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Abstract

Humanmotion captureembedgich detailandstyle which is dif -
cult to generatewith competinganimationsynthesigechnologies.
However, suchrecordeddatarequiresprincipledmeandor creating
responses unpredictedsituationsfor examplereactionammedi-
ately following impact. This paperintroducesa novel technique
for incorporatingunexpectedmpactsinto a motion capture-drren
animationsystemthroughthe combinationof a physical simula-
tion which respondgo contactforcesanda specializedsearctrou-
tine which determineghe bestplausiblere-entryinto motion li-
brary playbackfollowing the impact. Using an actuateddynamic
model, our systemgenerates physics-basedesponsavhile con-
nectingmotion captureseggments. Our methodallows characters
to respondo unexpectedchangesn the ervironmentbasedon the
speci ¢ dynamiceffects of a given contactwhile alsotaking ad-
vantageof the realistic movementmadeavailable throughmotion
capture. We shav the resultsof our systemundervariouscondi-
tionsandwith varyingresponsesisingmartial artsmotion capture
asatestbed.
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1 Introduction

Although motion captureanimationhasbecomeprevalentin the
computergraphicsindustry the generaladaptationand re-useof
thedatais limited by the availabletechniquedor editingandmod-
ifying datain controllableways. Undercertaincircumstances$or
example creatinga believable responsedollowing an unexpected
impact,modi cations areparticularlydif cult to generatédecause
they entail makingcarefulchangego a charactersbody accelera-
tions. Changedo motiontrajectoriesmustappeamaturalor view-
erswill perceve themotionas awed,asrecentperceptiorstudies
supporfReitsmaandPollard2003;WangandBodenheimeR004].
Further in online applicationsthe hand-craftingof individual ed-
its (a priori) is at oddswith the goal of maintaininginteractvity.
Off- or online, motion capturemodi cations that mimic dynamic
responsare highly desirablebecauseahey allow charactergo re-
actandinteractwith their ervironment,upholdingand promoting
consisteng andrichnesdn generatedmagery
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Figurel: An exampleoutput from our system.The red synthe-
sized(blend) motion lIs in the gap betweenthe blue and green
motion capture segmentglayedfor the character beingkicked.
The synthesisand motion selection(of the greenclip) are com-
puted automatically by our systemgiven the interaction which
is about to take placein the left panel above. The plot shows
the Y-value of the waist joint before, during, and after the in-
teraction aswell astwo intermediate trajectories of simulated
motion usedby our systemasdescribedbelow.

Physical modelsare commonlyusedto add responsiity to char

actershy generatingnodi cations throughcollision forcesapplied
to a dynamicsimulationthat takes over during contactfor motion
capture(or keyframemotion.) In mary gamesand movies, when
impactsare detectedmotion-capturedriven charactersare turned
over to a dynamicsengineto acceptthe impulse. But to date,the
reactionof the charactelis mostoften a passie onewhich dissi-
patesover the periodjust following the impact. The characterif

possibleresumegollowing themotionsequencgOshitaandMaki-

nouchi2001;ZordanandHodgins2002] or, mostoften,goeslimp

andfalls to the oor like a“ragdoll;” presumablyenderedincon-
sciousaftertheimpact. The problemwith this methodis thatonce
the effectsof animpactare over, thereare no generalschemego

move thesimulationin ameaningfulway andreturnthesimulation
to motion capturecontrol. In this paper we presenta technique
which automaticallycomputesa dynamicreactionto an unantici-
patedimpactandreturnsthe characteto anavailable motionfrom

a capturerepositoryfor the remainderof the dynamicresponseo

theinteraction.

A key insightin our approachs thatdynamicss oftenonly needed
for a shorttime (a burst) duringwhich the effectsof a collision or
impulsechangethe charactes state. After that, the utility of the
dynamicsdecreaseanddueto the lack of good behaior control
theresultingmotion of the simulationbecomedessreliablethana
motion capturesequenceindersimilar conditions. To take adwan-
tageof this notion, we proposea completesystemwhich selectsa
reasonablelip from a motion capturerepositoryfor soonafterthe
interaction(the greenclip in Figure 1) and computesnen motion
(shavn red in Figurel) thatallows the characteto respondo the



physical conditionsand preparefor its nevly determinedupcom-
ing animation.Relyingonamotionlibrary with amodessetof real
humanreactionsjn the proposedapproachye nd goodmatches
basedon a preliminary “naive” responserajectorycomputedus-
ing forward simulation (labeledas “Simulation 1” in the gure).
A secondmoreactive responsdlabeled‘Simulation2”) is genef
atedusingtheknowledgeof theselectednatchto responasen
(andin anticipationof) the founddata. Finally, the systemreaches
the desiredexampleby interpolatingthe dynamicmotion (labeled
“Final Blend”) sothatit matcheghe desiredstateat the endof the
generatedegment.

Our systemincludestwo critical componentsa searchenginethat
comparesthe initial simulatedresponsewith reaction segments
from a motion library and a joint-torque controller that actuates
the simulationto reachthe desiredposture,leadingto a charac-
terthatappearsconscious. Basedon thesecomponentswe drav
from and contrikbute to two independentreasof previous work,
building on reportedtechniquesvhile combiningthemto meetour
speci ¢c needsOur searchengineis similar to thosesuggestegre-
viously for reorderingmotion capturedatabut is craftedto give
importanceto the main bulk of the mass(i.e. the trunk) aswell
asthe ground-supporbody, targetingrelevantdynamiceffectsand
contactconstraintsin the motion comparison. While our control
approachis not novel, our usageof simulationto Il in the burst
immediatelyfollowing a forceful interactionis quite differentthan
othersreportedio date.Whenconsiderecisa whole,our complete
approactcontritutesdirectly to thegrowing areaof motioncapture
editingtechniquesvhichwe describenext.

2 Background

Recentinnovationsin motioncaptureresearchocusontopicssuch
as editing/retageting, parameterizingmotion basedon behaior
andstyle,reorderingnotionsamplegor continuousnotion,aswell
ascreatingbelievabletransitions Becauseherearetoo mary indi-
vidual contritutionsto mentionall in detail, we highlight only the
mostrelevantto the approachdescribechere. Following the semi-
nal work in videotextures[Schbdl et al. 2000], searchfor smooth
(andcontrollableyeorderingof motioncapturesequencesxploded
in 2002with mary animationresearchersuggestingnethodsfor
nding andassessingoodmotion captureto motion capturetran-
sitions [Arikan and Forsyth 2002; Kovar et al. 2002; Lee et al.
2002; Li et al. 2002; Metoyer 2002]. Our searchfor matchess
similar to theseefforts exceptthatwe explicitly comparesimulated
andmotion capturesequencedasingour searcton a synthesized,
physically basedrajectory Otherresearcherbave proposedneth-
odsto usephysicalmodelsto modify motion capturedatato make
enepgy-efcient transitionsbetweermotion sequencefRoseet al.
1996] and to transformmotion basedon usergoals while mini-
mizing physical characteristicfPopavi¢ andWitkin 1999;Pollard
1999;PollardandBehmaram-Mosaat 2000].

A smallernumberof researcherpresentapproachesvhich com-
bine physicsandmotion capturewith goalssimilarto our own (i.e.
to createresponsie characters)OshitaandMakinouchi[2001] use
inversedynamicscomputedfrom dataand add externalinputs by
modifying charactewelocity directly. ZordanandHodgins[2002]
suggestracking motion capturedatawith controlledforward dy-
namicsfor charactersallowing the passie dynamicsto take over
duringimpacts. Komuraet al. [2004] animatereactionsfor loco-
motingbipedsby modifyingmotionto maintainbalancen response
to externalin uences. In eachof theseworks, the resultsreported
focuson balancedmotion andshaw limited typesof interactions.
Corversely we proposea more e xible approachshaving results
with heary andlight contactleadingto responseicluding step-
ping, jumping,falling, androlling.

Other closely related work presentedby Shapiro et al. [2003]
and Mandel [2004] introduceshybrid methodsfor moving from

kinematic (motion capture-dren) modelsto dynamicsand back
again. Shapiroand colleagueshuild off of a supervisorycontrol
schemeFaloutsoset al. 2001] to createa generalframevork for
moving betweenmotion representations.Unlike their work, we
focus our effort on a specializedframevork to manageresponse
including a customizedsearchmethod. In addition,in our work,
we intendto move from andto motion capturewith a minimal, fo-
cusedsimulationphase. Mandel suggestspecializedcontrollers
for falling andrecovery which take over onceanimpactis detected.
In our framawork, we give preferenceo the motion captureani-
mationandusethe simulationonly asa vehiclefor creatinganim-
mediateresponsend subsequentlyeturningbackto motion cap-
ture. We proposea distinct shift away from building specialized
controllersandinsteadreatthe controlledsimulationasa sophisti-
catedinterim systemwith emphasisndexplicit trustplacedonthe
motion captureexamples.

Dueto the application-dwen natureof this researchit is alsoim-
portantto compareour work with that seenin commercialprod-
ucts. In particular NaturalMotion's software Endorphin[Natural-
motion 2005] is closely relatedto the work describedhere. En-
dorphin 2.0 primarily focuseson simulationand supportsgeneral
transitionsfrom motion captureto simulation. However, currently
this softwareonly matchesa nal static simulationposewith mo-
tion capturen orderto allow thesimulationto returnto motioncap-
ture. Thisimpliesthattheirtransitionhappen®nly afterthesystem
hassettledandhasgonethrougharelatively long simulationphase
comparedto the approachwe propose. In addition, throughthe
secondsimulationpasswhich is uniqueto our systemwe provide
a predictionfor the upcomingmotion andthereforeour controller
is ableto actin accordancavith the desiredreactionencapsulated
in theupcomingmotionexample.

3 Motion Selection

Inthe rst stepof creatingaresponseye nd atransition-tomotion
capturesequencérom ourrepositoryto beusedbothasareference
for theresponseandfor animationfollowing theinteraction.To do
this, the systemintegratesthe dynamicsof a simulatedversionof
theinteractionover a shortinterval to generate purely simulated,
physically plausiblecharactetrajectorythatactsin responséo the
interactionforcespresent. Then, we comparethe simulateddata
with sequence our motionlibrary to nd the desiredtransition-
to sequencaswell astheprecisetime androottransformatiorthat
alignsthatfound sequencavith the simulatedrajectory

In our search,eachmotion sample(frame) is de ned as a vec-

of eachof the n body parts. We compareframewindows sim-
ilar to Kovar et al. [2002], betweenthe simulationand test mo-
tion capturesequenceswithin windows, the distancefunction for
pairs of frames f3; and fy is computedas the weightedsum of
distancedetweerthe positionsandorientationsof matchingbody
parts. And the distancebetweertwo windows is found asthe sum
of distancesbetweenthe correspondingrame pairs. To remove
coordinate-framéifferenceswe normalizeby aligningtherootsin
the startframesof eachwindow. ThedistanceD betweenwindows
Wy = f f1;0% andWs, = f fy0% ¢ isthende ned as

D(W; W) =

1
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wherew; is thewindow weight,a quadraticfunctionwhich returns
the highestvaluefor the startframe anddecreasefor subsequent
framesin the window. The weightswp, andwgy scalethe linear
and angulardistancedor eachbody b. To capturethe dynamic



propertiesxistingin the simulatedmotion,we assigrhigh weights
to the trunk parts. We uselower onesfor the limbs, aswe found
differencesn thepositionsof thelimbs canbemoreeasilymodi ed

whencomputingthe transitionmotion. Additionally, to reducethe
problemof sliding groundcontact,we computethe centerof mass
atthe rst frameof eachwindow andassigna high weightto the
closestground-supporbody for the durationof the window. To

increasethe ef ciency of the searchfunction we pre-procesour

databas¢o nd uniqueframes(basednadifferenceolerancejpnd
only comparewindows startingwith theseframes.Oncewe nd the
closestwindow, we testall possiblewindows in the surrounding
intenalto nd thebestmatch.

4 Transition Motion Synthesis

Oncewe nd thedesiredmotioncapturesequencéo play next, we
mustgeneratenotionto Il in thegapbetweerthebeginningof the
interactionandthe time beforethe found clip is played. We com-
putethis transitionmotionwith two goalsin mind: reactin a phys-
ically plausiblemannerwhich is consistenwith the found motion
andmeetthe desiredstateascloselyaspossible.Our system nds
thetransitionin two stepshasecbn thesegoals.We createa second
simulatedmotion,now usingajoint controllerwhichis informedof
theupcomingmotionsequencanduseshis motionsequenc its
desiredstatecalculation. The internaljoint-torqueactuationkeeps
the charactefalive” acrosshe transitionbut lacksthe knowledge
to malke directedcoordinatedadjustmentso the motion. Thus,we
layerthis simulatedmotion over the transition-toclip andperform
aninterpolationbetweerthemto createthe nal motion.

Over the durationof the transition, the torque controller follows
a blendedsequencef joint angles,qq(t), from the previous mo-
tion capturesggmentto the next. The controllerusesan inertia-
scaledPD-sero [ZordanandHodgins2002] at eachjoint to com-
putetorquesas

t=1(kp(qu(t) q) kv(Q)

whereq and g correspondo the simulations currentjoint angles
and velocities. | is the inertial matrix of the outboardbody for
eachjoint. The desiredsequencéo be tracked by the controller
qq(t), is generatenthe y by blendingtheintermediatgpostures
from the two motion capturesequencebeforeandafterthetransi-
tion. Sphericalinearinterpolation(slerp)with anease-in/ease-out
weightingparameteblendsthe desiredioint anglessmoothlyover
the computedengthof time for the transitioninterval. A single,
hand-selectedain valuefor eachof k, andky is held x edfor the
entiretransition.(After aninitial tuningphaseye foundsatisfying
resultsacrossmary exampleswithout needingto modify thesese-
lectedvalues.)While this controllerdoesnotincludejoint limits, it
is expectedto malke relatively smalladjustmentérom beginningto
endcon gurationandwould likely breakfor poormatches.

Throughtheuseof this controller the simulationactsin correspon-
dencewith thedesirednotion,moving towardtheendbodyposture
overthecourseof thetransitiongapandmakingthecharactemore
lifelik e (comparedo ragdoll simulation). However, timing is crit-
ical to make the charactes actionappearealistic. To control the
time beforethe characteibeaginsits active responsdo the impact,
we introducea deliberatedelaybeforechangingthe desiredvalues
to matchthetransition-toclip. With asmallor nodelay thecharac-
ter appeargo be anticipatingthe contactandwith a large one,the
characterespondsnoreslowly, asif stunned.With the properde-
lay time (0.1-0.2s, which falls in therangeof realhumanresponse
delays),we found that the charactes responseo the interaction
becamemuchmorebelievable. Sincethe controlleractswhile the
impactis happeningour systencreatesdothactive andpassve dy-
namicresponsaimultaneously

From the dynamicswe generatea completelyphysical response
motion andblendthis motioninto the transitioned-tanotion cap-
turedatausinginterpolationto remove remainingdisturbanceswWe
interpolatelinearly the root nodeoffset, distributing the root posi-
tion error acrossthe sequence For rotations,our systeminterpo-
lateshy slerpingquaternionsagain usinga simplelinearweighting
in time acrosghetransition.While this approachs extremelysim-
ple, it producedmore acceptableesultsthan the more elaborate
minimizationsschemesve investicated.

5 Implementation and Results

The charactemwe choseincludes51 degreesof freedom(DOFs):
three eachat the ankles,knees,hips, waist, back, shoulders.el-
bows, wrists, and neck plus six DOFs at the root. We selecteda
skeletonwith the proportionsbetweenthe two recordedsubjects,
both mediumbuild with heightsof 5' 11” and6' 2”. (The motion
comparisorsearchintermittently selectsdatafrom eachactorand
doesnot shav preferencean selectingmatchesacrossthe trained
actors.) The dynamicsimulationandgeneralcollisionsaregener
atedusingOpenDynamicEngine(ODE) [Smith 2005]. We chose
3D ball and soclets for eachjoint of the articulationso that we
could easily switch betweenmotion captureand dynamics. Mass
andinertial parametersre generatedy ODE derived from basic
geometricmodelsfor the bodiessimilar to thoseseenin the g-
ures. Thesesamemodelsareusedfor contactwith the groundand
betweercharactersvith theexceptionthatwe wrotea customcolli-
sionhandlerfor the foot/groundcontact.Our modelusesa penalty
methodwith Coulombfriction plusadditionalfriction derivedfrom
rotationto impedefreespinningmovementetweerthefoot andthe
ground.ODE handledherestof thecollisionsthroughcontactcon-
straintswhich allow the userto control parametersuchasfriction
andtheextentto which constraintsrehardor soft. Theseconstraint
parameterallowedsomecompliancean thecharactersinteractions
with eachotherandtheground.Note,no collisionswerecomputed
duringthe nal blendandso, someinter-penetrationis visible in
the nal animationresults.

To createbelievable exchangedetweencharactersye found that
heary impact-basednteractionsrequiresimulationof boththere-
cipientandthedelivererof theimpactsgeneratedSimplyfollowing
motioncapturefor thehitterleadto irresistible(andunrealistic)col-
lision forces.But, simulatingbothcharactersimultaneouslyeft us
with managingheadditionaleffect of theresponséor theattacler.
Cornveniently we obsered that simply following the completely
simulatedmotionfor asmallnumberof framesaftertheimpactand
thenblendingbackto the sameoriginal motion throughinterpola-
tion leadto a corvincing attackmotion. With a quick but visible
perturbationthe hitter respondgo the impactandthencontinues
with unmodi ed completionof the attackmotion.

Motion capture reactions. Including a wide variety of believable
responsesn the motion library is importantfor producinghigh-
quality results. To createour library, we recordedwo actorsspar
ing andpracticingkenpoandjudo strikesandrecoveriesusingop-
tical motion captureequipment. We mappedthe recordeddatato
our characterwith a physically basedmodel [Zordan and Horst
2003]. Our full repositorycontainsseggmentedstrikesand pushes
aswell asvariousreactionshasedon contactvarying from light to
heary. While reactionsto full contactstrikeswereomittedduring
recordingto avoid injury, strongpusheswere performedwithout
harmto theactor Pushesveremadefrom the front, sideandback
with reactionsincluding balancedrecorery that requiredminimal
foot repositioning recovery requiringa leapor step,andcomplete
lossof balancerequiringa forward or backward judo-stylesomer
sault. Strikesincludedvariouskenpo-stylekicks and punches.In
total, our library containsl10single-actorles which rangedfrom
3to 10 s each.In theresultsshavn, our systemoftenfoundclose
matchedetweerpreviously unmatchegushreactionsaandstrikes.



Figure2: Rangeof examplesderiving from a single pair of motion clips, only varying the facing dir ection of the kicked character.

Using the systemdescribedwe areableto createa variety of dy-
namicresponsesndervariousconditions.Figure2 shavs arange
of suchresponsestartingfrom a singlepair of motionclips found
by simplyvaryingthefacingdirectionof oneof thecharactersFig-
uresl and3 shav severaldifferentscenariosndtheir resultingre-
sponses.Somecarewastaken to set-upthe scenariosncludedin
our resultsso that they shav good contact. However, this is for
demonstratie purpose®nly andour systemshouldeasilymanage
mary other situations,especiallywhenthe contactleadsto small
disturbancegwherethe bestthing to do is to completethe current
motion captureplayback.aswe seein the attacler in the examples
in this paper). For heaier impacts,we also anticipategood per
formancewith the limiting factorbeingthe collision handler For
very large contactforces,ODE's collision solver (which usescon-
straintsto resole collisions)leadto undesirabldnter-penetrating
bodies.Currently our systemdoesnot manageamultiple contactsn
serieswhich would requirea secondarnsearch(or beyond)to nd
agoodtransition-toclip. Thisimpliesthata one-two punchwould
likely leadto anundesirabléehaior becausave do notanticipate
the subsequentontactin the motion search.Also, sustainedcon-
tact, like holdsin wrestling, remainsunexplored and provides an
interestingdirectionfor futurework.

Someengineeringlecisionsventinto thesystendescribedIn par
ticular timing wasa tricky aspectf the problemwe address Be-
causewe wantedto minimizethetime spentin simulation,we lim-
ited our motion searchto a shorttime window just aftertheinitial
impactfrom 0.1to 1.0 s. During operation,the systemautomati-
cally shrinksthiswindow by increasinghestarttime for thesearch
(up to alimit of 0.25s) basedon contactto ensurethat a match
is not foundin the time beforecontactis over (asthe dynamicef-
fects have not yet fully changedthe stateof the characte) The
upperlimit managesaseswith verylong or sustainedontact.We
foundthatgoodcontactrequiredrunningthecollisionsata simula-
tion time stepof about0.0005s andso, to speedup the systemwe
built in anautomatiaewind thatlooksfor the rst contactat 30fps
andthenturnsbacktimeto thelastmotioncaptureframe,computes
the simulationstateand begins the simulationat the reducedime
step.Duringrun-time thesearchwastheslowvestpartof thesystem,
taking aboutseventy percentof the computationtime, andthe re-
sultsshavn herewerecomputedat approximatelyoneminuteeach
(without graphics.) While this is admittedlytoo slow for games,
we noteasMandeldescribesn detailin his thesisiMandel 2004]
thatsearchtime canbe controlleddirectly by choosingthe number
of reactionexamplesin the searchdatabaseAnd indeed whenwe
were developing our system,we found searchingover a core set
of reactiondeadto runsmuchcloserto real-time. We did choose
to include our entire databasef reactionsto producethe highest
quality motionfor this paperandourtiming re ects this extreme.

We found groundfriction to be anothersensitve parametein our
systemandchoseto setthe groundfriction in the rst naive simu-
lation calculationto 1.0 (a roughsurface)but droppedthe friction
to 0.5 for the secondpassto allow foot slippage. While we take
somecareto nd a matchwhich is sensitve to ground support,
at times slippageis necessaryfor examplewhenboth feetarein

sustainedcontactwith the groundbeforeandafterthe interaction.
(Thisis becauseurtransitiontakesplacebetweertwo unmodi ed
motion clips andthe systemmustgetthe feetto the nal location
in somemanner Inversekinematicscouldalleviatethis constraint.)
However, unlike purekinematicfoot-skatewhichisacommonaw
in mary interpolation-base@dpproachesthe foot slippageof the
simulationaffectsthe restof the dynamicsin a consistentphysi-
cally basedmanner And we found thatthe lower friction coef-
cientpromoteghe simulationslippingin a morevisually pleasing
manner

6 Discussion and Conclusions

As our goal we setforth to generatephysically plausibleresponse
using a reaction-basednotion library. While our approachmay
seemsimple,we amguethatit takesadvantageof the concepbf the
describedurst following animpactwithout the needfor a compli-
catedimplementation.Corversely we arguethatthe components
we do include are essentiato our methods successlt may seem
temptingto considerperformingbasicinterpolationfollowing the
rst, nawve ragdoll-like simulationtrajectory described. But, we
stresghatthe active controlis critical for generatingealistic, life-
like motion. Foremostour active simulations controllerfollows a
changingtrajectory(basedon the transition-tomotion) and makes
the charactermove in a coherent,“conscious”manner And by
moving the simulationtoward the desiredposturefound from the
matcheddata,both an active reactionand passve responsdo the
collisionmaybecomputedn aphysically basednanneisimultane-
ously Thisdoesnotyield thesameeffectif the passie simulation
is simply blendedwith the nal motion becausehe interpolation
canhappertooslowly (leadingto theragdoll's lack of directionre-
vealingitself) or too quickly (whenthe dynamiceffect of the con-
tact,andpossiblyeventhe contactitself, is notfully realized.)

More subtly but no lessimportantly during simulationthe active

inputyieldsvisible secondargffects,suchasphysically basedslip-

pingwhichis far moredesirableghankinematic-basednotioncap-
ture foot skate. Sometimegphysically basedslipping is appropri-
ate,whenareactioncallsfor afastcorrectve changen stancefor

example. Likewise, desiredchangesn momentumcanbe excited

throughactive control, suchasthrowing out an arm or a leg for

balancefor example. Thesephysically basedcharacteristiccan

changethe resultingmotion in a mannerconsistentwith the up-

comingmotion, but areonly achievableif the simulatedcharacter
is actively moving in anticipationof the “chosen”responsen ad-

dition to passvely respondingo the collisionshappenindasedn

thecurrentinteraction.

We presenta systemthat selectsa motion capturesequencéo fol-
low an impactand synthesizes transitionto this found clip. In
theprocessthecharacters madeto respondhroughanactive con-
troller which workswhile theimpactforcesarebeingdelivered.To
produceourresultswe createaphysically valid responsendblend
thisinto thedesiredransition-tomotion. An importantcontribution



Figure 3: Threeexampleanimations (vertically top to bottom)
show a range of possibleusesfor our technique.

of ourstraightforvardtechniques theuseof acontrollerwhichacts
in accordancevith the upcomingmotion. Thisis akey to avoid an
unconsciougragdoll-like) look for the characteduringthe transi-
tion. Therearecontinuingtrendstowardmorephysically simulated
characterand moving beyond ragdoll-typeeffectsfor characters,
especiallyfor games. Throughthe useof the systemwe describe,
a charactercanaccepta hefty blow, recorer, andkeep ghting in
a believable fashion. The commercialgameindustry hasalready
showvn thatreal-timephysicsof multiple character®n a mid-range
processois quite manageablevith several currenttitles. Dynam-
ics hasuntil recentlybeena (computationalpottleneck,but with
further advances physics engineswill becomecommonplaceand
afford more and more diverse,immersve, and interactve virtual
worlds. Throughtechniguessuchasthe one describedhere, we
hopeto continueto move toward more responsie and believable
charactergor theseworlds.
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