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Abstract

Real-timeanimationof human gures in virtual environmentss an
importantproblemin the context of computergamesand virtual
ervironments. Recently the useof large collectionsof captured
motion datahasaddedincreasedrealismin characteranimation.
However, assuminghatthe virtual environmentis large andcom-
plex, the effort of capturingmotiondatain a physicalenvironment
andadaptinghemto anextendedvirtual ervironmentis the bottle-
neckfor achieving interactve charactemnimationandcontrol. We
presenta new techniquefor allowing our animatedcharacterdo
navigatethrougha large virtual ervironment,which is constructed
using a setof building blocks. The building blocks can be arbi-
trarily assembledo createnovel environments. We annotatesach
block with a motionpatch, which informswhatmotionsareavail-
ablefor animatedcharactersvithin the block. The versatility and
e xibility of our approachare demonstratedhroughexamplesin
which multiple charactersare animatedand controlledat interac-
tive ratesin large,comple virtual ervironments.

CR Categories: 1.3.7[Three-DimensionabraphicsandRealism]:
Animation—Mrtual reality

Keywords: Interactve charactemnimation,humanmotion, mo-
tion captureyirtual ervironments pathplanning

1 Intro duction

The real-timeanimationand control of human gures in comple

virtual ervironmentshave beenanimportantproblemin computer
graphics A numberof techniquesiave beendevelopedfor animat-
ing human gures: the motion of the gures may be keyframed,
simulated,procedurallyde ned, or live captured.We are particu-
larly interestedn the lasttechniqueusing a databasef recorded
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motion. Thisdata-drvenapproacttancreatearich variety of natu-
ral humanbehaior from alarge datasetrecordedrom live actors.
However, applying data-drven approacheso human gures in a
comple ervironmentis still challengingbecausea large motion
setmustbe searchedn real-timein orderto selectmotionsappro-
priateto givensituations,andthe selectednotion mustbe adapted
to matchthe ervironment.

Thevirtual ervironmentave intendto designareoftentoobig to be
physically realizedandaccommodateth a motion capturestudio.
Motion capturein sucha large ervironmentis certainlydif cult, if
notimpossible.Oneapproachs to divide alarge environmentinto
small pieces thenrecordmotioninteractingwith eachpiecesepa-
rately, and nally combinemotiondatainto asingle,large pieceof
datacovering the entire ervironment. In this way, the charactes
motionin alarge environmentcanbe collected. However, this ap-
proachrequiresa rich amountof motion dataat every portion of
the ervironment,andthusthe motion captureprocesscanbe quite
laboriousand painful. A signi cant amountof redundang exists
in themotionsetbecausét includesthe samemotionperformedn
differentpartsof the ervironment.Thisredundang canbe avoided
by reusingmotiondatacapturecdat onelocationto animatecharac-
tersatotherlocations.

We presenta new techniquefor allowing our animatedcharacters
to navigatethroughandinteractwith alargevirtual ervironmentin
real-time.In orderto reusemotiondatacollectedfrom oneerviron-
mentto anotherthe key ideaof our approacthis to identify a setof
building blocksfrom the sourceenvironment,embedrecordedmo-
tion datain theseblocks,and t themto thetargetervironmentso
thatthe embeddednotion datacanbe transferrecbetweerthe en-
vironments. The setof motion dataembeddedn a building block
is called a motion patch and informs what motionsare available
for animatedcharactersvithin the block. The overview of our ap-
proachis asfollows:

Data collection and processing We rst build a physical
ervironmentin the motion capturestudioandcollectmotion
dataviablein the ervironment. The recordedmotion datais
preprocesseduchthatthe framesin the motion datasetsare
sortedinto groups. The clusteringallows usto constructand
stitchmotionpatchesf ciently .

Patch construction. A setof building blocksis identi ed by
analyzingthe geometricstructureof the ervironmentandthe
recordedmotion data. The motion patchembeddedn each
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building block formsadirectedgraphto achieve e xibility in
thecharactes motionwithin the block.

Fitting to the target environment. Oncethetamgetenviron-
mentis createdthe setof building blockscanbe tted in the
target environmentsuchthat the ervironmentis coveredby
the embeddednotion patches. By establishinghe connec-
tions betweenmotion patchesthe target ervironmentcanbe
automaticallyannotatedvith arich, connectedsetof motion
data,which allows character$o navigatethroughtheerviron-
ment. We implementedwo typesof motion patchestilable
and non-tilable patches. Non-tilable patchesare connected
to eachotherby nding intersectionsat overlappingregions,
while tilable patchesanbe seamlesslyiled in aregular pat-
ternwithout mucheffort.

Animation and control. Our systemallows the user to
changethe ervironmentdynamicallyat runtime and control
animatectharacterén theervironmentinteractvely. Themo-
tion patchesnalkeit possibleo achiezereal-timeperformance
in nding collision-free pathsthroughcomplex virtual ervi-
ronmentsand animatingmultiple characterswhile avoiding
collisionsbetweerthem.

2 Background

Animationandcontrolof human gures in syntheticervironments
have beenstudiedin computergraphicsfor the lastdecadgBandi
and Thalmann1997; Bindiganavale et al. 1994; Junget al. 1994;
Noseretal. 1995;Thorneetal. 2004]. This problemis very dif cult
becausehe humanmotionis high-dimensionalandmary degrees
of freedomneedto be choreographeth a coordinatedcollision-
free,human-like manner

Capturedmotion datahave frequentlybeenusedin characteani-
mationfor reproducinghe naturalnes®f humanmovements.Re-
cently a numberof researcherbave exploredthe methodof rep-
resentinga signi cant amountof motion dataasa directedgraph
and using it to animateand control human gures [Arikan and
Forsyth2002; Kovar et al. 2002; Lee et al. 2002; PullenandBre-
gler 2002]. This methodhasfurther beenexploredfor bettercon-
trollability [Arikan etal. 2003;Hsuetal. 2004; Stoneet al. 2004],
efcient search[Lee andLee 2004], parameterizingand blending
motions[Kovar and Gleicher2004; Park et al. 2004], synchroniz-
ing with sound[Kim et al. 2003], parametertuning [Wang and
Bodenheimei2004], classi cation [Kwon and Shin 2005], simu-
lating groupbehaior [Lai et al. 2005], responsienesgo external
forces[Arikan et al. 2005], and evaluatingthe effectivenessof a
motiongraphin aspeci ¢ ervironmentReitsmaandPollard2004].

Leeandhis colleagueg§2002] shaved the capability of the graph-
basedmotionrepresentatioto reusemotion datacollectedfrom a
“poles andholes”terrainervironmentto an extendedterrainervi-
ronment. Their charactercontrolalgorithmis basedon statespace
searchtechniquesand barely achievesits interactve performance
(approximatelys to 10 framesper second)with a singlecharacter
We addresshe sameproblemwith much e xibility in selectingtar-
getenvironmentsandaimingto achieve real-timeperformancevith
multiple charactersTo do so, we annotatehe target ervironment
with a repertoireof charactermotionsavailable at eachlocation.
This annotatiormalkes path planningandstatespacesearchin the
ervironmentvery ef cient andstraightforvard. Ourwork is related
to animationtechnigueghatannotateervironmentobjectswith the
availability of motions[Abaci et al. 2005; Shaoand Terzopoulos
2005;Sungetal. 2004]

Our problemis alsorelatedto the pathplanningof articulated g-
uresin the presencef obstacleswhich is a classicalproblemin
a wide rangeof disciplines. Thereis a vastamountof literature
on pathplanning[Latombe1991]; however, only a few works ad-
dressechumanmotion planning,which yields a high-dimensional
(typically, 20 to 100) con guration space. With such a high-
dimensionakon guration spacemostoptimalpathplanningalgo-
rithms areeithercomputation-intense for searchinghroughcon-
guration spacesxhaustvely or memory-intensie for maintain-
ing discretizedcon gurationspacesMany researchergseda low-
dimensionaton gurationspacge.g.,bodyandfootprintlocations)
andrandomizedsamplingtechniquedor producingcharactemani-
mation of locomotion, crawling, and climbing [Choi et al. 2003;
Kalisiak and van de Panne2001; Kuffner et al. 2001; Lau and
Kuffner 2005; Pettreet al. 2003; Shiller et al. 2001; Sunget al.
2005],andgraspingandmanipulatingan object[Koga et al. 1994;
Yamaneet al. 2004]. Our motion patchescan be thoughtof asa
way to creatediscretecon guration spacesnemory-efcient with-
outlosingthediversityandsubtledetailsof capturednotiondata.

Reitsmaand Pollard [2004] embeddechumanmotion datain a
squardile andalloweda characteto navigatea large ervironment
coveredwith a regular grid of squaretiles. We extendtheir work
anddealwith severalchallengeswhichincludeembeddingnotion
datainto arbitrarily-shapeabjectsotherthansquardiles, allowing
animatedcharactergo navigatearoundandinteractwith theseob-
jectsin a collision-freemanner and allowing locomotionandthe
othertypesof humanmotionto be handledn auniformway.

3 Data Acquisition and Processing

All of themotiondatausedin our experimentsverecapturedrom
a Vicon optical systemwith sixteencamerasat the rate of 120
frames/secondnd then down-sampledto 30 frames/secondor
real-timedisplay Our motion capturestudio allows an effective
captureregion of 4 by 4 by 2.5 meters. Motion capturedatacon-
tainstrajectoriesfor the positionand orientationof the root node
(pelvis)aswell asrelative joint anglesfor eachbody part.

We built several physical ervironments,eachof which canbe ac-
commodatedn our motioncapturestudio(seeFigurel). Eachen-
vironmentwasdesignedo includesomegeometricfeaturesof the
target (possiblymuchlarger) environmentwe intendto create.All
of the geometricfeaturesdistributedin the physical ervironments
canberearranged@ndassembledo reconstructhe targeterviron-
ment. We alsopreparecpolygonalmodelsthat matchthe physical
environments.

In motion capturesessionsye collecteda variety of humanmo-
tionsthatareviable in a given ervironment. Our motion database
containsabout 70 minutesof data(seeTable 1). To createthe
databasegur subjectwalked, climbed,andslid in the playground
andwalked up anddown the stairs. In the of ce ervironment,our
subjectapproachedhe chair, satdown, stoodup, andleft repeat-
edly. We alsocapturedour subjectwalking, stopping,idling, chat-
ting, andmakinga presentatiorin an emptyervironment. Motion
datawererecordedn longclips sothatseamlessyaturaltransitions
betweenmotionscould be captured.Our subjectswereinstructed
to repeateachactionseveraltimesto capturevariationsin eachac-
tion. We denotethe setof recordednotiondatain the databasas
fpiji= 1, ;ng, whereeachframep; is thejoint anglerepresenta-
tion of aspeci ¢ poseof thecharacter

Contact. The motion datais automaticallypreprocessetb anno-
tatebody-ewironmentcontactinformationat eachframe. A body
segmentandan ervironmentobjectareconsideredo bein contact
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Figure1: The physical ervironmentswe built in our motion cap-
ture studiofor collectinghumanmotion dataandtheir polyhedral
models.The playgroundconstructiorkit wasusedfor building the
desk,the steps,andthe playground. We removed the back of the
chairin orderto avoid the occlusionof re ective markersfrom mo-
tion capturecameras.

Motion sets Environments #of | Time
source target frames| (sec)

walk/climb/slide | playground(S) playground(L) | 51169 | 1706
idle empty of ce 3685 | 123

chat empty of ce 3653 | 122
dispute empty of ce 3213 | 107
presentation empty of ce 3179 | 106
sit down/standup desk/chair of ce 11778 | 393
work atthedesk | desk/chair of ce 5122 171
chatatthedesk | desk/chair of ce 10171 | 339
walk up/davn stairs of ce 19421 | 324
walk-stop-valk empty of ce 4385 | 146
walk empty both 23911 | 797

Table1: The motionsetscollectedfor our experiments.Eachdata
setwascapturedn the sourceervironmentandusedfor animating
characterén thetamgetenvironment.

if ary joint adjacento thesegmentis sufciently closeto theobject
andits velocity is belov somethreshold.

Clustering. The constructionand stitching of motion patchesn-
volve searchingairsof similar framesthatallow smoothtransition
from one patchto another At a preprocessinghase we sortmo-
tion framesinto groupsto acceleratehis similarity search. The
agglomeratie hierarchicak-meansalgorithm[Dudaetal. 2000]is
emplogyed to guaranteghat the distancebetweenary framesin a
groupis belav a userspeci ed threshold. The thresholdis deter
minedthroughexperimentatiorsuchthattransitionswithin agroup
cangeneratesmoothlyblendedmotions.Here,in orderto measure
the distancebetweenmotion frames,we considersix featuresof
theframes.All of thefeatureswvereselectedsuchthatthe distance
becamenvariantunderhorizonaltranslationandrotationaboutthe
vertical (up direction) axis. Giventwo framesp; andpj, the fea-
turesare:

Joint angles: The differencesin all of the joint angles
are considered. In our system,joint anglesare described
with unit quaternionsand the differencebetweentwo unit
quaterniongy; andg; is measuredy their geodesidistance

min(klog(q; *a)k;klog(a; *( a))K).

Rootheight: Thedifference(y; y;) in theheightof theroot
nodesfrom the referencegroundplaneis considered. The
horizontalcoordinate®f theroot nodesaredisregarded.

Rootorientation: The orientationsof the root nodesarealso

describedwith unit quaternionsTo effectively ignorethero-
tation aboutthe vertical axis in the differencebetweentwo
orientationsy; andgj, we rst rotateq; abouttheverticalaxis
sothatit canbe broughtascloseto q; aspossible. The op-
timal rotationaboutthe vertical axisy is denotedasexp(qy),
whereq is therotationangleabouttheverticalaxis. Then,the
geodesiodistancebetweenq?: exp(gy)qi andq; is invari-
antunderrotationaboutthe vertical axis. q is computedas
thesolutionof nding theclosestpointonthegeodesicurve
G(q) = exp(qy) from theunit quaterniorg = g, 1= (wv),
wherew 2 R andv 2 R3.

(
q:

ath; ifqG( a+5)>qG( a
a & ifqgG( a+5)<qG( a

)

)
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b
2
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2

wheretana = w=(v ).

The velocitiesof joints, root translation, and root rotation:

The joint velocity at a joint is computedas a differencebe-

tween anglesat the next and the previous frames, that is,

vi = log(q; 1lqi+ 1)=2. Thelinearandangularvelocitiesof the

root nodecanalsobe given by differencingthe next andthe

previous frames. We representhe linearandangularveloci-

tiesof therootnodewith respecto alocal, moving coordinate
systemattachedo theroot node.This allows thevelocitiesto

berotation-irvariant.

Theabove six featuresareweighted squaredandsummedo com-
pute the squareddistancebetweenmotion frames. For effective
clusteringof motion frames,contactwith the environmentsis an
importantperceptuafeatureof motion,whichis notre ectedin the
distancebetweenmotion frames. Given a motion frame, we con-
siderthe contactstatesatthreesuccessie framesincludingthe pre-
viousandnext framesfor evaluatingthe similarity betweermotion
frames.In the processf agglomeratie clustering,motionframes
areconsideredo be dissimilarif their contactstatesor the contact
statesf their neighboringramesaredifferent.

4 Motion Patch Construction

We intendto createvirtual ervironmentsthat consistof a reason-
ably small numberof unit objects A unit objectis de ned by its

geometricshape,which cannotbe modi ed or changed,and the
boundingbox. The virtual environmentmay include multiple in-

stance®f eachindividual unit andthe locationof eachinstancen

the environmentis describedby a rigid transform. We denotethe
ervironmentasf (u1; T1); (U2; T2);  ; (Um; Tm)g, Wherev; is a unit

objectandT; is arigid transformwith respecto the world coordi-
natesystem.Themotionof acharactemayoccureitheronasingle
unit or acrossmultiple units. Accordingly, eachbuilding block for

virtual environmentsconsistsof eitherone or moreunits suchthat
ary recognizabldhumanactioncanbe embeddedh a singlebuild-

ing block.

A posein the motiondatabelongsto a unit objectif the poseis ei-

therin contactwith the geometryof the unit or intersectsts bound-
ing box. The posecan belongto more than one unit simultane-
ously A segmentof motionframesfps; ;pejl S € ngin

the databasés supposedo be embeddedhn a building block if ev-

ery framein the sgmentbelongsto oneof its units.

Given an ervironmentandthe setof motion datacapturedn that
ernvironment,the algorithmfor identifying a setof building blocks
of lengthk is asfollows (seeFigure2). We begin with anemptyset
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Figure 2: Identifying building blocksfrom motion data. The en-
vironmentconsistsof three unit objects: the ground panels,the
straightslide,andthecurvedslide. A shortsegmentof motioncap-
ture datais usedfor unclutteredllustration. Theroot trajectoryis
depictedas a seriesof small spheres. The motion framesat the
bottomof the gure arepartitioneddependingnto which unit ob-
jectstheframesbelong.Theframescoloredin lime greenbelongto
two objectssimultaneouslyand correspondo the charactes mo-
tion transitioningfrom oneobjectto another Our algorithmiden-
tied four building blocks: fU1;U>g; fUy;U3g; fUs; Usg; f Us; Usg.
Notethatf Uys; Usg andf Us; Ugg areidentical.

of building blocks. Themotiondatasetis scannedo nd asegment
of successie framesthatbelongso ary k units. If abuilding block
consistingof the samek unitsalreadyexists,we simply registerthe
segmentof framesto theexistingblock. Otherwisewe createanew
block andregisterthe segmentto the new one. Whenwe decideif
two building blocksare equivalent,the relative locationsandrota-
tional symmetryof unit objectsareconsideredo matchthe shapes
of the blocks. However, the absolutdocationsof unit objectswith
respecto aglobal, x edcoordinatesystemaredisregarded.In this
way, motionsrecordedn differentpartsof the ervironmentcanbe
gatheredandembeddedh a building block.

The embeddingof motion datain eachindividual building block

forms a directedgraphto allow charactergo navigate within the
block. We assumeéhatall motionframesin the databaséave been
sortedinto groupsat a preprocessinphase.We approximatesach
block usinga regular grid of cells. Eachcell is indexed by two-

dimensionalocation (x;y), yaw orientationg, andthe index p of

groupsof thecharactes posesA frameof themotiondatabelongs
to a cell if the root of the body is locatedwithin the cell andthe
posebelongsto the p-th group. The cellsbecomethe nodesof the
directedgraph.Theconnectingransitionshetweercellsarecreated
if ary motionseggmentembeddedo theblockallowstransitionfrom

onecell to the other More speci cally, the connectingtransitions
betweercellsareformedasfollows (seeFigure3). For any motion
segment,we checkall of its sub-sequencdsy doubleloopingover
the frames. For every sub-sequenckngerthan 20 frames(0.66
second)we inserta connectingransitionbetweerthe cellswhere
the sub-sequenceriginatesandterminates.The minimum length
constrainis requiredto avoid too frequenttransitiondan animation.
We repeatthis procedurefor every motion sggmentembeddedn

theblock.

Oncethe graphis constructedthe characteican navigate through
the block traversingthe graph. Sincea pathtraversingthe graph

Figure 3: Forming connectingransitionsbetweemD cells within
amotionpatch.A motionsegmentpassinghroughthecell marked
by the red sphereforms links to the greencells, which are subse-
quentlyvisited by themotionsegment,if the posegroupindexesin
the cellsmatchthe posesn the motionsggmentatincidentframes.

correspondso a seriesof motion segments the animationof char
actersalong the graphinvolves the concatenatiorof motion seg-
mentsat cells. Transitionfrom one motion sggmentto anotheris
madesmoothby blendingthe sggmentsin and out and enforcing
foothold constraintsasdonein [Lee etal. 2002].

Block size. We do not have a simplerule to determinethe size
of building blocks. Throughexperimentswe have found several
heuristicrules. The size of blocks shouldbe determinedby the
contentof capturemotion data. Eachindividual block shouldbe
largeenoughto accommodatary singlerecognizablectionin the
dataset. With walking motion data, for example, we selectthe
squaregroundpanelasa unit object,of which thewidth andheight
areaboutthe sameasthe distanceravelled by two cyclesof walk-
ing. Thereexists a trade-of, however, for differentblock sizes.
Large blocksallow rich connectionshroughthe embeddednotion
patcheswhile smallerblocks provide e xibility in designingvir-
tual ervironments.

5 Stitching Motion Patches

The useris provided with a userinterface systemthat allows the
userto designa target ervironmentusing a set of unit objects.
Our systemts asetof building blocksautomaticallyinto the tar
getenvironmentsuchthatthe targetervironmentis coveredby the
building blocks(seeFigure4). Transitionsbetweermotionpatches
areestablishedvherethe patchesoverlap. Giventwo overlapping
patchesthetransitionfrom cell (x1;y1;q1; p1) of onepatchto cell
(x2:¥2; g2; p2) of the otherpatchis formedif the poseindexesare
identical and the distancebetweenthe cell centersand the angle
betweerthe yaw orientationsare below certainthresholds.In our
experiments,the thresholdsare the sameas the size of the cells.
The positionthresholdrangesfrom 5 to 10cmandthe orientation
thresholdrangedrom 5 to 10 degrees.

Oncethe connectionsamongmotion patchesare establishedwe
obtain a large, connectedgraph covering the target ervironment.
Someconnectingtransitionsbetweencells should be disabledto
avoid collision anddeadends.For eachmotionpatch,we rst dis-
abletransitionghatcausehe collision betweertheanimatedchar
acterandtheervironment.Then,werunastronglyconnectedtom-
ponentalgorithm[Tarjan1972]on the graphandpruneconnecting
transitionsthat are not containedn the largeststrongly connected
component.
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Figure4: (Topleft) Themotionpatchesoveringthetamgetenviron-
mentaredepictedastheroot trajectoriesrenderedn differentcol-
ors. (Bottom)Building blocksare tted into thetargetervironment
by shapematching.(Topright) Themotionpatchesrestitchedand
thenprunedto leave a singlestronglyconnectedomponent.

Memory ef ciency. In the worst case,the memoryrequirement
of motion patcheswould scalein proportionto the squareof the
numberof framesin the databasehecausehedirectedgraphin the
patchescould have O(n?) connectingtransitionsfor n nodes. In
practice the memoryrequirements muchlessthanthe worstcase
for severalreasonsAt rst, themotiondatabases dividedinto sub-
sets,andeachsubsef motion framesconstructsa motion patch.
Therefore the memoryrequirements asymptoticallynot propor
tionalto the sizeof the entiredatasets but relatedto the sizeof the
largestmotion patch. Secondly sincethe databaseontainsmary
unrelatedmotions,the directedgraphis actuallysparsen practice.
The storagecost of the graphis also mitigated by the clustering
of motion frames. The clusterto-clustertransitiongraphis signif-
icantly smallerthanthe frame-to-frametransitiongraph. Finally,
the storagecostfor creatingmultiple instancesof a motion patch
is modest,becauseachinstancedoesnot needto include motion
dataandtheir graphstructure.In eachinstancewe maintainonly
an array of bits that mark cells and transitionsdisabledby either
obstructionor insufcient connections.

6 Tilable Patches

We alsoimplementeda specialtype of patcheghatcanbetiled in
a regular pattern,suchas squaregroundpanelsandstairs. In this
section,we will explain the constructionof squaregroundpatches
thatallow the charactetto enterandleave the patchin ary of four
directions.The othertypesof tilable patchesanbe constructedn
asimilarway.

Thetilable motion patchhaspairsof matchingboundaryedgesand
anumberof entriesandexits sampledon the edges.Any entryon
a boundaryedgealways hasits correspondingxit on the oppo-
site edgeandvice versa. This boundarycondition allows motion
patchesto be alignedandtiled without much effort. Entriesand
exits have the propertiesof the positionandyaw orientationof the
root of thecharacteandtheindex of theposegroups.

Entriesandexits areconnectedy motionsegmentschoserfromin
putmotiondata(seeFigure5). More speci cally, amotionsegment
canbe usedto link an entry-«it pair if the posesat the rst and
last framesbelongto posegroupsindicatedat the entry and exit,

Figure5: The constructionof squaregroundpatches. (Left) We

collectedthe motion of our subjectwalking aroundfor aboutten

minutes. The motion dataaredepictedasthe root trajectorieshat

areprojectedonto theground.(Right) Thesquargatchhasentries
and exits sampledevenly on the boundary The connectionse-

tweenthe entriesandthe exits areformedby selectingappropriate
motionsegmentsfrom thewalking motiondata.

respectiely, andthe motion sggmentcanbe editedwithin a user
speci ed toleranceto matchthe incoming/outgoingpositionsand
orientationsat both ends. To form connectiondbetweerentry-exit
pairs,we checkall possiblesubsequences input motion databy
doubleloopingovertheframes.

The connectionsn a patchshouldbe rich enoughto provide a va-
riety of motion. Therichnessof connectionglependsot only on
thesizeof inputmotiondata,but alsoon the extentto whichwe are
willing to editthe motion segments.We usea simplelinearmodel
presentety ReitsmaandPollard[2004]for editingthe pathof mo-
tion. Thelinear modelallows the root positionand orientationto
be changedinearly from the startto the end of the sgment. The
total amountof positionandorientationchangesllowedattheend
is linearly proportionatlto thedistanceravelled.

Pruning. A tilable motionpatchis safeif two conditionsaresatis-
ed. The rst conditionis thatevery entry musthave at leastone
out-goingmotionfor eachof thefour directions.Evenwith alarge
collectionof motion data,we maynotbeableto nd enoughcon-
nectingmotionsfor someentriesif the entriesare headingtoward
a cornerof the patch. We remove thoseentriesand their corre-
spondingexits on the oppositeedgesto avoid deadendsand en-
sureenoughe xibility in steeringanimatectharactersThesecond
conditionrequiresthat motion patchesshould producea strongly
connectedyraphwhenthey aretiled on a surface. This condition
ensureghatthe entiremotion setscanbe fully utilized in animat-
ing characters.We considera torus constructedrom the motion
patchby gluing both pairsof oppositeedges.On thetorus,motion
segmentsembeddedn the patchcreatea boundary-lesslirected
graph. We run Tarjan's algorithm[Tarjan 1972] on the boundary-
lessgraphto identify thelargeststronglyconnectedomponenand
disableconnectingmotionsthat are not containedin the strongly
connecteccomponent.To ensureboth conditionssimultaneously
we enforcetwo safetyconditionsrepeatediyandalternatinglyuntil
no connectioris pruned.

Connection betweenpatches. Tiled patchescanbe connectedo
other patchesoverlaid on thetiled surface(seeFigure6). To nd
theintersectionbetweerpatche®f ciently, we partitiontheinter
nalregion of tilable patchesnto 4D cells,which areindexedby 2D
location,yaw orientation,andthe index of the posegroups. Each
cell maintainsa list of motion sgmentspassingthroughthe cell.
This cell partitioningallows usto nd the coincidentframesef -
ciently within a certainthresholdrom the overlappecpatchesThe
charactergantransitfrom onepatchto anotherat thosecoincident
frames.

Avoiding obstacles.In the presencef obstacleson thetiled sur
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Figure 6: The deskand chair on the tiled surface. (Left) The
red motion sggmentsembeddedn the groundpanelandthe blue
motion sggmentsembeddedn the deskand chair have coincident
frames, at which charactersare allowed to make a transition be-
tweenthe patches(Center)The blue cellsin the groundpanelare
concealedby the deskand chair and thus disabled. (Right) The
red motion segmentsare disabledbecausehey are obstructecby
the obstaclesTheblue motionsegmentsaredisabledbecausehey
have all following motionsdisabled.

face,motion sggmentsobstructedby the obstacleseedto be dis-
abled. This canbe done simply by marking the cells concealed
by the obstaclesand then disablingall motion sggmentspassing
throughthe marked cells. After disablingsomemotion sggments,
we haveto checkif theiradjacentmotionsegmentshave atleastone
out-goingtransition. Otherwise,thoseadjacentsegmentswould
causadeadendsandshouldbedisabled.This procedurds repeated
until no moremotion segmentsaredisabled.In practice,this pro-
cedurecanbe nished in oneor two iterations.

7 Animation and Control

We built a simpleinteractve editing systemfor designingvarious
virtual ervironments . Our systemallows theuserto createremove,
or drag building blocks interactvely to changethe environment.
Accordingly, motion patchesare created connectedo eachother
or detachedrom eachotherin orderto dynamicallyupdatethecon-
nectedstructureof motionpatchesn theenvironment. Theusercan
alsocontrol eachcharacteby specifyingeithera goal locationto
moveto or aspeci ¢ behaior suchasidling, chatting,androaming
around.

Theervironmentis annotatedvith a graphof motionscoveringthe
wholeareaof theernvironment. The animationandcontrol of char
actersalongthe graphis computationallyvery ef cient. At every
nodeof the graph, charactersare provided with a setof motions
immediatelyavailable at that momentand can proceedwith ary
choice amongavailable motions. Assumingthat the decisionis
madebasedon local information,the computatiortime for anima-
tion andcontrolis oftenngyligible, andthe total computatiortime
is dominatedby renderinghe scene®nthe computerscreen.

Thecapabilityof globalpathplanningis animportantfeatureof our
systemfor controlling charactersn complex ervironments. Opti-
mal path planningalgorithms,suchas Dijkstra's shortestpath al-
gorithm, requirean explicit representationf the entire connected
graph,whichis oftenimplausiblefor large ervironments.The stor
ageefciency of ourapproacthis largely dueto thedistributedrep-
resentatiorof the motion graphannotatedn the ervironment. We
actuallydo not maintainanexplicit representationf thegraph,but
thegraphis implicitly maintainedn theconnectiongmongmotion
patches We addresghis problemin a hierarchicalmanner In our
systemthemotiondataareorganizedin atwo-layerstructure.The
higherlayeris adirectedgraphof which nodesaremotionpatches.
Thehigherlayermaintainghe connectity amongmotionpatches.

Figure7: Two-layerpathplanning.

Figure8: (Left) Onethousandf animatedcharacteron the SIG-
GRAPHIogo. (Right) A close-upview.

Thelower layeris a directedgraphof motion sggmentsembedded
in motionpatchesOurtwo-layerpathplanningalgorithm rst nds
apathto thegoalattheresolutionof patchesn thehigherlayerand
thenre nes the pathby runninga shortestpathalgorithmthrough
thelowerlayer(seeFigure?). In thisway, we canrun pathplanning
algorithmstime-efciently within limited storagespace.

8 Experimental Results

Thetiming dataprovidedin this sectiorwasmeasuredna2.8GHz
Intel Pentium4 computemwith 2GbytemainmemoryandannVidia
QuadroFX1100graphicsacceleratar

Performance. To evaluatethe performancef our systemwe cre-
atedonethousandf animatedcharacteren a grid of walk patches
(seeFigure8). A 13-minutesequencef motionwascapturedand
usedto constructhetilable walk patch.Collisionsbetweercharac-
tersareavoidedapproximatelyat theresolutionof building blocks.
At ary instancegachcharacteoccupiegwo blocks(theoneit be-
longsandtheotheroneonwhichit will moveto shortly)andavoids
thecollision with the othercharacterdy preventingthemfrom en-
teringthe occupiedblocks. Our systemrequiredabout66 seconds
to create300 frames(10 secondspf videoimages.Actually, ren-
deringdominatedhe computatiortime. Our systemrequiredonly
2.8 secondgo createthe sameanimationwith video disabled. It
meanghatthe motion of onethousandtharacterss computedand
controlledat arateof morethan100framespersecond.

Playground. We recordedmotionsof about28 minutesduration
(51169frames)from the playgroundervironment(seeFigure 9).
In therecordeddata,our subjectwalked, climbed,andslid repeat-
edly in the playground.The clusteringof motionframesproduced
4928posegroups. Fromthe sourceenvironment,we selected ve
unit objectsby hand:the groundpanel,the curvedslide, two outer
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The source environment Unit objects Small jungle gym

Motion patches

Large jungle gym

The target playground environment

Figure 9: From the sourceplaygroundervironment,we selected ve unit objectsthat include the squaregroundpanel,the curved slide,
andthe straightslide divided into threepieces. Our algorithmidenti ed eleven building blocks. Motion datacollectedfrom the source
ervironmentweretransferredo thetargetenvironmentsusingmotion patches.

partsof thestraightslide,andits interveningpart. Our systeniden-
tied elevenbuilding blocks. Eachbuilding block consistsof two
unit objects,exceptfor the intervening part of the straightslide,
which consistsof a single unit. The intervening part canbe du-
plicated and strungtogetherin orderto generatearbitrarily long
slides. 536 instancesof motion patcheswere tted in the small
jungle gym throughshapematching(the eleven patcheswere in-
stantiatedl32, 181, 21, 75, 62, 3, 3, 36, 5, 13, and 5 times, re-
spectvely). Thesepatchegproduceda strongly connecteccompo-
nentwith 43;516 cells and 346,507 transitions. Our systemre-
quired about4 minutesand 30 secondgo annotatethe small jun-
gle gym environment. This computatiortime includes0.7 second
for shapematching,257.7 seconddor stitching patches,10 sec-
ondsfor generatingransitionsand4 secondgor nding astrongly
connectedcomponent.2063instancef motion patcheswvere t-
tedin the large jungle gym. Stitching thesepatchesproduceda
strongly connecteccomponentvith 227,583 cellsand 1;474 971
transitions. The target playgroundervironmentis equippedwith
32 jungle gyms, which are connectedo a 30 by 30 grid of walk
patches.8775instancef motion patchesvererequiredto cover
the whole ervironment, which is annotatedwith a motion graph
with 16; 745 035n0desand15; 326, 250transitions.This graphen-
codesabout6847.57hoursof motion.

Of ce. For the of ce example,40 minutesof motion were col-

lected,andthe motiondataweresortedinto 2337 posegroups(see
Figure10). We constructectight motion patchedor the of ce ex-

ample,exceptfor the tilable walk patchthatis usedin all of our
examples. The deskandthe chair are consideredasa single unit.

Threepatcheqsit down/standup, work at the desk,andchatat the
desk)areembeddedh thedesk-and-chaiblock. Five patchegidle,

chat,dispute presentationandwalk-to-stop)describesiumanbe-
haviors in anemptyspaceandareembeddedn the squareground
panel.Our systemrequiredlessthanonesecondo createremove,

or draga desk-and-chaiblock on the grid of walk patches.The
location of a behaior patchis not x ed with respectto a world

coordinatesystem but determinedappropriatelywhenthe charac-
ter makesa transitionto the patchsuchthatthetransitioncould be
madeimmediately

9 Discussion

Motion patchesareusefulfor graphicsapplicationsn which mul-

tiple character@reanimatedandcontrolledat interactive ratesin a
largevirtual ervironment.Motion patchesaresimple,versatile and
easyto implement. The primary advantageof our approactis that
it scaleswvell with the sizeof motiondataandthe compleity of vir-

tualervironments.Computergamescanbene t from theversatility
andcompactnesef motion patchesln mary computergameswe
seecharactershatcanmove only in four or eightaxis-aligneddi-

rections.Our motionpatchegrovide diversityin choosingnotions
throughrich connectionsvithin patche®venif thepatchesretiled

regularly onagrid.

All of the building blocksconsistof eitheroneor two unit objects
in our experiments. This is becauseour motion datasetsdo not

include charactemposestouchingmore thantwo units simultane-
ously We have haddif culty building biggerandheavier physical

ervironmentsin our motion capturestudio becauseof its limited

spaceandthe occlusionof re ective markersfrom motion capture
cameras.Commercialstudioshave larger spacesand more cam-
erasto capturemore challengingmotions,suchasclimbing in the
playground,which useboth handsandfeet to touch several units
simultaneouslyWe would needblocksconsistingof morethantwo

unitsto accommodatéhosemotions.

In our experimentsjt wasreasonablyeasyto selectthe setof unit

objectsanddesignthe sourceenvironmentby hand.However, with

an enormouslylarge and comple target ervironment, inspecting
the entire structuresand selectingunit objectscanbe tediousand
laborious. Ideally, we wish that our systemwould be ableto take

target environment data, such as architecturalCAD data, as in-

put, analyzethe ervironmentdataautomaticallyto identify a set
of unit objects,andsuggesseveral sourceervironmentsthatcould
be physically realizedin the motion capturestudio.

Our approachis particularly suitablefor arti cial ervironments,
such as architecturalstructuresand urban areas,in which regu-
larities in geometricfeaturesare abhundant. One limitation of our
approachs thatwe needtoo mary building blocksfor building nat-
ural, irregular ervironments. This could be alleviated by allowing
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chat at the desk

dispute

work at the desk

sit down/stand up walkoto-stop chat

walk

Figure10: Of ce. (Top) The connectity amongmotion patches.
(Bottom) Multiple characteranimatedandcontrolledin the of ce
ervironment.

the free-formdeformationof motion patches We might be ableto

t the tamget ervironmentapproximatelywith a reasonablysmall
numberof deformablepatches.Motion dataembeddedn the de-
formablepatchesouldbeeditedaccordinglyusinganoff-the-shelf
motioneditingtechniqugGleicher1998;LeeandShin1999].

Anotherlimitation of ourapproachs thatphysicsis simplyignored
in ourframenork. Thecharactersnverylongslidesdonotacceler
ateproperlybecausehe charactes motionwascreatedoy repeat-
ing the onesrecordedrom a shortslide. We arbitrarily accelerated
character®n long slidesto make themmorerealistic. Combining
data-drventechniquesvith physically basednethodswill openup
mary possibledirectionsfor futureresearch.
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