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Figure1: In orderto avoid collisionsbetweentheumbrellaandthetwo poststhearmmotionwasplannedin syncwith awalkingsequence.

Abstract

Editingrecordedmotionsto makethemsuitablefor differentsetsof
environmentalconstraintsis a generalanddif�cult openproblem.
In this paperwe solve a signi�cant part of this problemby mod-
ifying full-body motions with an interactive randomizedmotion
planner. Our methodis able to synthesizecollision-freemotions
for speci�edlinkagesof multipleanimatedcharactersin synchrony
with thecharacters'full-body motions.Theproposedmethodruns
at interactivespeedfor dynamicenvironmentsof realisticcomplex-
ity. We demonstratethe effectivenessof our interactive motion
editingapproachwith two importantapplications:(a) motioncor-
rection(to remove collisions)and(b) synthesisof realisticobject
manipulationsequenceson topof locomotion.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
Graphicsand Realism—Animation;I.3.6 [ComputerGraphics]:
MethodologyandTechniques—InteractionTechniques.
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1 Intro duction

Techniquesbasedon librariesof motioncaptureproducethemost
realisticanimationsof virtual humansto date.However oneof the
maindrawbacksof suchtechniquesis their inability to offer, with-
out additionalmechanisms,any variationsfrom theexactrecorded
motions. The virtual environmentswherethe playbackof motion
occursdiffer from the environmentin which the motion wascap-
tured. Virtual environmentsoftencontainobstaclesandcharacters
thatwerenotpresentin themotioncapturestudio.Themotioncap-
turedatamustbemodi�ed to accommodatethevirtual environment
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in orderto preserve theappearanceof realism.For example,a vir-
tualhumanmayneedto swingits armawayto avoid avirtual object
or lift its leg higherin orderto stepoveranobstaclethatlieson the
ground.

Designingin advanceall requiredmotionsfor a given virtual en-
vironmentor scenarioinvolvestediousandtime-consumingdesign
work. Furthermore,it is not practicalto rely on pre-designedmo-
tionswhenobjectgraspingandmanipulationarerequiredfor arbi-
trarily locatedobjectsin arbitraryscenes.A recordedmotioncap-
turedof a personcatchinga ball with two handsat chest-level will
not beeffective for catchinga differentsizedball with onehandat
waist-level. The problemis even morecomplex whenthe charac-
ter, the target andthe obstaclesin the environmentmove. This is
theproblemthatweaddressin thiswork.

We introduce a new motion editing approachthat combines
recordedmotionswith motionplanningin orderto producerealistic
animationsof charactersavoidingandmanipulatingmoving objects
in dynamicenvironments.The approachhastwo applications:1)
Motion correction, wherea prerecordedmotionplayedon a virtual
humanis automaticallycorrectedto respectobstaclesin thevirtual
environment,and2)Objectmanipulation, wherevirtual humansare
instructedto grab,dropandtouchvariousobjects,eithermoving or
�x ed,whileplayingbackrecordedmotionandrespectingboth�x ed
andmoving obstaclesAs anexampleof motioncorrection,Figure1
shows a walking charactermanipulatinganumbrellaso that it can
walk throughthe two postswithout hitting them. The motion of
the character's armswassynthesizedinteractively by our planner
on topof theoriginal locomotion.

Ourapproachis basedonamotionplannerthatgeneratescollision-
free motions for speci�ed linkagesof a character, making them
reachdesiredtargetsatspeci�edtimes.In orderto addressthetime
constraints,theplannerconsiderstimeasoneadditionaldimension
in the searchspace. Thereforemoving targets,moving obstacles
andsynchronizationwith keyframeanimationscanall betakeninto
accounttogether. Our methodprovesto be very ef�cient for pro-
ducingobjectmanipulationsequencesaswell asfor adjustingmo-
tionsto avoid collisionswith obstacles.We arealsoableto control
stylistic aspectsof theresultingmotionsby customizingthesearch
heuristicsthat our planneremploys when exploring the spaceof
possiblecon�gurations. Furthermore,we employ ananatomically
meaningfulskeletonparameterizationthathelpsusenforcerealistic
limits onthemotionof thecharacter'sjoints. To demonstratetheef-
fectivenessof our approach,we presentseveralcomplex examples
solvinghighly dynamictasks.



Contrib utions. We present:(a) a hybrid motionsynthesissolution
thatcombinesrecordedmotionswith motionplanning,and(b) how
to control the obtainedresultsby choosingdifferentcon�guration
samplingstrategiesfor themotionplanner.

In generalour methodcanbeappliedto generictask-orientedmo-
tion editingproblemsrespectingcollision-freeandspatio-temporal
constraints.It requiresaboutonesecondof time to computemo-
tionsof averagecomplexity makingit suitablefor interactiveuse.

2 Related Work

Motion planningresearchfor animatedcharactershastraditionally
beensegmentedinto two differentareas;1) full-body motionplan-
ning for thepurposeof locomotion,and2) reachandarmplanning
for thepurposeof objectmanipulation.

Full-body locomotion planning. Motion synthesis,whosepri-
mary goal is to generateplausiblemotion that adheresto given
constraints,suchasa movementpath,hasbeenexploredby past
research[Lau andKuffner 2005; Kwon andShin 2005; Lai et al.
2005; Kovar et al. 2002; Arikan and Forsyth 2002; Choi et al.
2002].Thegoalof ourmethoddiffersin thatratherthangenerating
locomotionsequencesastheseothermethodsdo, it targetsarmand
leg movementscorrectionsthat eitheradhereto constraintsin the
virtual environmentsor allow objectmanipulationsnot includedin
theoriginal motion. Our methodusesthe time dimensionin plan-
ning in orderto handledynamicobstacles.Of particularnote,[Lau
andKuffner 2005]usesthetime dimensionin orderto planfor dy-
namicobstacles.In contrast,our methodusesthe time dimension
in concertwith alocomotionclip to handleobjectmanipulationand
armlinkageadjustments,ratherthanto generatetheunderlyinglo-
comotionclip. Also,ourmethoddoesnotrequireapreprocessedset
of motionclips thathave alreadybeensegmentedandtransformed
into anFSM,andcanuseany motionclip thatpropelstheanimated
character. Theinclusionof thetime dimensionin a motionplanner
hasalsoalreadybeenproposedin Robotics[Hsuetal. 2002];how-
ever, wepresentaplannerthatusesthetimedimensionfor aspeci�c
setof tasks;to plan themotionsof somelimbs in synchronization
with externalmotionsaffectingthesamecharacter.

Giventhecomplementarynatureof our work to theresearchin lo-
comotionsynthesis,our methodcouldbeenhancedwith theinclu-
sion of suchmethodsasa preliminarymotion editing stage. The
locomotiongenerationmethodwould createa motion clip, which
would subsequentlybeusedasinput into our systemwhich would
in turnedit andarmandleg movementsof theresultinganimation.

Of relation to our work, [Pettŕe et al. 2003] usesa two-stagelo-
comotionplannerto �rst planthemovementof thecharacter, then
correcttheupperbody for collisions. Our methoddiffers in it can
handlesimultaneouslymoving targets,moving obstaclesandmov-
ing characters.

Reach and arm planning Since the �rst applicationof motion
planningto computeranimation[Koga et al. 1994]which included
graspplanning,several motion planningmethodshave beenpro-
posedspeci�cally addressinghuman-like charactersmanipulating
objects.

Oneapproachis to searchfor a sequenceof intermediatesuitable
handlocationsin theworkspaceanduseInverseKinematics(IK) to
derive armposturesreachingeachintermediatehandlocation[Ya-
maneetal.2004;Liu andBadler2003;BandiandThalmann2000].
The�nal valid motionis obtainedthroughinterpolationof thepos-
tures. Anotherapproachis to searchdirectly in the con�guration

space[Kogaetal. 1994;KuffnerandLatombe2000],yieldingsim-
pleralgorithms(notrequiringIK duringthesearch)thatcanaddress
theentiresolutionspace.As thesearchspacegrows exponentially
with its dimension,simplifying control layerscanbespeci�ed for
synthesizingwhole-bodymotions[Kallmannetal. 2003].

Hardwareaccelerationhasbeenusedto generatearmlinkagepaths
for manipulationpurposes[Liu and Badler 2003] for stationary
characters.Ourwork is similar in thatweuseasimilaranalytically-
basedIK algorithm[Tolani andBadler1996],however ourmethod
works with both non-stationarycharactersaswell asmoving ob-
jects.

A key featureof ourmethodis ef�ciency. Wechooseto performthe
searchin the con�guration space,relying on a Rapidly-Exploring
RandomTree(RRT) planner[LaValle 1998; LaValle andKuffner
2000]in its bidirectionalversion[KuffnerandLaValle2000]along
with adding the time dimensionto the search. This allows our
methodto beusedinteractively by ananimator.

The problem of synthesizinghuman-like arm movementsis ad-
dressedby [Yamaneet al. 2004] by usingexamplesfrom motion
captureexamplesto generatevelocity pro�les of naturalarm mo-
tions. Unlike this method,our methodis ableto planmotionsthat
involve moving feetandmoving characters.Our methoddoesnot
useexamplemotionsandthusourarmmovementsarelesslikely to
look asnatural. However, we areableto generatea solutionwith
muchgreaterspeed,on the orderof secondsratherthanminutes,
andthusaremuchbettersuitedfor interactiveuse.

3 Problem Formulation

We representthe characteras an articulated�gure composedof
hierarchicaljoints. Let CF be the spaceof all full con�gurations
of thecharacter. Let c f = (p;q1; : : : ;qr� 1;qr ; : : : ;qn) 2 CF beone
full con�gurationof thecharacter, wherep 2 R3 is thepositionof
the root joint, andqi 2 S3; i 2 f 1; : : : ;ng, is the rotationalvalueof
the ith joint, in quaternionrepresentation.The componentsof c f

areorganizedin suchway that therearpartcp = (qr ; : : : ;qn) 2 CP

denotesthedegreesof freedom(DOFs)controlledby theplanner,
andthefore partcm = (p;q1; : : : ;qr� 1) 2 CM containstheremain-
ing DOFs,which arecontrolledby anexternalmotion. Therefore
CF = CM � CP andcf = (cm;cp).

An external motion controller affecting the DOFs in CM is de-
�ned asa time-varyingfunctionmm(t) = (p(t);q1(t); : : : ;qr� 1(t)) .
Thereforep(t) 2 R3 describesthe translationalmotionof the root
joint, andqi(t) 2 S3, 1 � i < r, describesthe rotationalmotionof
theaffectedjoints in their local framecoordinates.We assumethat
mm is completelyde�ned overagiventime interval I � R, asis the
casefor motionsde�ned askeyframeanimations.We furthermore
assumethatmm(t) is collision-freefor all t 2 I .

In orderto take into accountmoving objectsin theenvironment,all
objectmotionsarerequiredto be parameterizedby the sametime
parametert 2 I of motion mm. We thereforeconstructa function
w(t), whichsetsthestateof theworld to thedesiredtimet.

Let cp
init 2 CP andcp

goal 2 CP beinitial andgoalcon�gurationsspec-
i�ed tobereachedattimestinit andtgoal respectively, [tinit ; tgoal] � I .
Our searchspaceincludesthe time dimensionand is de�ned as
CS = CP � [tinit ; tgoal]. Con�guration cs = (cp; t) 2 CS is valid if
thecharacter'sposture(mm(t);cp) 2 CF respectsjoint limits andis
collision-freewhenthe world's stateis w(t). We denoteby CS

f ree

thesubspaceof all valid con�gurationsin CS.



Considernow cs
init = (cp

init ; tinit ) andcs
goal = (cp

goal; tgoal) be initial

andgoal con�gurationsin CS
f ree. Our problemis thenreducedto

�nding apathin CS
f ree connectingcs

init to cs
goal.

Ourplannersolvestheproblemby searchingfor asequenceof valid
landmarkscs

i = (qr
i ; : : : ;q

n
i ; ti) 2 CS, 1 � i � k, suchthat:

1. cs
1 = cs

init , andcs
k = cs

goal,

2. thetimeparameteris monotone,i.e.,ti < ti+ 1, 1 � i < k,

3. for all pairsof adjacentlandmarks(cs
i ;c

s
i+ 1), 1 � i < k, the

motion obtainedthroughinterpolationbetweencs
i and cs

i+ 1
remainsin CS

f ree.

Let q j
i , r � j � n, bethe j th quaternionof landmarkcs

i , 1 � i � k.
Motion mp(t) canthenbeconstructedas:

mp(t) = (qr (t); : : : ;qn(t)) ,

with q j (t) = slerp(q j
i ;q j

i+ 1; (t� ti )
ti+ 1� ti

),

andti � t < ti+ 1.

Thecompositemotionmf (t) = (mm(t);mp(t)) , t 2 [tinit ; tgoal], will
be a valid motion satisfying constraintscp

init and cp
goal at times

tinit andtgoal respectively, andthereforesolving our problem. We
presentin thefollowing sectionourmotionplanner, which�nds the
sequenceof landmarkscs

i requiredfor constructingmp(t).

4 Synchronized Motion Planner

Thegoalof ourplanneris to �nd asequenceof landmarksconnect-
ing cs

init to cs
goal in CS

f ree. For solving this problemwe proposea
bidirectionalRRT planneralgorithmthatsupportslandmarkswith
monotonetimeparameters.

4.1 Algorithm

Algorithm1 summarizesourimplementation.Two searchtreesTinit
andTgoal areinitialized having cs

init andcs
goal respectively asroot

nodes,andaresentto theplanner. Thetreesareiterativelyexpanded
by addingvalid landmarks.Whena valid connectionbetweenthe
two treescanbeconcluded,a successfulpathin CS is found. Oth-
erwisewhenagivenamountof timehaspassed,thealgorithmfails.

Algorithm 1 SYNCPLANNER (T1;T2)
1: while elapsedtime � maximumallowedtime do
2: cs

sample  SAMPLECONFIGURATION().
3: cs

1  closestnodeto cs
sample in T1.

4: cs
2  closestnodeto cs

sample in T2.
5: if INTERPOLATIONVALID (cs

1;cs
2) then

6: return MAKEPATH (root(T1);cs
1;cs

2; root(T2)) .
7: end if
8: cs

exp  NODEEXPANSION (cs
1;cs

sample;e).
9: if cs

exp 6= null and INTERPOLATIONVALID (cs
exp;cs

2) then
10: return MAKEPATH (root(T1);cs

exp;cs
2; root(T2)) .

11: end if
12: SwapT1 andT2.
13: endwhile
14: return failure.

Line 2 in algorithm1 requiresa samplingroutinein CS for guid-
ing the searchfor successfullandmarks.Our samplingroutine is
customizedfor human-like charactersandis explainedin detail in
section4.2.

Lines 3 and 4 requiresearchingfor the closestcon�gurations in
eachtree. A linear searchsuf�ces as the treesare not expected
to grow much. The metric usedis a weightedsum of time and
arm posturemetrics. Let cs

1 andcs
2 be two con�gurationsin CS,

suchthatcs
j = (qr

j ; : : : ;q
n
j ; t j ), j 2 f 1;2g. Let pi

j betheposition(in

global coordinates)of the joint affectedby rotationqi
j , r � i � n.

Thedistancebetweencs
1 andcs

2 is computedas:

dist(cs
1;cs

2) = wt jt1 � t2j + wamax
i

kpi
1 � pi

2k,

wherewt andwa arethedesiredweights.

Lines5 and9 checkif theinterpolationbetweentwo con�gurations
is valid. It is consideredvalid if two testsaresuccessful:

1. the con�guration in Tinit has to have its time component
smallerthanthecon�gurationin Tgoal,

2. theinterpolationhasto remainin CS
f ree.

Thesimplestapproachfor testingitem2 aboveis to performseveral
discretecollision checksalong the interpolationbetweenthe two
con�gurations. In order to promoteearly detectionof collisions,
we usethe popularrecursive bisectionfor determiningwhereto
performthediscretetests,until achieving adesiredresolution.Note
that continuoustestsnot requiringa resolutionlimit areavailable
andcanbeintegrated[Schwarzeretal. 2002].

Thealgorithmtestsat lines5 and9 if avalid connectionbetweenT1
andT2 hasbeenfound,andin suchcasesa pathin CS is computed
andreturnedasavalid solution.Thepathis computedusingroutine
MAKEPATH(cs

1;cs
2;cs

3;cs
4) (lines6 and10),whichconnectsthetree

branchjoining cs
1 with cs

2 to thetreebranchjoining cs
3 with cs

4, with
thepathsegmentobtainedwith theinterpolationbetweencs

2 andcs
3.

Thenodeexpansionin line 8 usescs
sample asgrowing directionand

computesanew con�gurationcs
exp asfollows:

cs
exp = interp(cs

1;cs
sample; t), where

t = e=d, d = dist(cs
1;cs

sample).

Null is returnedin casetheexpansionis not valid, i.e. if the inter-
polationbetweencs

1 andcs
exp is not valid or if thetime component

in thecon�gurationsdo not respectthemonotonecondition. Oth-
erwisecs

exp is linked to cs
1, makingthe treegrow by onenodeand

oneedge.Thefactore representstheincrementalsteptakenduring
thesearch.Largestepsmake thetreesgrow quickly but with more
dif�culty in capturingthe free con�guration spacearoundobsta-
cles. Inversely, too smallvaluesgenerateroadmapswith too many
nodes,slowing down thealgorithms.

Path Smoothing. Whenasolutionis found,a�nal stepfor smooth-
ing thepathis required.Weuseherethepopularapproachof apply-
ing severallinearizationsteps.Eachlinearizationconsistsof select-
ing two randomcon�gurationscs

a andcs
b alongthesolutionpathin

CS (not necessarilylandmarks)andreplacingthesubpathbetween
cs

a andcs
b by thestraightinterpolationbetweenthem,if thereplace-

mentis still a valid path. Note that the time componentin cs
a and

cs
b areaswell interpolatedandsmoothed.Theprocessis repeated

until valid replacementsaredif�cult to �nd or until a timethreshold
is reached.Thissimpleprocessworkswell in practiceandhasboth
theeffect of smoothingandshorteningthepath,which areobvious
propertiesexpectedin naturalmotions.



4.2 Con�guration Sampling

Thesamplingroutineguidesthewholesearchandis of extremeim-
portancein determiningthequality of a solutionandhow fastit is
found. It is thereforeimportantto de�ne meaningfuljoint parame-
terizations,joint limits andsearchheuristicsfor both reducingthe
searchspaceandguidingthesearchto morerealisticpostures.We
payparticularattentionhereto thejointsof thearmlinkagesdueto
their importancefor objectmanipulation.

Joint Parameterization. The �rst stepfor ensuringanatomically
plausibleposturesis to imposemeaningfuljoint rangelimits on the
articulationsof the skeleton. For anatomicalarticulationswith a
3 DOF rotation,e.g. the shoulder, we usethe naturalswing-and-
twist decomposition[Grassia1998].Theremainingjointsareeither
parameterizedwith Euleranglesor by aswingrotation.

For instancein the arm linkagesthe swing-and-twistdecomposi-
tion is usedto modeltheshoulder(3 DOFs).Theelbow has�e xion
and twist rotationsde�ned with two Euler angles(2 DOFs), and
the wrist hasa swing rotation(2 DOFs)parameterizedexactly as
a swing-and-twist,however consideringthetwist rotationto beal-
ways0. Thelinkagesof thelegsaresimilarly parameterized.

Joint Limits. Theswingparameterizationallowstheuseof spheri-
calpolygons[Korein1985]for restrictingtheswingmotion.Spher-
ical polygonscanbemanuallyeditedfor de�ning a precisebound-
ing curve. However we follow a simpler, moreef�cient, andstill
acceptablesolutionfor boundingswinglimits basedonsphericalel-
lipses[Grassia1998]. In thiscase,aswingrotationcanbechecked
for validity simply by replacingtheaxis-angleparametersinto the
ellipse's equation.Thetwist and�e xion rotationsof theremaining
DOFsarecorrectlylimited by minimumandmaximumangles.

Collision Detection. In order to achieve complex collision-free
motions,we take into accountthefull geometriesof thecharacters
andthe environmentwhencheckingfor collisions. The VCollide
package[Gottschalket al. 1996] is employedfor queryingif body
partsself-intersector intersectwith theenvironment.

Search Heuristics. We control the overall quality of the planned
motionsby properlyadjustingsamplingheuristics.Uniformly sam-
pling valid postureshastheeffect of biasingthesearchtowardthe
freespaces.For example,in severalcaseswherethecharacterma-
nipulatesobjects,thereareobstaclesin front of the characterand
largervolumesof freespacearelocatedat thesidesof thecharac-
ter. Although theseareindeedvalid areas,realisticmanipulations
aremainlycarriedout in thesmallerfreespacesin front of thechar-
acter.

A simplecorrectiontechniquefor suchcasesconsistsof highly bi-
asing the samplingtowards the bent con�guration of the elbow.
This hastheeffect of avoiding solutionswith thearmoutstretched,
resultingin morenaturalmotions. As we performa bidirectional
search,it alsocontributesto decomposingthemanipulationin two
distinct phases:bringing the arm closerto the body andthenex-
tendingit towardsthegoal.Ourbiasingmethodstartssamplingthe
elbow �e xion DOF with valuesin the interval between100%and
90%of �e xion, andasthenumberof iterationsgrow, thesampling
interval getslargeruntil reachingthejoint limits.

For otherlessimportantjoints,e.g.thewrist or spinejoints if used,
the samplingis alsosimilarly biasedto a smallerrangethantheir
validity range,resultingin morepleasantposturesas thesejoints
areusuallysecondarilyusedfor avoidingobstacles.

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

Figure 2: Two alternative solutionsfor correctingarm collisions
obtainedby choosingdifferentsamplingheuristics.

of theshoulderDOFswe areableto control theoverall locationof
the obtainedarm motion. The top row of Figure2 shows an ex-
amplewherethex-componentof theshoulderswingwassampled
between50 and 100 degrees,generatingonly relatively low arm
posturesduringthesearch.In thesolutionshown in thebottomrow
however, we chooseto samplehigherarm postures.Suchexam-
ple illustratesthatwe areableto control theoverall quality of the
motionandavoid repetitive results.

Final Sampling Routine. The�nal samplingroutinecanbesum-
marizedasfollows:

1. Con�guration cs
rand = (cp

rand; trand) 2 CS is generatedhaving
thevaluesin cp

rand randomlysampledin thedescribedparam-
eterizationsbasedon swings,twistsandEulerangles;inside
individually placedrangelimits andfollowing theappropriate
samplingheuristics.The time componenttrand is uniformly
sampledin [tinit ; tgoal].

2. The stateof the world is setwith w(trand) andcon�guration
mm(trand) is appliedto thecharacter.

3. Con�gurationcp
rand is appliedto thecharacter.

4. Finally thepositionsof all objectsareupdatedandtestedfor
collisions;if nocollisionsarefoundcs

rand is returnedasasuc-
cessfulvalid con�guration,otherwisethesamplingroutinere-
turnsto step1.

5 Inverse Kinematics

Inverse Kinematics is an important componentof our overall
method.Althoughtheplannerdoesnotrequiretheuseof IK during
its execution,our IK allows usto easily(andinteractively) specify
goal arm and leg posturesto be usedas input to the planner. In
particularfor interactive grasping,theuseof IK allows theuserto
de�ne goalarmposturesfor theplanneron-line,bysimplyselecting
goalhandpositionsin theworkspace.

In orderto obtainrealisticandfastresults,we implementedanana-
lytical IK formulation[TolaniandBadler1996]thatproducesjoint
valuesdirectly in ourarmandleg parameterizationswith meaning-
ful joint limits basedon swingsandtwists. Notethat for eacharm
or leg, thereare7 DOFsto bedeterminedfor reachingagivenhand
positionandorientationgoal.Theproblemis under-determinedand
themissingDOF is modeledastheswivelangle, which is anextra
parameterspecifyingthe desiredrotation of the elbow (or knee)
aroundthewrist-shoulder(or ankle-hip)axis.



We have furthermoreintegratedin the IK a simplesearchstrategy
that automaticallysearchesfor a swivel angle leadingto a valid
(and thereforecollision-free)con�guration. Equippedwith such
automaticposturesearch,theIK andtheplannerareableto produce
complex collision-freeanimationsfor reachinggiven handtargets
interactively.

We startsolvingtheIK with thedesiredinitial swivel angle,which
is usuallyextractedfrom the currentcharacterposture.Then,the
posturegivenby theIK solver is checkedfor validity. If theposture
is not valid, theswivel angleis incrementedanddecrementedby d
andthetwo new posturesgivenby theIK solver areagain checked
for validity. If a valid postureis found the processsuccessfully
stops. Otherwise,if given minimum andmaximumswivel angles
are reached,failure is returned. Fasterresultsare achieved in a
greedyfashion,i.e. whenD increasesduringthe iterations.As the
searchrangeis small this simpleprocessis 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 paper in the
DANCE animationsystem[Shapiroetal. 2005].Multiple armsand
leg targetscanbespeci�edandsolvedby ourplannerinteractively.
Targetscanbedynamicand/orattachedtoany objectsorbodyparts.
Characterscanbe instructedto grab,dropandmove objects.Sev-
eral taskscanbe speci�ed simultaneouslyandsynchronizedwith
arbitrarykeyframemotionsappliedto thecharacters.

In theremainderof this sectionwe presentseveralresultsobtained
with our system. We group them by two key applicationsthat
demonstratethe versatility andthe effectivenessof our approach.
For a betterpresentationof the resultswe refer the readerto the
accompanying videoandourwebsite(removedfor anonymity).

6.1 Motion Correction

Our plannerintroducesaneffective way to correctportionsof mo-
tions that arefound to producecollisionswith new objectsin the
environmentor with new objectsattachedto the character. Such
situationsarecommonwhenreusingmotionsin new environments
or new characters.Our planneris ableto searchfor analternative
motionfor theproblematiclimb whichis bothvalid andin synchro-
nizationwith theoriginalmotionandany moving objects.

Let mbeagivenmotionaffectingthefull con�gurationspaceCF of
thecharacter. We want to correcta portionof m thatwasfoundto
obtaincollisions.For solvingthiskind of problem,wede�ne times
tinit and tgoal suchthat interval [tinit ; tgoal] spansthe problematic
periodof themotion.

Let m be decomposed in two parts, such that m(t) =
(mm(t);mp(t)) 2 CM � CP. Theproblemis thensolvedby planning
a new pathbetween(mp(tinit );tinit ) and(mp(tgoal);tgoal) in CS. If
theplanneris successful,the resultwill bea collision-freemotion
thatis usedto replacemp duringinterval [tinit ; tgoal].

We presentseveralexamplesin this paper. Figure4 (a) presentsa
valid walking motionthatbecomesinvalid whenanumbrellais at-
tachedto theright handof thecharacter. Theumbrellacollideswith
thepostin severalframesof thesequence.Figure4(b)presentsthe
correctedmotionaftertheplanneris appliedto produceanew syn-
chronizedmotionfor thejointsof theright arm.Thesamewalking
motion was also successfullycorrectedby our plannerin a new

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

6.2 Interactive Object Manipulation

Objectmanipulationtasksfor moving characterscanbe complex
andcomputationallyexpensive to synthesize.Our plannergener-
atesrealisticresultsof suchhighly complex tasksby synchronizing
synthesizedarmmotionswith locomotionsequences.For instance
in Figure4(e) we generatea motion wherethe charactergraspsa
dynamictargetthrougha moving ring while underthein�uence of
an idle motionaffecting its body. Figure4(f) shows anevenmore
complex motionwherethecharacteris askedto solvethesametask
but while transitioningfrom walking to running.Figure4(g)shows
acharacterwalkingandatthesametimegrabbingthehatof another
walkingcharacter.

For thiskind of problemwe�rst specifyhandtargetsontheobjects
to be grasped.Let h = f p;qg, h 2 R3 � S3, be a handtarget de-
scribedasa targetpositionandorientationfor thewrist joint of the
characterin globalcoordinates,to bereachedatagiventimetb.

Let again m(t) = (mm(t);mp(t)) 2 CM � CP be a motion as de-
scribedin Section6.1. We wantnow to modify motionm suchthat
at timetb thecharacterwrist joint is locatedat thegivenhandtarget
h, andas the modi�ed motion hasto be performedin a cluttered
environment,it hasto becollision-free.

We now determinetimes ta and tc suchthat ta < tb < tc. Then
the problemis solved in two steps: �rst a path in CS is planned
between(mp(ta);ta) and (cp

h; tb) and thena secondpath in CS is
plannedbetween(cp

h; tb) and(mp(tc);tc). Con�gurationcp
h 2 CP is

determinedby employing our IK (Section5), in orderto determine
thebestarmcon�gurationthatreachesthehandtargeth.

The sequencesin Figure 4(h-j) show several complex manipu-
lation examples. The obtained results show realistic motions
whereplannedarmmanipulationsequencesareperfectlysynchro-
nized with the walking motion. In this example,10 plannedse-
quenceswereusedfor synchronizing5 differentobjectmanipula-
tions: graspinga pieceof cheesefrom insidea box,droppingit on
the table,graspinga hatwith the right hand,turningoff the lights
with theleft handandthenplacingthehaton thehead.

Wehavealsoimplementedasystemto interactively instructachar-
acterto reachfor arbitrarilylocatedobjects,in synchronizationwith
anon-linelocomotionplanner. We thereforecomputethe�nal mo-
tion in two steps: �rst a path is plannedsuchthat the character
arrivescloseenoughto theobjectto graspwith thehand.A motion
capturedsequenceis thendeformedto �t the computedpath,and
beforethelocomotionis �nished, we composea synchronizedarm
motionwith thelocomotion.

7 Discussion

One importantcharacteristicof our methodis the randomnature
of theplanner. It ensuresthat theobtainedmotionsarealwaysdif-
ferent,greatlyimproving the realismin interactive applicationsof
autonomouscharacters.At thesametime,we arealsoableto con-
trol theoverall aspectof theobtainedresultsby choosingdifferent
bodymotionsto synchronizewith andsearchheuristics(Figure2).

Theperformanceof theplannergreatlydependson thecomplexity
of the environment. For instancein the complex scenarioof Fig-
ure4(h-j), thecollision detectionis handling30K trianglesandthe



plannertook about2 secondsto bothcomputeandsmootheachof
theplannedmotions.In thesimplerenvironmentstheperformance
is abouttwo timesfaster.

Limitations and Extensions. Although our resultsare realistic,
furtherprocessingcouldstill beemployed. For instance,dynamic
�lters could be applied for ensuringthe balanceof the charac-
ter. However, this would penalizethe overall performanceof the
method.We chosenot to employ a moretime-consumingmethod,
suchas thosedescribedby [Yamaneet al. 2004] in the interests
of speed.Our methodcurrentlyservesasaninteractive application
wherebyananimatorcanquickly editandchangethemotionwithin
secondsto hisor hertastes.

Although theexamplespresentedhereshow theplanneris mainly
appliedto armsandlegs, it canalsobeappliedto any setof open
linkages.It canbeaswell employedsequentially, for examplefor
synchronizingthemotionsof severallimbs: �rst, themotionof one
limb is plannedin synchronizationwith thegivenexternalmotions,
resultingin a new compositemotion. Then,a secondlimb motion
canbesynchronizedwith thepreviouslyobtainedmotion.Thepro-
cesscanberepeateduntil all limbs areplannedandsynchronized.
Theresultachievedis adecoupledpriority-based(dueto thechosen
order)planningprocess.Note that limbs may belongto different
characters,asin theexampleshown in Figure3.

Theexamplesherecouldalsouselongerlinkagesonthesamechar-
acter, suchasthosethatincludethearmandtorsoto accommodate
bendingandtwistingof thewaistandtrunk. Therisk of usinglarger
IK linkagesis thedeterioratingeffect on theresultingrealismthat
suchasolutionwouldprovide. Sincemany IK solutionsdonottake
into accountphysicsor changesto theCOM or momentumof the
body, the longerthe IK chainused,the lessrealisticthe �nal mo-
tion will be. This couldbeovercomeby eitherusinganadditional
dynamic�ltering asapostprocessingstep,or employing anIK that
accommodateschangesto the restof the body, suchasshown by
[Grochow etal. 2004].

Figure3: Themotionof thecharacteron theleft sidewasplanned
after the motion of the characteron the right side,achieving syn-
chronizedsimultaneousgraspings.

8 Conclusion

We have presenteda new approachfor motion editing based
on planning motions in synchronizationwith pre-designed(or
recorded)motion sequencesandmoving objects. In general,our
methodis ableto solvearbitraryspatio-temporalconstraintsamong
obstaclesandtakesinto accountdynamicenvironments.

By relying on a hybrid approach,we areableto addressthe dif�-
cult constraintsimposedby objectmanipulations,achieve realistic
resultsandstill leave spacefor designersto customizeandperson-
alizetheunderlyingmotionsequences.
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Figure4: Sequences(a) and(c) have collisionsandarecorrectedby our planner, which produced(b) and(d). Sequences(e) and(f) show
examplesof a moving cubebeinggraspedfrom insidea moving ring. Thecharacterin sequence(g) stealsthehatof anothercharacterwhile
both arewalking. Sequence(h) shows several objectmanipulationsplannedaroundobstaclesandin synchronizationwith a long walking
motion.Detailsof grabbinganddroppingthecheeseareshown in sequences(i) and(j).


