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Figurel: In orderto avoid collisionsbetweertheumbrellaandthetwo poststhearmmotionwasplannedn syncwith awalking sequence.

Abstract

Editing recordednotionsto make themsuitablefor differentsetsof
ervironmentalconstraintss a generalanddif cult openproblem.
In this paperwe solve a signi cant part of this problemby mod-
ifying full-body motionswith an interactve randomizedmotion
planner Our methodis ableto synthesizecollision-free motions
for speci edlinkagesof multiple animateccharactersn synchrory
with the charactersfull-body motions. The proposednethodruns
atinteractve speedor dynamicervironmentsof realisticcomple-
ity. We demonstratehe effectivenessof our interactve motion
editing approachwith two importantapplications:(a) motion cor-
rection (to remove collisions)and (b) synthesisof realistic object
manipulationsequencesn top of locomotion.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
Graphicsand Realism—Animation;1.3.6 [Computer Graphics]:
Methodologyand Techniques—Interactiohechniques.

Keywords: charactemanimation,motion capture motion editing,
virtual humanspbjectmanipulation

1 Intro duction

Techniquesasedon librariesof motion captureproducethe most
realisticanimationsof virtual humango date. However oneof the
maindravbacksof suchtechniquess their inability to offer, with-
out additionalmechanismsary variationsfrom the exactrecorded
motions. The virtual environmentswherethe playbackof motion
occursdiffer from the ervironmentin which the motion wascap-
tured. Virtual environmentsoften containobstaclesandcharacters
thatwerenotpresentn themotioncapturestudio. Themotioncap-
turedatamustbemodi ed to accommodatéhevirtual ervironment
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in orderto presere the appearancef realism.For example,a vir-
tualhumanmayneedto swingits armawayto avoid avirtual object
or lift its leg higherin orderto stepover anobstaclehatlies onthe
ground.

Designingin adwanceall requiredmotionsfor a given virtual en-
vironmentor scenaridnvolvestediousandtime-consuminglesign
work. Furthermoreijt is not practicalto rely on pre-designeano-
tionswhenobjectgraspingandmanipulationarerequiredfor arbi-
trarily locatedobjectsin arbitraryscenesA recordedmotion cap-
turedof a personcatchinga ball with two handsat chest-leel will
not be effective for catchinga differentsizedball with onehandat
waist-level. The problemis even more complex whenthe charac-
ter, the target andthe obstaclesn the ervironmentmove. Thisis
the problemthatwe addressn this work.

We introduce a new motion editing approachthat combines
recordednotionswith motionplanningin orderto producerealistic
animationf charactersvoidingandmanipulatingnoving objects
in dynamicenvironments. The approachhastwo applications:1)

Motion correction wherea prerecordeanotionplayedon avirtual

humanis automaticallycorrectedo respecbbstaclesn thevirtual

ervironment,and2) Objectmanipulation wherevirtual humansare
instructedo grab,dropandtouchvariousobjects eithermoving or

x ed,while playingbackrecordednotionandrespectingoth x ed

andmoving obstacle#\s anexampleof motioncorrection Figurel

shavs a walking charactemanipulatinganumbrellasothatit can
walk throughthe two postswithout hitting them. The motion of

the charactes armswas synthesizednteractiely by our planner
ontop of theoriginal locomotion.

Ourapproachs basedn amotionplannerthatgeneratesollision-
free motionsfor speci ed linkagesof a character making them
reachdesiredargetsat speci edtimes. In orderto addresshetime
constraintsthe plannerconsidergime asoneadditionaldimension
in the searchspace. Thereforemoving tamgets, moving obstacles
andsynchronizationvith keyframeanimationsanall betakeninto
accounttogether Our methodprovesto be very ef cient for pro-
ducingobjectmanipulationsequenceaswell asfor adjustingmo-
tionsto avoid collisionswith obstaclesWe arealsoableto control
stylistic aspect®of theresultingmotionsby customizingthe search
heuristicsthat our planneremplo/s when exploring the spaceof
possiblecon gurations. Furthermorewe employ ananatomically
meaningfulkkeletonparameterizatiothathelpsusenforcerealistic
limits onthemotionof thecharactesjoints. To demonstratéheef-
fectivenesf our approachyve presenteveral complex examples
solving highly dynamictasks.



Contrib utions. We present;(a) a hybrid motionsynthesisolution
thatcombinegecordednotionswith motionplanning,and(b) how
to control the obtainedresultsby choosingdifferentcon guration
samplingstratgiesfor themotion planner

In generalour methodcanbe appliedto generictask-orientedno-
tion editing problemsrespectingollision-freeandspatio-temporal
constraints.It requiresaboutone secondof time to computemo-
tionsof averagecompleity makingit suitablefor interactive use.

2 Related Work

Motion planningresearcHor animateccharacterdiastraditionally
beenseggmentednto two differentareasl) full-body motionplan-
ning for the purposeof locomotion,and2) reachandarmplanning
for the purposeof objectmanipulation.

Full-body locomotion planning. Motion synthesis,whose pri-
mary goal is to generateplausiblemotion that adheresto given
constraints suchas a movementpath, hasbeenexplored by past
researcHLau andKuffner 2005; Kwon and Shin 2005; Lai et al.
2005; Kovar et al. 2002; Arikan and Forsyth 2002; Choi et al.
2002]. Thegoalof our methoddiffersin thatratherthangenerating
locomotionsequenceastheseothermethodslo, it tamgetsarmand
leg movementscorrectionsthat eitheradhereto constraintsn the
virtual environmentsor allow objectmanipulationsiotincludedin
the original motion. Our methodusesthe time dimensionin plan-
ningin orderto handledynamicobstaclesOf particularnote,[Lau
andKuffner 2005]usesthetime dimensionin orderto planfor dy-
namicobstacles.In contrast,our methodusesthe time dimension
in concerwith alocomotionclip to handleobjectmanipulatiorand
armlinkageadjustmentsratherthanto generatehe underlyinglo-
comotionclip. Also, ourmethoddoesnotrequireapreprocessesket
of motionclips thathave alreadybeensegmentecandtransformed
into anFSM, andcanuseary motionclip thatpropelstheanimated
characterTheinclusionof thetime dimensionin a motionplanner
hasalsoalreadybeenproposedn Robotics[Hsu etal. 2002]; how-
ever, we presenaiplannerthatuseshetime dimensiorfor aspeci ¢
setof tasks;to planthe motionsof somelimbs in synchronization
with externalmotionsaffectingthe samecharacter

Giventhe complementaryatureof our work to theresearchn lo-
comotionsynthesispur methodcould be enhancedvith theinclu-
sion of suchmethodsasa preliminary motion editing stage. The
locomotiongeneratiommethodwould createa motion clip, which
would subsequentlpe usedasinputinto our systemwhich would
in turn editandarmandleg movementsof theresultinganimation.

Of relationto our work, [Pettie et al. 2003] usesa two-stagelo-
comotionplannerto rst planthe movementof the characterthen
correctthe upperbody for collisions. Our methoddiffersin it can
handlesimultaneouslynoving targets,moving obstacleandmov-
ing characters.

Reach and arm planning Sincethe rst applicationof motion
planningto computeranimation[Koga etal. 1994]whichincluded
graspplanning, several motion planningmethodshave beenpro-
posedspeci cally addressindhuman-lile charactersnanipulating
objects.

Oneapproachs to searchfor a sequencef intermediatesuitable
handlocationsin theworkspaceanduselnverseKinematics(IK) to
derive arm posturegeachingeachintermediatehandlocation[Ya-
maneetal. 2004;Liu andBadler2003;BandiandThalmanmn2000].
The nal valid motionis obtainedthroughinterpolationof the pos-
tures. Anotherapproachs to searchdirectly in the con guration

spacgKogaetal. 1994;KuffnerandLatombe2000],yielding sim-
pleralgorithmg(notrequiringlK duringthesearch}hatcanaddress
the entiresolutionspace.As the searchspacegrows exponentially
with its dimension simplifying controllayerscanbe speci ed for
synthesizingvhole-bodymotions[Kallmannetal. 2003].

Hardwareacceleratiorhasbeenusedto generatarmlinkagepaths
for manipulationpurposegLiu and Badler 2003] for stationary
charactersOurwork is similarin thatwe usea similar analytically-
basedK algorithm[TolaniandBadler1996],however our method
works with both non-stationarycharacteraswell as moving ob-
jects.

A key featureof ourmethods ef ciency. We chooseo performthe
searchin the con guration space relying on a Rapidly-Exploring
RandomTree (RRT) planner[LaValle 1998; LaValle and Kuffner
2000]in its bidirectionalversion[K uffner andLaValle 2000]along
with addingthe time dimensionto the search. This allows our
methodto be usedinteractvely by ananimator

The problem of synthesizinghuman-lile arm movementsis ad-
dressedby [Yamaneet al. 2004] by using examplesfrom motion
captureexamplesto generatevelocity pro les of naturalarm mo-
tions. Unlike this method,our methodis ableto plan motionsthat
involve moving feetandmaving characters Our methoddoesnot
useexamplemotionsandthusourarmmovementsarelesslikely to
look asnatural. However, we areableto generatea solutionwith
muchgreaterspeed,on the order of secondgatherthan minutes,
andthusaremuchbettersuitedfor interactve use.

3 Problem Formulation

We representhe characteras an articulated gure composedof

hierarchicaljoints. Let CF be the spaceof all full con gurations
of thecharacterLetcf = (p;t;::::q" L:q7;::::q") 2 CF beone
full con guration of the characterwherep 2 RS is the positionof
the root joint, andq' 2 Si2f1;: :1;ng, is therotationalvalue of
the ith joint, in quaternionrepresentation The componentof ¢

areorganizedin suchway thattherearpartc? = (q';:::;q" 2 CP

denoteghe degreesof freedom(DOFs) controlledby the planner
andtheforepartc™= (p;ql::::;q° 1) 2 CM containsthe remain-
inlg DOFs,which arecontrolledby an externalmotion. Therefore
cF=cM cPandc’ = (c™cP).

An external motion controller affecting the DOFsin CM is de-
ned asatime-varyingfunctionm™(t) = (p(t);qt(t);::::qf 1(t)).
Thereforep(t) 2 R® describeghe translationaimotion of the root
joint, andqi(t) 2 S3, 1 i < r, describeghe rotationalmotion of
theaffectedjointsin theirlocal framecoordinatesWe assumehat
m™ is completelyde ned overagiventimeintenal | R, asisthe
casefor motionsde ned askeyframeanimations.We furthermore
assumehatm™(t) is collision-freefor all t 2 I.

In orderto take into accountmaoving objectsin theervironment,all

objectmotionsarerequiredto be parameterizethy the sametime
parametet 2 | of motion m™. We thereforeconstructa function
w(t), which setsthe stateof theworld to thedesiredimet.

Let Ci’r)ﬂt 2cP andcgOal 2 CP beinitial andgoalcon gurationsspec-
i ed tobereachedttimestinit andtyoy respectiely, [tinit;tgoal] 1.

Our searchspaceincludesthe time dimensionand is de ned as
CS=CP [tiit;tgoal. Con gurationc®= (cP;t) 2 CSis valid if

thecharactes posture{m™(t); cP) 2 CF respectgoint limits andis
collision-freewhenthe world's stateis w(t). We denoteby C3

free
thesubspacef all valid con gurationsin CS.



Considemow c5;; = (cm,t,tmit) andcaOal = ( goavtgoal) beinitial
andgoal con gurationsin Cfree. Our problemis thenreducedto
nding apathin C,., connectingeh; to c5oy-

Ourplannersolvestheproblemby searchindor asequencef valid
landmarks® = (qf;:::;90t) 2 CS,1 i k suchthat:

S —
1 G = Clmt'andcs_ goal’

2. thetime parameteis monotonej.e.,tj < ti+1,1 i<k,

3. for all pairsof adjacentandmarks(c?;c?, ;), 1 i<k, the
motion obtainedthroughinterpolationbetweenc? and ¢, ;

remainsn Cf, ...

Let qll r j n,bethe ™ quaterniorof landmarke?, 1 i k.
Motion mP(t) canthenbeconstructeds:

mP(t) = (a"(t);::::0"(1)),

with qi(t) = slerp(qI ,q|+1 tfilt'%)

andt; t<tjq.

The compositemotionmf (t) = (m™(t); mp(t)) t 2 [tinit; tgoall, Will

be a valid motion satisfying constraintsc?;, and cgoal at times
tinit andtyea respectiely, andthereforesolving our problem. We
presentn thefollowing sectionour motionplannerwhich nds the
sequencef landmarkse? requiredfor constructingmP(t).

4 Synchronized Motion Planner

Thegoalof ourplannensto nd asequencef landmarksonnect-

ing Cijit 10 CGog iN CP.e FOr solving this problemwe proposea

bidirectionalRRT planneralgorithmthat supportdandmarkswith
monotondime parameters.

4.1 Algorithm

Algorithm 1 summarizesurimplementation.'l’wo searchreesTinit
and Tyoq areinitialized having c3;; and CSoa| respectrely asroot
nodesandaresentto theplanner Thetreesareiteratively expanded
by addingvalid landmarks.Whena valid connectiorbetweerthe
two treescanbe concludeda successfupathin CS is found. Oth-
erwisewhenagivenamountof time haspassedthealgorithmfails.

Algorithm 1 SYNCPLANNER (Ty; Ty)
1: while elapsedime maximumallowedtime do
2: cganple SAMPLECONFIGURATION().

i  closeshodeto Cg, e in Ta.

¢;  closesnodeto C3y e in To.

if INTERPOLATIONVALID (c3;C3) then
return MAKEPATH (root(Tl) cs S;roat(T2)).

endif

chp NODEEXPANSION (c3; ¢S canplel e.

9. if g6 null and INTERPOLATIONVALID (Cgp;C3) then

e

10: return MAKEPATH (rodt(Ty); Cp; €5; rodt(T2)) -
11:  endif

12:  SwapT; andT,.

13: endwhile

14: return failure.

Line 2 in algorithm 1 requiresa samplingroutinein CS for guid-
ing the searchfor successfulandmarks. Our samplingroutineis
customizedor human-lile characterandis explainedin detailin
sectiord.2.

Lines 3 and 4 require searchingfor the closestcon gurationsin

eachtree. A linear searchsufces asthe treesare not expected
to grow much. The metric usedis a weightedsum of time and
arm posturemetrics. Let ¢; andc3 be two con gurationsin cS,

suchthath$ (q];:::;qj, i) 2 fl 2g. Let pJ betheposmon(m

global coordinatespf the joint affectedby rotation qJ, i n
Thedistancebetweercs andc; is computedas:

dist(c3;c3) = wjts  toj + Wamaxkpil pizk,
I
wherew; andw, arethedesiredweights.

Lines5 and9 checkif theinterpolationbetweertwo con gurations
is valid. It is consideredsalid if two testsaresuccessful:

1. the con guration in Tj,i; hasto have its time component
smallerthanthe con gurationin Tgoa,

2. theinterpolationhasto remainin 3,4,

ThesimplestapproacHor testingitem 2 aboveis to performseveral
discretecollision checksalong the interpolationbetweenthe two
con gurations. In orderto promoteearly detectionof collisions,
we usethe popularrecursve bisectionfor determiningwhereto
performthediscreteestsuntil achieving adesiredesolution.Note
that continuoustestsnot requiringa resolutionlimit are available
andcanbeintegratedSchwarzeretal. 2002].

Thealgorithmtestsatlines5 and9 if avalid connectiorbetweerily
andT, hasbeenfound,andin suchcasesa pathin CS is computed
andreturnedasavalid solution. Thepathis computedisingroutine
MAKEPATH(C3; ¢3; 63; ¢3) (lines6 and10), which connectshetree
branchjoining c3 with c3 to thetreebranchjoining c3 with ¢z, with
thepathsegmentobtainedwith theinterpolationbetweercs andcs.

Thenodeexpansionin line 8 usescs,
computesanev con guration cg,p

|e asgrowing directionand
asfollows:

cS = interp(c3; ;t), where

sanple’

t= e=d, d = dist(c3; Saerle)

Null is returnedin casethe expansionis notvalid, i.e. if theinter
polationbetweerc? andcg,, is notvalid or if thetime component
in the con gurationsdo not respecthe monotonecondition. Oth-
erwisecg, is linkedto c§, makingthe treegrow by onenodeand
oneedge.Thefactore representtheincrementakteptakenduring
thesearch Large stepsmake the treesgrow quickly but with more
dif culty in capturingthe free con guration spacearoundobsta-
cles. Inversely too smallvaluesgenerateoadmapswith too mary
nodesslowing dowvn thealgorithms.

Path Smoothing Whenasolutionis found,a nal stepfor smooth-
ing thepathis required.We useherethe popularapproactof apply-
ing severallinearizationsteps.Eachlinearizationconsistof select-
ing two randomcon gurationscg andcg alongthesolutionpathin

CS (not necessarilyandmarks)andreplacingthe subpathbetween
c3 andcg by thestraightinterpolationbetweerthem,if thereplace-
mentls stlll avalid path. Note that the time componentn c3 and

¢y areaswell interpolatedandsmoothed.The processs repeated
until valid replacementaredif cult to nd or until atimethreshold
is reachedThis simpleprocessvorkswell in practiceandhasboth

the effect of smoothingandshorteninghe path,which areolbvious

propertiessxpectedn naturalmotions.



4.2 Conguration Sampling

Thesamplingroutineguidesthewholesearchandis of extremeim-

portancein determiningthe quality of a solutionandhow fastit is

found. It is thereforeimportantto de ne meaningfuljoint parame-
terizations joint limits andsearchheuristicsfor both reducingthe
searchspaceandguidingthe searchto morerealisticpostures We

pay particularattentionhereto thejoints of thearmlinkagesdueto

theirimportancefor objectmanipulation.

Joint Parameterization. The rst stepfor ensuringanatomically
plausibleposturess to imposemeaningfuljoint rangelimits onthe
articulationsof the skeleton. For anatomicalarticulationswith a
3 DOF rotation, e.g. the shouldey we usethe naturalswing-and-
twist decompositioniGrassial 998]. Theremainingointsareeither
parameterizewvith Euleranglesor by a swingrotation.

For instancein the arm linkagesthe swing-and-twistdecomposi-
tion is usedto modelthe shoulder(3 DOFs).Theelbow has e xion
andtwist rotationsde ned with two Euler angles(2 DOFs), and
the wrist hasa swing rotation (2 DOFs) parameterize@xactly as
a swing-and-twisthowever consideringhe twist rotationto be al-
waysO0. Thelinkagesof thelegsaresimilarly parameterized.

Joint Limits. Theswingparameterizatioallowstheuseof spheri-
calpolygongKorein1985]for restrictingtheswingmotion. Spher

ical polygonscanbe manuallyeditedfor de ning a precisebound-
ing curve. However we follow a simpler more ef cient, andstill

acceptablsolutionfor boundingswinglimits basednsphericakl-
lipses[Grassial998]. In this case aswingrotationcanbechecled
for validity simply by replacingthe axis-angleparameterinto the
ellipse’s equation.Thetwist and e xion rotationsof the remaining
DOFsarecorrectlylimited by minimumandmaximumangles.

Collision Detection. In orderto achiere complex collision-free
motions,we take into accounthefull geometrie®f the characters
andthe environmentwhen checkingfor collisions. The VCollide
packagdqGottschalket al. 1996]is employedfor queryingif body
partsself-intersecbr intersectwith the ervironment.

Search Heuristics. We control the overall quality of the planned
motionsby properlyadjustingsamplingheuristics.Uniformly sam-
pling valid postureshasthe effect of biasingthe searchtoward the
free spacesFor example,in severalcaseswvherethe charactema-
nipulatesobjects,thereare obstaclesn front of the characterand
largervolumesof free spacearelocatedat the sidesof the charac-
ter. Althoughtheseareindeedvalid areasyealisticmanipulations
aremainly carriedoutin thesmallerfreespacesdn front of thechar
acter

A simplecorrectiontechniquefor suchcasesonsistsof highly bi-
asingthe samplingtowards the bent con guration of the elbow.
This hasthe effect of avoiding solutionswith thearmoutstretched,
resultingin more naturalmotions. As we performa bidirectional
searchijt alsocontritutesto decomposinghe manipulationin two
distinct phases:bringing the arm closerto the body and then ex-
tendingit towardsthegoal. Our biasingmethodstartssamplingthe
elbav e xion DOF with valuesin the intenal between100%and
90%oof e xion, andasthe numberof iterationsgrow, the sampling
intenval getslargeruntil reachingthejoint limits.

For otherlessimportantjoints, e.g.thewrist or spinejoints if used,
the samplingis alsosimilarly biasedto a smallerrangethantheir
validity range,resultingin more pleasanposturesasthesejoints
areusuallysecondarilyusedfor avoiding obstacles.

The sampling routine can be even interactively customizedby
choosingdifferentvaluesfor the samplingintervals usedfor sam-
pling eachconsideredOF. For exampleby adjustingtheintenals

Figure 2: Two alternatve solutionsfor correctingarm collisions
obtainedby choosingdifferentsamplingheuristics.

of theshouldeDOFswe areableto controlthe overall locationof

the obtainedarm motion. The top row of Figure2 shows an ex-

amplewherethe x-componenbf the shoulderswingwassampled
between50 and 100 degrees,generatingonly relatively low arm
posturesluringthesearchln the solutionshovn in thebottomrow

however, we chooseto samplehigherarm postures. Suchexam-
ple illustratesthatwe areableto control the overall quality of the
motionandavoid repetitve results.

Final Sampling Routine. The nal samplingroutinecanbe sum-
marizedasfollows:

1. Con guration cfand = (cfand;trand) 2 CSis generatedhaving
thevaluesin c”

rand Fandomlysampledn thedescribecparam-
eterizationsasedon swings,twists and Euler angles;inside

individually placedrangelimits andfollowing theappropriate
samplingheuristics. The time component, g is uniformly

sampledn [tinit; tyoarl-

2. The stateof the world is setwith w(t;ang) @andcon guration
mM(t,ang) is appliedto thecharacter

p

3. Con gurationc g

is appliedto thecharacter

4. Finally the positionsof all objectsare updatedandtestedfor
collisions;if no coIIisionsarefoundcfand is returnedasasuc-
cessfulvalid con guration,otherwisehesamplingroutinere-
turnsto stepl.

5 Inverse Kinematics

Inverse Kinematics is an important componentof our overall

method.Althoughtheplannerdoesnotrequirethe useof IK during
its execution,our IK allows usto easily (andinteractvely) specify
goal arm andleg posturesto be usedasinput to the planner In

particularfor interactve graspingthe useof IK allows the userto

de ne goalarmposturedor theplannern-line,by simply selecting
goalhandpositionsin theworkspace.

In orderto obtainrealisticandfastresults we implementedanana-
lytical IK formulation[TolaniandBadler1996]thatproducegoint

valuesdirectlyin ourarmandleg parameterizationsith meaning-
ful joint limits basedon swingsandtwists. Note thatfor eacharm

orleg, thereare7 DOFsto bedeterminedor reachingagivenhand
positionandorientationgoal. Theproblemis underdeterminednd
the missingDOF is modeledasthe swivelangle whichis anextra

parameterspecifyingthe desiredrotation of the elbav (or knee)
aroundthewrist-shoulder(or ankle-hip)axis.



We have furthermoreintegratedin the IK a simplesearchstratgy
that automaticallysearchedor a swivel angle leadingto a valid
(and thereforecollision-free) con guration. Equippedwith such
automatigoosturesearchthelK andtheplannerareableto produce
complex collision-freeanimationsfor reachinggiven handtamgets
interactiely.

We startsolvingthe IK with thedesirednitial swivel angle,which

is usually extractedfrom the currentcharactemposture. Then,the

posturegivenby thelK solveris checledfor validity. If the posture
is notvalid, the swivel angleis incrementecgnddecrementedly d

andthetwo new posturegjivenby theIK solver areagain checled

for validity. If a valid postureis found the processsuccessfully
stops. Otherwise,if given minimum and maximumswivel angles
are reached failure is returned. Fasterresultsare achived in a

greedyfashion,i.e. whenD increasesluringtheiterations.As the

searchrangeis small this simple processs very ef cient andthe

whole processcanbe limited to a few numberof tests. Note that

bothjoint limits andcollisionsareavoidedin anuni ed way.

6 Applications and Results

We have integrated the methodsdescribedin this paperin the
DANCE animationsystenShapiroetal. 2005]. Multiple armsand
leg tamgetscanbe speci ed andsolvedby our plannerinteractively.
Tamgetscanbedynamicand/orattachedo ary objectsor bodyparts.
Characterganbe instructedto grab,drop andmove objects. Sev-
eral taskscan be speci ed simultaneouslyand synchronizedwith
arbitrarykeyframemotionsappliedto the characters.

In the remaindeof this sectionwe presenseveralresultsobtained
with our system. We group them by two key applicationsthat

demonstratehe versatility and the effectivenessof our approach.
For a betterpresentatiorof the resultswe refer the readerto the

accompawing videoandour website(removedfor anorymity).

6.1 Motion Correction

Our plannerintroducesan effective way to correctportionsof mo-
tions that arefound to producecollisionswith new objectsin the
ervironmentor with new objectsattachedo the character Such
situationsarecommonwhenreusingmotionsin new ernvironments
or new charactersOur planneris ableto searchfor analternative
motionfor the problematidimb whichis bothvalid andin synchro-
nizationwith the original motionandary moving objects.

Letmbeagivenmotionaffectingthefull con gurationspaceCF of

the character We wantto correcta portion of m thatwasfoundto

obtaincollisions. For solvingthis kind of problem,we de ne times
tinit @andtgoa Suchthatintenal [tinit;tgoal] Spansthe problematic
periodof themotion.

Let m be decomposedin two parts, such that m(t) =

(mM(t);mP(t)) 2CM  CP. Theproblemis thensolvedby planning
anew pathbetween(mP(tinit); tinit) and (mP(tgoal); tgoal) in CS. If
the planneris successfulthe resultwill be a collision-freemotion
thatis usedto replacemP duringinterval [tinit; tgoall-

We presentseveral examplesin this paper Figure4 (a) presentsa
valid walking motionthatbecomesnvalid whenanumbrellais at-
tachedo theright handof thecharacterTheumbrellacollideswith
thepostin severalframesof the sequenceFigure4(b) presentshe
correctednotionafterthe planneris appliedto producea new syn-
chronizedmotionfor thejoints of theright arm. The samewalking
motion was also successfullycorrectedby our plannerin a nev

ernvironmentcontainingtwo posts(Figure1). Othercorrectionex-
amplesareshown in Figure2 andFigure4(c,d).

6.2 Interactive Object Manipulation

Objectmanipulationtasksfor moving charactersanbe comple

and computationallyexpensve to synthesize.Our plannergener

atesrealisticresultsof suchhighly complex tasksby synchronizing
synthesizeéirm motionswith locomotionsequencesror instance
in Figure4(e) we generatea motion wherethe charactelgraspsa

dynamictargetthrougha moving ring while underthein uence of

anidle motion affectingits body. Figure4(f) shavs anevenmore
complex motionwherethecharacteis asledto solve thesametask
but while transitioningfrom walking to running. Figure4(g) shavs

acharactewalkingandatthesameime grabbinghehatof another
walking character

For thiskind of problemwe rst specifyhandtargetsontheobjects
to begrasped.Leth= fp;qg, h2 R® S3, beahandtarget de-
scribedasatargetpositionandorientationfor thewrist joint of the
charactein globalcoordinatesto bereachedatagiventimety,.

Let again m(t) = (m™(t);mP(t)) 2 CM  CP be a motion as de-
scribedin Section6.1. We wantnow to modify motionm suchthat
attimety, thecharactemwrist joint is locatedatthegivenhandtarget
h, andasthe modi ed motion hasto be performedin a cluttered
ervironment,it hasto becollision-free.

We now determinetimest, andt; suchthatt; < t, < t.. Then
the problemis solved in two steps: rst a pathin CS is planned
between(mP(ta);ta) and (cf;tp) andthena secondpathin CS is
plannedbetween(cl; tp) and(mP(tc);tc). Con gurationcl, 2 CP is
determinedy emplgying our IK (Section5), in orderto determine
thebestarmcon gurationthatreacheshe handtargeth.

The sequencesn Figure 4(h-j) shov several complex manipu-
lation examples. The obtainedresults shov realistic motions
whereplannedarm manipulationsequenceareperfectlysynchro-
nized with the walking motion. In this example, 10 plannedse-
quenceswvereusedfor synchronizings differentobjectmanipula-
tions: graspinga pieceof cheesdrom insidea box, droppingit on
the table,graspinga hat with the right hand,turning off the lights
with theleft handandthenplacingthe haton thehead.

We have alsoimplementeda systento interactizely instructachar
actertoreachfor arbitrarilylocatedobjectsjn synchronizationvith
anon-linelocomotionplanner We thereforecomputethe nal mo-
tion in two steps: rst a pathis plannedsuchthat the character
arrivescloseenougho theobjectto graspwith thehand.A motion
capturedsequences thendeformedto t the computedpath,and
beforethelocomotionis nished, we composea synchronizecirm
motionwith thelocomotion.

7 Discussion

Oneimportantcharacteristiof our methodis the randomnature
of theplanner It ensureghatthe obtainedmotionsarealwaysdif-
ferent,greatlyimproving the realismin interactve applicationsof
autonomousgharactersAt the sametime, we arealsoableto con-
trol the overall aspecbf the obtainedresultsby choosingdifferent
bodymotionsto synchronizewith andsearchheuristicyFigure?2).

The performancef the plannergreatlydepend®n the compleity
of the environment. For instancein the complex scenarioof Fig-
ure4(h-j), the collision detectionis handling30K trianglesandthe



plannertook about2 secondgo both computeandsmootheachof
the plannedmotions.In the simplerervironmentsthe performance
is abouttwo timesfaster

Limitations and Extensions. Although our resultsare realistic,
further processingcould still be employed. For instance dynamic
Iters could be applied for ensuringthe balanceof the charac-
ter. However, this would penalizethe overall performanceof the
method.We chosenot to employ a moretime-consumingnethod,
suchasthosedescribedby [Yamaneet al. 2004] in the interests
of speed Our methodcurrentlysenesasaninteractve application
wherebyananimatorcanquickly editandchangehemotionwithin

seconddo his or hertastes.

Although the examplespresentedereshav the planneris mainly
appliedto armsandlegs, it canalsobe appliedto any setof open
linkages. It canbe aswell employed sequentiallyfor examplefor
synchronizinghe motionsof severallimbs: rst, themotionof one
limb is plannedn synchronizatiomwith thegivenexternalmotions,
resultingin a new compositemotion. Then,a secondimb motion
canbesynchronizedvith the previously obtainedmotion. Thepro-
cesscanbe repeatedintil all limbs areplannedandsynchronized.
Theresultachiesedis adecouplegriority-baseddueto thechosen
order) planningprocess.Note that limbs may belongto different
charactersasin theexampleshavn in Figure3.

Theexamplesherecouldalsouselongerlinkagesonthesamechar
acter suchasthosethatincludethearmandtorsoto accommodate
bendingandtwisting of thewaistandtrunk. Therisk of usinglarger
IK linkagesis the deterioratingeffect on the resultingrealismthat
suchasolutionwould provide. Sincemary IK solutionsdonottake
into accountphysicsor changego the COM or momentumof the
body, the longerthe IK chainused,the lessrealisticthe nal mo-
tion will be. This could be overcomeby eitherusingan additional
dynamic ltering asa postprocessingtep,or emplgying anlK that
accommodateshangedo the restof the body, suchasshovn by
[Grochaw etal. 2004].

Figure3: The motion of the characteon theleft sidewasplanned
after the motion of the characteron the right side, achieving syn-
chronizedsimultaneougraspings.

8 Conclusion

We have presenteda new approachfor motion editing based
on planning motions in synchronizationwith pre-designed(or
recorded)motion sequenceand maoving objects. In general,our
methodis ableto solve arbitraryspatio-temporatonstrainteamong
obstaclesndtakesinto accountdynamicenvironments.

By relying on a hybrid approachwe areableto addresghe dif -
cult constraintdmposedby objectmanipulationsachieve realistic
resultsandstill leave spacefor designergo customizeandperson-
alizetheunderlyingmotionsequences.
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Figure4: Sequencega) and(c) have collisionsandarecorrectedoy our planner which producedb) and(d). Sequenceée) and(f) shav
examplesof amaoving cubebeinggraspedrom insidea moving ring. Thecharactein sequencég) stealsthe hatof anothercharactemhile
both arewalking. Sequencéh) shawvs several objectmanipulationsplannedaroundobstaclesandin synchronizatiorwith a long walking
motion. Detailsof grabbinganddroppingthe cheesareshavn in sequencef) and(j).



