of pressure antgm is the center of mass. Motion is
restricted to the Sagittal plane.

the frontal plane with both feet fixed on the floor. It
has been claimed [32] that dancers keep their upper
body vertical by a counter rotation in the hip joints,
however this is only physically possible when the
legs are parallel as illustrated in Figurd&: This

most of the basic ballet exercises, the legs are strictlyﬁgure do not show anything about parallel legs

separated into the working leg (doing the exercise)
and the supporting leg. Shifting the weight between
the legs is basic, and it should preferably be done
without drawing the attention of the audience.

Weight Shifting Strategies

The weight shifting strategy described in the follow-

ing was inspired by the analysis of real dancers pre-

sented in the literature [32]. They showed that angle

it shows spine rotation, do we need another fig-
ure? . Ballet dancers compensate for the hip rota-
tion by a counter rotation in the lumbar region of the
lower back [17], and therefore a control function in
the spine is required. Dancers control the body cen-
ter by the stomach muscles. Experience has shown
that these stomach muscles are extremely important
for aesthetic motion of the articulated figure [35],
thus a control function in the pelvis is used to inhibit
rotation in the Sagittal plane. Both control functions

changes in the hips and ankles are nearly identicalare modeled using a spring law similar to (1).

during a weight shift, and that the center of pres-
sure starts moving towards the working leg and end
up being on the supporting leg. The last result is

only explainable from the center of pressure balancedancers [32] as follows:

strategy.

To shift the weight, we designated the left ankle to
be the controlling joint using (9)KE: The remain-

ing part of this pharagraph is a bit heavy to read,

The final weight shift of the articulated figure is
shown in Figure 2. The resulting articulated fig-
ure agrees with measurements performed on real
The measured angle
changes are nearly identical during the weight shift,
and the center of pressure starts to move towards the
right foot and ends in a position on the left foot. The
last result are showed in FigureKE: | hope | got



the right reference here?. On the dm-axis zero is far the best results for the last one which we have
between the center of the lel&: | rewritten this not seen it used for dynamic animation before. We
sentence, did | get it right?, the negative numbers showed that using the center of pressure strategy
are the foot of the working leg and the positive are makes it possible to develop strategies for a artic-

foot of the supporting leg. ulated figure of a human to balance in a very com-
plicated position. The center of pressure strategy is
Movement to Quiet Standing on One Toe useful in all dynamic animations of a balancing hu-

_ _ ~man. But if the projection of the center of mass is
The final movements to obtain a one-toed quiet o side the area of suppd¢E: support polygon? ,
standing is achieved by lifting the non-supporting it will not be possible to use this strategy alone to get
leg, and shifting from a foot stand to a toe stand, the articulated figure back in balance.

see Figure 2. Itis not difficult to raise the leg, how- \yie found out that when the human body is not sim-
ever the major challenge is to keep balance on aVveryply a stiff inverted pendulum it is necessary to use
small support polygon. another joint than just the ankle to control balance.
Two strategies have been developed: A strategy forrpig happens when one leg is lifted from the ground
raising the right leg, and a strategy for making a pecause there is movement in the upper body.
weight shift to the toe. Similarly to the weight shift- £.om a ballet point of view, controlling the center
ing balance strategy, both are based on the center of yressure is also a way of controlling the contact
pressure strategy. of the feet with the ground. Ballet-dancers are very
KE: Maybe to pictures illustration content of this much aware of the relation between their feet and
pharagraph? To raise the leg, the left ankle is kept  the ground, since it strongly influences their balance,
as the controlling joint, and the center of pressure iheir stance, and the audience’s impression of the
strategy is used to keep the balance on the center ofj5ncer's body.

the leftfoot. To shift the weight to one toe, the center gajance and weight shifting are the most basic tech-
of pressure strategy is used in two steps: Firstly, for hjques in ballet. Future steps in our research will be

the controlling ankle joint, and secondly to control 4, develop strategies for exercises on one leg.
the toe joint, when the ankle has been straightened. kg |mplications/perspective of this work?

When the supporting ard€E: polygon is getting
smaller the human bodys small deviations from a
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of the center of mass at the left hip joint to maintain - 117 \wjlliam W. Armstrong and Mark W. Green.

the balance. _ _ The dynamics of articulated rigid bodies for
Lifting the right leg to an aesthetically pleasing pose purposes of animationThe Visual Computer
is performed using a spring law. The spine and 1(4):231-240, 1985.

pelvis are controlled as explained in the previous
section. [2] Norman |. Badler and Stephen W. Smoliar.
The analysis of the results shows a motion of the Digital representations of human movement.
center of pressure, when the right foot let go of the Computing Surveyd 1(1), 1979.

floor contact. This is not entirely in agreement with
measurements on real dances. Otherwise the result
shows a stable line.

[3] David Baraff. Physical based model-
ing: Rigid body simulation. ONLINE
SIGGRAPH 2001 COURSE NOTES, Pixar
Animation Studios, 2001. http://www-
2.cs.cmu.edu/ baraff/sigcourse/.

Discussion

This paper has shown how you can use results from [4] B.A. Barsky, N. Badler, and D. Zeltzer, editors.
biomechanics for developing strategies for dynamic Making Them Move: Mechanics Control and
animations of an articulated figure of a human. The Animation of Articulated FiguresThe Morgan

focus has been on balancing strategies. The compar- Kaufmann Series in Computer Graphics and
ison of the two balance strategies: Center of mass Geometric Modeling. Morgan Kaufman Pub-
strategy, and the center of pressure strategy showed lishers, Inc., 1991.



[5] R. Barzel and A.H. Barr. A modeling system [16] M. Girard and A. A. Maciejewski. Computa-

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

based on dynamic constraints. Gomputer
Graphics volume 22, pages 179-187, 1988.

Ronen Barzel, John F. Hughes, and Daniel N.
Wood. Plausible motion simulation for com-
puter graphics animation. IRroceedings of

the Eurographics Workshop, Computer Anima- [18] J. K. Hahn. Realistic animation of rigid bodies.

tion and Simulationpages 183-197, 1996.

Ronan Boulic, Ramon Mas-Sanso, and Daniel
Thalmann.
based on a compatible flow model of multiple
supports. IEEE Transactions on visualization
and computer graphi¢s3(3), 1997.

Tom Calvert. Composition of realistic anima-
tion sequences for multiple human figures. In
Barsky et al. [4], chapter 2.

John J. Craig. Introduction to Robotics, me-

chanics and control Addision-Wesley Pub-

lishing Company, Inc, second edition edition,
1986.

Wilfred Taylor Dempster and George R. L.
Gaughran. Properties of body segments based
on size and weightThe American Journal of
Anatomy 1967.

Petros Faloutsos, Michiel van de Panne, and
Demetri Terzopoulos. Composable controllers
fro physics-based character animation. In Eu-
gene Fiume, editorSIGGRAPH 2001, Com-
puter Graphics Proceedinggages 251-260.
ACM Press / ACM SIGGRAPH, 2001.

Anthony C. Fang and Nancy S. Pollard. Effi-
cient synthesis of physically valid human mo-
tion. ACM Transactions on Graphics (TOG)
22(3):417-426, 2003.

Donald F. Featherston®ancing without dan-
ger. Kaye and Ward Limited, England, 1970.

Roy Featherstone. Robot Dynamics Algo-
rithms Kluwer Academic Publishers, second
printing edition, 1998.

Complex character positioning [19]

[20]

[22]

[23]

[15] Ollie Frank and Johnson Thomadlusion of
Life: Disney AnimationHyperion Press, 1995.

[25]

tional modeling for the computer animation of
legged figures. IMCM Siggraph 1985pages
263-270, 1985.

Valerie Grieg.Inside Ballet TechniqueDance
Books, London, UK, 1994.

In Computer Graphicsvolume 22, pages 299—
308, 1988.

John Hughes and Ronen Barzel. Siggraph
2003 course, plausible simulation.  SIG-
GRAPH 2003 Conference Select CD-ROM
and "Full Conference DVD, 2003.

Satoshi ITO, Hironori ASANO, and Haruhisa
KAWASAKI. A balance control in biped dou-
ble support phase based on center of pressure
of ground reaction forces. Imhe 7-th IFAC
Symposium on Robot Contreblume 1, pages
205-210, Wroclaw, 2003.

] Satoshi Ito and Haruhisa Kawasaki. A standing

posture control based on ground reaction force.
In Proceedings of the 2000 IEEE/RSJ Inter-
national Conference on Intellgent Robots and
Systemspages 1340-1345, Takamatsu, 2000.

Fumio Kanehiro, Kenji Kaneko, Kiyoshi
Fujiwara, Kensuke Harada, Shuuji Kajita,
Kazuhito Yokoi, Hirohisa Hirukawa, Kazuhiko
Akachi, and Takakatsu Isozumi. The first hu-
manoid robot that has the same size as a human
and that can lie down and get up. Pnoceed-
ings of the 2003 IEEE International Confer-
ence on Robotics & Automatippages 1633—
1639, Taipei, Taiwan, September 2003.

Ellen Kreighbaum and Katharine M. Barthels.
Biomechanics, a qualitative approach for
studying human movemenAllyn and Bacon,
Toronto, Canada, 4th edition, 1996.

[24] Andrew L. Kun and W. Thomas Miller. Adap-

tive dynamic balance of a biped robot using
neural networks. IProc. IEEE Int. Conf. on
RA pages 240-245, 1996.

John Lasseter. Principles of traditional ani-
mation applied to 3d computer animation. In
Proceedings of the 14th annual conference on



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Computer graphics and interactive technigues [36] Friedrich Pfeiffer and Christoph Glocker.

pages 35-44. ACM Press, 1987.

Joseph Laszlo. Controlling bipedal locomotion
for computer animation. Master’s thesis, Uni-
versity of Toronto, Canada, 1996.

Joseph Laszlo, Michiel van de Panne, and Eu-
gene Fiume. Limit cycle control and its ap-
plication to the animation of balancing and
walking. InProceedings of SIGGRAPH 1996
pages 155-162, New Orleans, LA, 1996.

Column D. Mackinnon and David Winter.
Control of whole body balance in the frontal
plane during human walking. Journal of
Biomechanics26(6):633—644, 1998.

Tad McGeer. Passive dynamic walkinghe
International Journal of Robotics Research
9(2):62-82, 1990.

Michael McKenna and David Zeltzer. Dy-
namic simulation of autonomous legged lo
comotion. Computer Graphics24(4):29-38,
1990.

M. Moore and J. Wilhelms. Collision detec-
tion and response for computer animation. In
Computer Graphicsvolume 22, pages 289-
298, 1988.

L. Mouchnino, R. Aurenty, J. Massion, and
A. Pedotti. Coordination between equilibrium
and head-trunk orientation during leg move-
ment: A new strategy built up by training.
Journal of Neurophysiology7(6), 1992.

E. Otten. Balancing on a narrow ridge: biome-
chanics and control. Philisophical Transac-

tions: Biological Sciences354(1385):869—
875, 1999.
Yi-Chung Pai and James Patton. Center of

mass velocity-position predictions for balance
control. Journal of Biomechani¢s30(4):347—
354, 1997.

Camilla Pedersen. Balancekontrol og strate-
gier til en dynamisk animation af en bal-

letdanser [balance control and strategies for
a dynamical animation of a ballet dancer].

Master’s thesis, IT-University of Copenhagen,
Denmark, 2002.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[45]

[46]

Multibody dynamics with unilateral contacts
Wiley series in nonlinear science. John Wiley
& Sons, inc., 1996.

J.C. Platt and A.H. Barr. Constraint methods
for flexible bodies. IrComputer Graphicsvol-
ume 22, pages 279-288, 1988.

Jovan Popovic, Steven M. Seitz, and Michael
Erdmann. Motion sketching for control of
rigid-body simulations ACM Transactions on
Graphics 22(4):1034-1054, 2003.

Jovan Popowi, Steven M. Seitz, Michael Erd-
mann, Zoran Popogj and Andrew Witkin. In-
teractive manipulation of rigid body simula-
tions. Proceedings of SIGGRAPH 20Qfages
209-218, July 2000. ISBN 1-58113-208-5.

Jerry E. Pratt and Gill A. Pratt. Exploit-
ing natural dynamics in the control of a 3D
bipedal walking simulation. Innternational
Conference on Climbin and Walking Robots
(CLAWARD9i9) Portsmouth, UK, 1999.

M.H. Raibert. Legged Robots that balance
MIT Press, Cambridge, MA, 1986.

D.E. Stewart and J.C. Trinkle. An implicit
time-stepping scheme for rigid body dynamics
with inelastic collisions and coulomb friction.
International Journal of Numerical Methods in
Engineering 1996.

Gretchen WarrenClassical Ballet Technique
University Press of Florida, 1989.

David Winter, Aftab Patla, Francois Prince,
Milad Ishac, and Krystyna Gielo-Perczak.
Stiffness control of balance in quiet stand-
ing. Journal of Neurophysiology80(3):1211—
1221, 1998.

Andrew Witkin and Michael Kass. Space-
time constraintsACM SIGGRAPH, Computer
Graphics 22(4):159-168, 1988.

Wayne L. Wooten. Simulation of Leaping,
Tumbling, Landing, and Balancing Humans
PhD thesis, Georgia Institute of Technology,
USA, 1998.



