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Motion Patches: Building Blocks for
Virtual Environments Annotated with Motion Data

Motion capture
from the source environment

Building blocks
annotated with human motion data

Animation and control
in the target environment

Abstract

Real-timeanimationof human�gures in virtual environmentsis an
importantproblemin the context of computergamesand virtual
environments. Recently, the useof large collectionsof captured
motion datahasaddedincreasedrealismin characteranimation.
However, assumingthat thevirtual environmentis largeandcom-
plex, theeffort of capturingmotiondatain a physicalenvironment
andadaptingthemto anextendedvirtual environmentis thebottle-
neckfor achieving interactive characteranimationandcontrol. We
presenta new techniquefor allowing our animatedcharactersto
navigatethrougha largevirtual environment,which is constructed
using a set of building blocks. The building blocks can be arbi-
trarily assembledto createnovel environments.We annotateeach
block with a motionpatch, which informswhatmotionsareavail-
ablefor animatedcharacterswithin the block. The versatility and
�e xibility of our approacharedemonstratedthroughexamplesin
which multiple charactersareanimatedandcontrolledat interac-
tive ratesin large,complex virtual environments.

CR Categories: I.3.7[Three-DimensionalGraphicsandRealism]:
Animation—Virtual reality

Keywords: Interactive characteranimation,humanmotion, mo-
tion capture,virtual environments,pathplanning

1 Intro duction

The real-timeanimationandcontrol of human�gures in complex
virtual environmentshave beenan importantproblemin computer
graphics.A numberof techniqueshavebeendevelopedfor animat-
ing human�gures: the motion of the �gures may be keyframed,
simulated,procedurallyde�ned, or live captured.We areparticu-
larly interestedin the last techniqueusinga databaseof recorded

motion.Thisdata-drivenapproachcancreatearich varietyof natu-
ral humanbehavior from a largedatasetrecordedfrom live actors.
However, applying data-driven approachesto human�gures in a
complex environment is still challengingbecausea large motion
setmustbesearchedin real-timein orderto selectmotionsappro-
priateto givensituations,andtheselectedmotionmustbeadapted
to matchtheenvironment.

Thevirtual environmentsweintendto designareoftentoobig to be
physically realizedandaccommodatedin a motioncapturestudio.
Motion capturein sucha largeenvironmentis certainlydif�cult, if
not impossible.Oneapproachis to divide a largeenvironmentinto
smallpieces,thenrecordmotion interactingwith eachpiecesepa-
rately, and�nally combinemotiondatainto a single,largepieceof
datacovering the entireenvironment. In this way, the character's
motion in a largeenvironmentcanbecollected.However, this ap-
proachrequiresa rich amountof motion dataat every portion of
theenvironment,andthusthemotioncaptureprocesscanbequite
laboriousandpainful. A signi�cant amountof redundancy exists
in themotionsetbecauseit includesthesamemotionperformedin
differentpartsof theenvironment.This redundancy canbeavoided
by reusingmotiondatacapturedat onelocationto animatecharac-
tersatotherlocations.

We presenta new techniquefor allowing our animatedcharacters
to navigatethroughandinteractwith a largevirtual environmentin
real-time.In orderto reusemotiondatacollectedfrom oneenviron-
mentto another, thekey ideaof our approachis to identify a setof
building blocksfrom thesourceenvironment,embedrecordedmo-
tion datain theseblocks,and�t themto thetargetenvironmentso
that theembeddedmotiondatacanbe transferredbetweentheen-
vironments.Thesetof motiondataembeddedin a building block
is called a motion patch and informs what motionsare available
for animatedcharacterswithin theblock. Theoverview of our ap-
proachis asfollows:

� Data collection and processing. We �rst build a physical
environmentin themotioncapturestudioandcollectmotion
dataviable in the environment. The recordedmotiondatais
preprocessedsuchthat theframesin themotiondatasetsare
sortedinto groups.Theclusteringallows usto constructand
stitchmotionpatchesef�ciently .

� Patch construction. A setof building blocksis identi�ed by
analyzingthegeometricstructureof theenvironmentandthe
recordedmotion data. The motion patchembeddedin each
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building block formsa directedgraphto achieve �e xibility in
thecharacter's motionwithin theblock.

� Fitting to the target envir onment. Oncethetargetenviron-
mentis created,thesetof building blockscanbe�tted in the
target environmentsuchthat the environmentis coveredby
the embeddedmotion patches.By establishingthe connec-
tionsbetweenmotionpatches,the targetenvironmentcanbe
automaticallyannotatedwith a rich, connectedsetof motion
data,whichallowscharactersto navigatethroughtheenviron-
ment. We implementedtwo typesof motionpatches:tilable
and non-tilablepatches. Non-tilable patchesare connected
to eachotherby �nding intersectionsat overlappingregions,
while tilable patchescanbeseamlesslytiled in a regularpat-
ternwithoutmucheffort.

� Animation and control. Our systemallows the user to
changethe environmentdynamicallyat runtimeandcontrol
animatedcharactersin theenvironmentinteractively. Themo-
tionpatchesmakeit possibletoachievereal-timeperformance
in �nding collision-freepathsthroughcomplex virtual envi-
ronmentsand animatingmultiple characterswhile avoiding
collisionsbetweenthem.

2 Background

Animationandcontrolof human�gures in syntheticenvironments
have beenstudiedin computergraphicsfor the lastdecade[Bandi
andThalmann1997; Bindiganavale et al. 1994; Junget al. 1994;
Noseretal.1995;Thorneetal.2004].Thisproblemis verydif�cult
becausethehumanmotionis high-dimensional,andmany degrees
of freedomneedto be choreographedin a coordinated,collision-
free,human-likemanner.

Capturedmotion datahave frequentlybeenusedin characterani-
mationfor reproducingthenaturalnessof humanmovements.Re-
cently, a numberof researchershave 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 methodhasfurtherbeenexploredfor bettercon-
trollability [Arikan et al. 2003;Hsuet al. 2004;Stoneet al. 2004],
ef�cient search[Lee andLee 2004], parameterizingandblending
motions[Kovar andGleicher2004;Park et al. 2004],synchroniz-
ing with sound[Kim et al. 2003], parametertuning [Wang and
Bodenheimer2004], classi�cation [Kwon and Shin 2005], simu-
lating groupbehavior [Lai et al. 2005], responsivenessto external
forces[Arikan et al. 2005], and evaluatingthe effectivenessof a
motiongraphin aspeci�c environment[ReitsmaandPollard2004].

Leeandhis colleagues[2002] showedthecapabilityof thegraph-
basedmotionrepresentationto reusemotiondatacollectedfrom a
“polesandholes” terrainenvironmentto anextendedterrainenvi-
ronment.Their charactercontrolalgorithmis basedon statespace
searchtechniquesandbarelyachieves its interactive performance
(approximately5 to 10 framespersecond)with a singlecharacter.
Weaddressthesameproblemwith much�e xibility in selectingtar-
getenvironmentsandaimingto achievereal-timeperformancewith
multiple characters.To do so,we annotatethe targetenvironment
with a repertoireof charactermotionsavailable at eachlocation.
This annotationmakespathplanningandstatespacesearchin the
environmentveryef�cient andstraightforward.Ourwork is related
to animationtechniquesthatannotateenvironmentobjectswith the
availability of motions[Abaci et al. 2005; ShaoandTerzopoulos
2005;Sungetal. 2004]

Our problemis alsorelatedto thepathplanningof articulated�g-
uresin the presenceof obstacles,which is a classicalproblemin
a wide rangeof disciplines. Thereis a vast amountof literature
on pathplanning[Latombe1991]; however, only a few worksad-
dressedhumanmotion planning,which yields a high-dimensional
(typically, 20 to 100) con�guration space. With such a high-
dimensionalcon�gurationspace,mostoptimalpathplanningalgo-
rithmsareeithercomputation-intensive for searchingthroughcon-
�guration spacesexhaustively or memory-intensive for maintain-
ing discretizedcon�gurationspaces.Many researchersuseda low-
dimensionalcon�gurationspace(e.g.,bodyandfootprintlocations)
andrandomizedsamplingtechniquesfor producingcharacterani-
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],andgraspingandmanipulatinganobject[Koga et al. 1994;
Yamaneet al. 2004]. Our motion patchescanbe thoughtof asa
way to creatediscretecon�gurationspacesmemory-ef�cient with-
out losingthediversityandsubtledetailsof capturedmotiondata.

Reitsmaand Pollard [2004] embeddedhumanmotion data in a
squaretile andalloweda characterto navigatea largeenvironment
coveredwith a regular grid of squaretiles. We extendtheir work
anddealwith severalchallenges,which includeembeddingmotion
datainto arbitrarily-shapedobjectsotherthansquaretiles,allowing
animatedcharactersto navigatearoundandinteractwith theseob-
jects in a collision-freemanner, andallowing locomotionandthe
othertypesof humanmotionto behandledin auniformway.

3 Data Acquisition and Processing

All of themotiondatausedin our experimentswerecapturedfrom
a Vicon optical systemwith sixteencamerasat the rate of 120
frames/secondand then down-sampledto 30 frames/secondfor
real-timedisplay. Our motion capturestudio allows an effective
captureregion of 4 by 4 by 2.5 meters.Motion capturedatacon-
tains trajectoriesfor the positionandorientationof the root node
(pelvis)aswell asrelative joint anglesfor eachbodypart.

We built several physical environments,eachof which canbe ac-
commodatedin our motioncapturestudio(seeFigure1). Eachen-
vironmentwasdesignedto includesomegeometricfeaturesof the
target(possiblymuchlarger)environmentwe intendto create.All
of the geometricfeaturesdistributedin the physical environments
canberearrangedandassembledto reconstructthetargetenviron-
ment. We alsopreparedpolygonalmodelsthatmatchthephysical
environments.

In motion capturesessions,we collecteda variety of humanmo-
tions thatareviable in a givenenvironment. Our motiondatabase
containsabout70 minutesof data (seeTable 1). To createthe
database,our subjectwalked,climbed,andslid in the playground
andwalkedup anddown thestairs. In theof�ce environment,our
subjectapproachedthe chair, satdown, stoodup, andleft repeat-
edly. We alsocapturedour subjectwalking, stopping,idling, chat-
ting, andmakinga presentationin anemptyenvironment.Motion
datawererecordedin longclipssothatseamless,naturaltransitions
betweenmotionscould be captured.Our subjectswereinstructed
to repeateachactionseveraltimesto capturevariationsin eachac-
tion. We denotethesetof recordedmotiondatain thedatabaseas
f pi ji = 1; � � � ;ng, whereeachframepi is thejoint anglerepresenta-
tion of aspeci�c poseof thecharacter.

Contact. The motion datais automaticallypreprocessedto anno-
tatebody-environmentcontactinformationat eachframe. A body
segmentandanenvironmentobjectareconsideredto bein contact
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Figure1: The physical environmentswe built in our motion cap-
ture studiofor collectinghumanmotion dataandtheir polyhedral
models.Theplaygroundconstructionkit wasusedfor building the
desk,the steps,andthe playground.We removed the backof the
chairin orderto avoid theocclusionof re�ectivemarkersfrom 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 at thedesk desk/chair of�ce 5122 171
chatat thedesk desk/chair of�ce 10171 339
walk up/down stairs of�ce 19421 324
walk-stop-walk empty of�ce 4385 146

walk empty both 23911 797

Table1: Themotionsetscollectedfor our experiments.Eachdata
setwascapturedin thesourceenvironmentandusedfor animating
charactersin thetargetenvironment.

if any joint adjacentto thesegmentis suf�ciently closeto theobject
andits velocity is below somethreshold.

Clustering. The constructionandstitchingof motion patchesin-
volvesearchingpairsof similar framesthatallow smoothtransition
from onepatchto another. At a preprocessingphase,we sortmo-
tion framesinto groupsto acceleratethis similarity search. The
agglomerativehierarchicalk-meansalgorithm[Dudaetal. 2000]is
employed to guaranteethat the distancebetweenany framesin a
groupis below a user-speci�ed threshold.The thresholdis deter-
minedthroughexperimentationsuchthattransitionswithin agroup
cangeneratesmoothlyblendedmotions.Here,in orderto measure
the distancebetweenmotion frames,we considersix featuresof
theframes.All of thefeatureswereselectedsuchthatthedistance
becameinvariantunderhorizonaltranslationandrotationaboutthe
vertical (up direction)axis. Given two framespi andp j , 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
quaternionsqi andq j is measuredby their geodesicdistance
min(k log(q� 1

j qi)k;k log(q� 1
j (� qi))k).

� Rootheight: Thedifference(yi � y j ) in theheightof theroot
nodesfrom the referencegroundplaneis considered. The
horizontalcoordinatesof therootnodesaredisregarded.

� Rootorientation: Theorientationsof the root nodesarealso

describedwith unit quaternions.To effectively ignorethero-
tation aboutthe vertical axis in the differencebetweentwo
orientationsqi andq j , we �rst rotateqi abouttheverticalaxis
so that it canbe broughtascloseto q j aspossible.The op-
timal rotationabouttheverticalaxisŷ is denotedasexp(qŷ),
whereq is therotationangleabouttheverticalaxis.Then,the
geodesicdistancebetweenq0

i = exp(qŷ)qi and q j is invari-
ant underrotationaboutthe vertical axis. q is computedas
thesolutionof �nding theclosestpointon thegeodesiccurve
G(q) = exp(qŷ) from theunit quaternionq = q jq� 1

i = (w;v),
wherew 2 R andv 2 R3.

q =

(
� a + p

2 ; if q� G(� a + p
2 ) > q� G(� a � p

2 );

� a � p
2 ; if q� G(� a + p

2 ) < q� G(� a � p
2 );

(1)

wheretana = w=(v� ŷ).

� The velocitiesof joints, root translation,and root rotation:
The joint velocity at a joint is computedasa differencebe-
tween anglesat the next and the previous frames, that is,
vi = log(q� 1

i� 1qi+ 1)=2. Thelinearandangularvelocitiesof the
root nodecanalsobe given by differencingthe next andthe
previous frames.We representthe linearandangularveloci-
tiesof therootnodewith respectto alocal,moving coordinate
systemattachedto therootnode.Thisallows thevelocitiesto
berotation-invariant.

Theabovesix featuresareweighted,squared,andsummedto com-
pute the squareddistancebetweenmotion frames. For effective
clusteringof motion frames,contactwith the environmentsis an
importantperceptualfeatureof motion,whichis notre�ectedin the
distancebetweenmotion frames. Given a motion frame,we con-
siderthecontactstatesat threesuccessiveframesincludingthepre-
viousandnext framesfor evaluatingthesimilarity betweenmotion
frames.In theprocessof agglomerative clustering,motion frames
areconsideredto bedissimilarif their contactstatesor thecontact
statesof their neighboringframesaredifferent.

4 Motion Patch Construction

We intendto createvirtual environmentsthat consistof a reason-
ably small numberof unit objects. A unit object is de�ned by its
geometricshape,which cannotbe modi�ed or changed,and the
boundingbox. The virtual environmentmay includemultiple in-
stancesof eachindividual unit andthelocationof eachinstancein
the environmentis describedby a rigid transform. We denotethe
environmentasf (u1;T1); (u2;T2); � � � ; (um;Tm)g, whereui is a unit
objectandTi is a rigid transformwith respectto theworld coordi-
natesystem.Themotionof acharactermayoccureitheronasingle
unit or acrossmultiple units. Accordingly, eachbuilding block for
virtual environmentsconsistsof eitheroneor moreunitssuchthat
any recognizablehumanactioncanbeembeddedin a singlebuild-
ing block.

A posein themotiondatabelongsto a unit objectif theposeis ei-
therin contactwith thegeometryof theunit or intersectsits bound-
ing box. The posecan belongto more than one unit simultane-
ously. A segmentof motion framesf ps; � � � ;pej1 � s � e � ng in
thedatabaseis supposedto beembeddedin a building block if ev-
ery framein thesegmentbelongsto oneof its units.

Given an environmentandthe setof motion datacapturedin that
environment,thealgorithmfor identifying a setof building blocks
of lengthk is asfollows(seeFigure2). Webegin with anemptyset
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U1 U4U1,U2 U2 U6U5U3

U1=(Panel,T1)

U2=(Panel,T2)

U4=(Panel,T4)

U5=(Panel,T5)

U6=(Panel,T6)

U3=(Slide,T3)

0 1.1 1.8 5.8 8.2 10 10.8 11.5

Time (seconds)

{U1,U2}
{U2,U3} {U3,U4}

{U4,U5}={U5,U6}

Figure2: Identifying building blocks from motion data. The en-
vironmentconsistsof threeunit objects: the groundpanels,the
straightslide,andthecurvedslide.A shortsegmentof motioncap-
turedatais usedfor unclutteredillustration. Theroot trajectoryis
depictedas a seriesof small spheres.The motion framesat the
bottomof the�gure arepartitioneddependingon to whichunit ob-
jectstheframesbelong.Theframescoloredin lime greenbelongto
two objectssimultaneouslyandcorrespondto the character's mo-
tion transitioningfrom oneobjectto another. Our algorithmiden-
ti�ed four building blocks: f U1;U2g; f U2;U3g; f U3;U4g; f U4;U5g.
Notethatf U4;U5g andf U5;U6g areidentical.

of building blocks.Themotiondatasetis scannedto �nd asegment
of successive framesthatbelongsto any k units. If abuilding block
consistingof thesamek unitsalreadyexists,wesimply registerthe
segmentof framesto theexistingblock. Otherwise,wecreateanew
block andregisterthesegmentto thenew one. Whenwe decideif
two building blocksareequivalent,therelative locationsandrota-
tional symmetryof unit objectsareconsideredto matchtheshapes
of theblocks.However, theabsolutelocationsof unit objectswith
respectto a global,�x edcoordinatesystemaredisregarded.In this
way, motionsrecordedin differentpartsof theenvironmentcanbe
gatheredandembeddedin abuilding block.

The embeddingof motion datain eachindividual building block
forms a directedgraphto allow charactersto navigatewithin the
block. Weassumethatall motionframesin thedatabasehavebeen
sortedinto groupsat a preprocessingphase.We approximateeach
block usinga regular grid of cells. Eachcell is indexed by two-
dimensionallocation(x;y), yaw orientationq, andthe index p of
groupsof thecharacter'sposes.A frameof themotiondatabelongs
to a cell if the root of the body is locatedwithin the cell andthe
posebelongsto the p-th group.Thecellsbecomethenodesof the
directedgraph.Theconnectingtransitionsbetweencellsarecreated
if any motionsegmentembeddedto theblockallowstransitionfrom
onecell to theother. More speci�cally, theconnectingtransitions
betweencellsareformedasfollows (seeFigure3). For any motion
segment,we checkall of its sub-sequencesby doubleloopingover
the frames. For every sub-sequencelonger than20 frames(0.66
second),we inserta connectingtransitionbetweenthecellswhere
the sub-sequenceoriginatesandterminates.The minimum length
constraintis requiredto avoid toofrequenttransitionsin animation.
We repeatthis procedurefor every motion segmentembeddedin
theblock.

Oncethe graphis constructed,the charactercannavigatethrough
the block traversingthe graph. Sincea path traversingthe graph

Figure3: Formingconnectingtransitionsbetween4D cellswithin
amotionpatch.A motionsegmentpassingthroughthecell marked
by the red sphereforms links to the greencells, which aresubse-
quentlyvisitedby themotionsegment,if theposegroupindexesin
thecellsmatchtheposesin themotionsegmentat incidentframes.

correspondsto a seriesof motionsegments,theanimationof char-
actersalong the graphinvolves the concatenationof motion seg-
mentsat cells. Transitionfrom onemotion segmentto anotheris
madesmoothby blendingthe segmentsin andout andenforcing
footholdconstraints,asdonein [Leeetal. 2002].

Block size. We do not have a simple rule to determinethe size
of building blocks. Throughexperiments,we have found several
heuristicrules. The size of blocks shouldbe determinedby the
contentof capturemotion data. Eachindividual block shouldbe
largeenoughto accommodateany singlerecognizableactionin the
dataset. With walking motion data, for example,we selectthe
squaregroundpanelasaunit object,of which thewidth andheight
areaboutthesameasthedistancetravelledby two cyclesof walk-
ing. Thereexists a trade-off, however, for different block sizes.
Largeblocksallow rich connectionsthroughtheembeddedmotion
patches,while smallerblocksprovide �e xibility in designingvir-
tualenvironments.

5 Stitching Motion Patches

The useris provided with a userinterfacesystemthat allows the
user to designa target environment using a set of unit objects.
Our system�ts a setof building blocksautomaticallyinto the tar-
getenvironmentsuchthatthetargetenvironmentis coveredby the
building blocks(seeFigure4). Transitionsbetweenmotionpatches
areestablishedwherethepatchesoverlap. Given two overlapping
patches,thetransitionfrom cell (x1;y1;q1; p1) of onepatchto cell
(x2;y2;q2; p2) of theotherpatchis formedif theposeindexesare
identical and the distancebetweenthe cell centersand the angle
betweenthe yaw orientationsarebelow certainthresholds.In our
experiments,the thresholdsare the sameas the size of the cells.
The positionthresholdrangesfrom 5 to 10cmandthe orientation
thresholdrangesfrom 5 to 10degrees.

Oncethe connectionsamongmotion patchesare established,we
obtain a large, connectedgraphcovering the target environment.
Someconnectingtransitionsbetweencells shouldbe disabledto
avoid collision anddeadends.For eachmotionpatch,we �rst dis-
abletransitionsthatcausethecollision betweentheanimatedchar-
acterandtheenvironment.Then,werunastronglyconnectedcom-
ponentalgorithm[Tarjan1972]on thegraphandpruneconnecting
transitionsthatarenot containedin the largeststronglyconnected
component.
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Figure4: (Topleft) Themotionpatchescoveringthetargetenviron-
mentaredepictedastheroot trajectoriesrenderedin differentcol-
ors. (Bottom)Building blocksare�tted into thetargetenvironment
by shapematching.(Topright) Themotionpatchesarestitchedand
thenprunedto leaveasinglestronglyconnectedcomponent.

Memory ef�ciency. In the worst case,the memoryrequirement
of motion patcheswould scalein proportionto the squareof the
numberof framesin thedatabase,becausethedirectedgraphin the
patchescould have O(n2) connectingtransitionsfor n nodes. In
practice,thememoryrequirementis muchlessthantheworstcase
for severalreasons.At �rst, themotiondatabaseis dividedinto sub-
sets,andeachsubsetof motion framesconstructsa motion patch.
Therefore,the memoryrequirementis asymptoticallynot propor-
tional to thesizeof theentiredatasets,but relatedto thesizeof the
largestmotion patch. Secondly, sincethe databasecontainsmany
unrelatedmotions,thedirectedgraphis actuallysparsein practice.
The storagecost of the graphis also mitigatedby the clustering
of motion frames.Thecluster-to-clustertransitiongraphis signif-
icantly smallerthan the frame-to-frametransitiongraph. Finally,
the storagecost for creatingmultiple instancesof a motion patch
is modest,becauseeachinstancedoesnot needto includemotion
dataandtheir graphstructure.In eachinstance,we maintainonly
an arrayof bits that mark cells and transitionsdisabledby either
obstructionor insuf�cient connections.

6 Tilable Patches

We alsoimplementeda specialtypeof patchesthatcanbetiled in
a regular pattern,suchassquaregroundpanelsandstairs. In this
section,we will explain theconstructionof squaregroundpatches
thatallow thecharacterto enterandleave thepatchin any of four
directions.Theothertypesof tilable patchescanbeconstructedin
asimilarway.

Thetilablemotionpatchhaspairsof matchingboundaryedgesand
a numberof entriesandexits sampledon theedges.Any entryon
a boundaryedgealways hasits correspondingexit on the oppo-
site edgeandvice versa. This boundaryconditionallows motion
patchesto be alignedand tiled without mucheffort. Entriesand
exits have thepropertiesof thepositionandyaw orientationof the
rootof thecharacterandtheindex of theposegroups.

Entriesandexits areconnectedby motionsegmentschosenfrom in
putmotiondata(seeFigure5). Morespeci�cally, amotionsegment
canbe usedto link an entry-exit pair if the posesat the �rst and
last framesbelongto posegroupsindicatedat the entry andexit,

Figure5: The constructionof squaregroundpatches. (Left) We
collectedthe motion of our subjectwalking aroundfor aboutten
minutes.Themotiondataaredepictedastheroot trajectoriesthat
areprojectedonto theground.(Right)Thesquarepatchhasentries
and exits sampledevenly on the boundary. The connectionsbe-
tweentheentriesandtheexits areformedby selectingappropriate
motionsegmentsfrom thewalkingmotiondata.

respectively, andthe motion segmentcanbe editedwithin a user-
speci�ed toleranceto matchthe incoming/outgoingpositionsand
orientationsat bothends.To form connectionsbetweenentry-exit
pairs,we checkall possiblesubsequencesof input motiondataby
doubleloopingover theframes.

Theconnectionsin a patchshouldberich enoughto provide a va-
riety of motion. The richnessof connectionsdependsnot only on
thesizeof inputmotiondata,but alsoontheextentto whichweare
willing to edit themotionsegments.We usea simplelinearmodel
presentedby ReitsmaandPollard[2004]for editingthepathof mo-
tion. The linear modelallows the root positionandorientationto
be changedlinearly from the startto the endof the segment. The
totalamountof positionandorientationchangesallowedat theend
is linearlyproportionalto thedistancetravelled.

Pruning. A tilable motionpatchis safeif two conditionsaresatis-
�ed. The �rst conditionis that every entry musthave at leastone
out-goingmotionfor eachof thefour directions.Evenwith a large
collectionof motiondata,we maynot beableto �nd enoughcon-
nectingmotionsfor someentriesif theentriesareheadingtoward
a cornerof the patch. We remove thoseentriesand their corre-
spondingexits on the oppositeedgesto avoid deadendsanden-
sureenough�e xibility in steeringanimatedcharacters.Thesecond
condition requiresthat motion patchesshouldproducea strongly
connectedgraphwhenthey aretiled on a surface. This condition
ensuresthat theentiremotionsetscanbe fully utilized in animat-
ing characters.We considera torusconstructedfrom the motion
patchby gluing bothpairsof oppositeedges.On thetorus,motion
segmentsembeddedin the patchcreatea boundary-lessdirected
graph. We run Tarjan's algorithm[Tarjan1972] on the boundary-
lessgraphto identify thelargeststronglyconnectedcomponentand
disableconnectingmotionsthat arenot containedin the strongly
connectedcomponent.To ensureboth conditionssimultaneously,
we enforcetwo safetyconditionsrepeatedlyandalternatinglyuntil
noconnectionis pruned.

Connectionbetweenpatches. Tiled patchescanbe connectedto
otherpatchesoverlaid on the tiled surface(seeFigure6). To �nd
theintersectionsbetweenpatchesef�ciently , we partitiontheinter-
nal regionof tilablepatchesinto 4D cells,whichareindexedby 2D
location,yaw orientation,andthe index of the posegroups.Each
cell maintainsa list of motion segmentspassingthroughthe cell.
This cell partitioningallows us to �nd the coincidentframesef�-
cientlywithin acertainthresholdfrom theoverlappedpatches.The
characterscantransitfrom onepatchto anotherat thosecoincident
frames.

Avoiding obstacles.In the presenceof obstacleson the tiled sur-
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Figure 6: The desk and chair on the tiled surface. (Left) The
red motion segmentsembeddedin the groundpanelandthe blue
motion segmentsembeddedin the deskandchair have coincident
frames,at which charactersare allowed to make a transitionbe-
tweenthepatches.(Center)Thebluecells in thegroundpanelare
concealedby the deskand chair and thus disabled. (Right) The
red motion segmentsaredisabledbecausethey areobstructedby
theobstacles.Thebluemotionsegmentsaredisabledbecausethey
haveall following motionsdisabled.

face,motion segmentsobstructedby the obstaclesneedto be dis-
abled. This can be donesimply by marking the cells concealed
by the obstaclesand then disablingall motion segmentspassing
throughthe marked cells. After disablingsomemotion segments,
wehaveto checkif theiradjacentmotionsegmentshaveatleastone
out-going transition. Otherwise,thoseadjacentsegmentswould
causedeadendsandshouldbedisabled.Thisprocedureis repeated
until no moremotionsegmentsaredisabled.In practice,this pro-
cedurecanbe�nished in oneor two iterations.

7 Animation and Control

We built a simpleinteractive editing systemfor designingvarious
virtual environments.Oursystemallowstheuserto create,remove,
or drag building blocks interactively to changethe environment.
Accordingly, motionpatchesarecreated,connectedto eachother,
or detachedfrom eachotherin orderto dynamicallyupdatethecon-
nectedstructureof motionpatchesin theenvironment.Theusercan
alsocontrol eachcharacterby specifyingeithera goal locationto
moveto or aspeci�c behavior suchasidling, chatting,androaming
around.

Theenvironmentis annotatedwith agraphof motionscoveringthe
wholeareaof theenvironment.Theanimationandcontrolof char-
actersalongthe graphis computationallyvery ef�cient. At every
nodeof the graph,charactersare provided with a set of motions
immediatelyavailable at that momentand can proceedwith any
choiceamongavailable motions. Assumingthat the decisionis
madebasedon local information,thecomputationtime for anima-
tion andcontrol is oftennegligible, andthetotal computationtime
is dominatedby renderingthesceneson thecomputerscreen.

Thecapabilityof globalpathplanningis animportantfeatureof our
systemfor controlling charactersin complex environments.Opti-
mal pathplanningalgorithms,suchasDijkstra's shortestpathal-
gorithm, requirean explicit representationof the entireconnected
graph,which is oftenimplausiblefor largeenvironments.Thestor-
ageef�ciency of our approachis largely dueto thedistributedrep-
resentationof themotiongraphannotatedin theenvironment.We
actuallydonotmaintainanexplicit representationof thegraph,but
thegraphis implicitly maintainedin theconnectionsamongmotion
patches.We addressthis problemin a hierarchicalmanner. In our
system,themotiondataareorganizedin a two-layerstructure.The
higherlayeris adirectedgraphof whichnodesaremotionpatches.
Thehigherlayermaintainstheconnectivity amongmotionpatches.

Figure7: Two-layerpathplanning.

Figure8: (Left) Onethousandof animatedcharacterson theSIG-
GRAPHlogo. (Right)A close-upview.

The lower layer is a directedgraphof motionsegmentsembedded
in motionpatches.Ourtwo-layerpathplanningalgorithm�rst �nds
apathto thegoalat theresolutionof patchesin thehigherlayerand
thenre�nes thepathby runninga shortestpathalgorithmthrough
thelowerlayer(seeFigure7). In thisway, wecanrunpathplanning
algorithmstime-ef�ciently within limited storagespace.

8 Experimental Results

Thetiming dataprovidedin thissectionwasmeasuredona2.8GHz
Intel Pentium4 computerwith 2GbytemainmemoryandannVidia
QuadroFX1100graphicsaccelerator.

Performance. To evaluatetheperformanceof our system,we cre-
atedonethousandof animatedcharactersonagrid of walk patches
(seeFigure8). A 13-minutesequenceof motionwascapturedand
usedto constructthetilablewalk patch.Collisionsbetweencharac-
tersareavoidedapproximatelyat theresolutionof building blocks.
At any instance,eachcharacteroccupiestwo blocks(theoneit be-
longsandtheotheroneonwhichit will moveto shortly)andavoids
thecollisionwith theothercharactersby preventingthemfrom en-
teringtheoccupiedblocks. Our systemrequiredabout66 seconds
to create300 frames(10 seconds)of video images.Actually, ren-
deringdominatedthecomputationtime. Our systemrequiredonly
2.8 secondsto createthe sameanimationwith video disabled. It
meansthatthemotionof onethousandcharactersis computedand
controlledata rateof morethan100framespersecond.

Playground. We recordedmotionsof about28 minutesduration
(51169frames)from the playgroundenvironment(seeFigure9).
In therecordeddata,our subjectwalked,climbed,andslid repeat-
edly in theplayground.Theclusteringof motionframesproduced
4928posegroups.Fromthesourceenvironment,we selected� ve
unit objectsby hand:thegroundpanel,thecurvedslide,two outer
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The source environment Unit objects

Motion patches

Small jungle gym

Large jungle gym

The target playground environment

Figure9: From the sourceplaygroundenvironment,we selected� ve unit objectsthat includethe squaregroundpanel,the curved slide,
and the straightslide divided into threepieces. Our algorithm identi�ed eleven building blocks. Motion datacollectedfrom the source
environmentweretransferredto thetargetenvironmentsusingmotionpatches.

partsof thestraightslide,andits interveningpart.Oursystemiden-
ti�ed eleven building blocks. Eachbuilding block consistsof two
unit objects,except for the intervening part of the straightslide,
which consistsof a single unit. The intervening part can be du-
plicatedand strungtogetherin order to generatearbitrarily long
slides. 536 instancesof motion patcheswere �tted in the small
jungle gym throughshapematching(the eleven patcheswere in-
stantiated132, 181, 21, 75, 62, 3, 3, 36, 5, 13, and 5 times, re-
spectively). Thesepatchesproduceda stronglyconnectedcompo-
nent with 43;516 cells and 346;507 transitions. Our systemre-
quiredabout4 minutesand30 secondsto annotatethe small jun-
gle gym environment. This computationtime includes0.7 second
for shapematching,257.7secondsfor stitching patches,10 sec-
ondsfor generatingtransitions,and4 secondsfor �nding astrongly
connectedcomponent.2063instancesof motionpatcheswere�t-
ted in the large jungle gym. Stitching thesepatchesproduceda
stronglyconnectedcomponentwith 227;583 cells and1;474;971
transitions. The target playgroundenvironmentis equippedwith
32 jungle gyms,which areconnectedto a 30 by 30 grid of walk
patches.8775instancesof motionpatcheswererequiredto cover
the whole environment,which is annotatedwith a motion graph
with 16;745;035nodesand15;326;250transitions.Thisgraphen-
codesabout6847.57hoursof motion.

Of�ce. For the of�ce example,40 minutesof motion were col-
lected,andthemotiondataweresortedinto 2337posegroups(see
Figure10). We constructedeightmotionpatchesfor theof�ce ex-
ample,except for the tilable walk patchthat is usedin all of our
examples.The deskandthe chair areconsideredasa singleunit.
Threepatches(sit down/standup,work at thedesk,andchatat the
desk)areembeddedin thedesk-and-chairblock. Fivepatches(idle,
chat,dispute,presentation,andwalk-to-stop)describeshumanbe-
haviors in anemptyspaceandareembeddedin thesquareground
panel.Our systemrequiredlessthanonesecondto create,remove,
or draga desk-and-chairblock on the grid of walk patches.The
location of a behavior patchis not �x ed with respectto a world
coordinatesystem,but determinedappropriatelywhenthecharac-
ter makesa transitionto thepatchsuchthat thetransitioncouldbe
madeimmediately.

9 Discussion

Motion patchesareusefulfor graphicsapplicationsin which mul-
tiple charactersareanimatedandcontrolledat interactive ratesin a
largevirtual environment.Motion patchesaresimple,versatile,and
easyto implement.Theprimaryadvantageof our approachis that
it scaleswell with thesizeof motiondataandthecomplexity of vir-
tualenvironments.Computergamescanbene�t from theversatility
andcompactnessof motionpatches.In many computergames,we
seecharactersthatcanmove only in four or eightaxis-aligneddi-
rections.Ourmotionpatchesprovidediversityin choosingmotions
throughrich connectionswithin patchesevenif thepatchesaretiled
regularlyonagrid.

All of thebuilding blocksconsistof eitheroneor two unit objects
in our experiments. This is becauseour motion datasetsdo not
include characterposestouchingmore than two units simultane-
ously. We have haddif�culty building biggerandheavier physical
environmentsin our motion capturestudiobecauseof its limited
spaceandtheocclusionof re�ective markersfrom motioncapture
cameras.Commercialstudioshave larger spacesandmorecam-
erasto capturemorechallengingmotions,suchasclimbing in the
playground,which useboth handsandfeet to touchseveral units
simultaneously. Wewouldneedblocksconsistingof morethantwo
unitsto accommodatethosemotions.

In our experiments,it wasreasonablyeasyto selectthesetof unit
objectsanddesignthesourceenvironmentby hand.However, with
an enormouslylarge and complex target environment,inspecting
the entirestructuresandselectingunit objectscanbe tediousand
laborious. Ideally, we wish that our systemwould be ableto take
target environment data, such as architecturalCAD data, as in-
put, analyzethe environmentdataautomaticallyto identify a set
of unit objects,andsuggestseveralsourceenvironmentsthatcould
bephysically realizedin themotioncapturestudio.

Our approachis particularly suitablefor arti�cial environments,
such as architecturalstructuresand urban areas,in which regu-
larities in geometricfeaturesareabundant. Onelimitation of our
approachis thatweneedtoomany building blocksfor building nat-
ural, irregularenvironments.This couldbealleviatedby allowing

7



OnlineSubmissionID: papers 0055

idle
dispute

presentation

chatsit down/stand up

work at the desk

chat at the desk

walk

walk-to-stop

idle
dispute

presentation

chatsit down/stand up

work at the desk

chat at the desk

walk

walk-to-stop

Figure10: Of�ce. (Top) Theconnectivity amongmotionpatches.
(Bottom)Multiple charactersanimatedandcontrolledin theof�ce
environment.

thefree-formdeformationof motionpatches.We might beableto
�t the target environmentapproximatelywith a reasonablysmall
numberof deformablepatches.Motion dataembeddedin the de-
formablepatchescouldbeeditedaccordinglyusinganoff-the-shelf
motioneditingtechnique[Gleicher1998;LeeandShin1999].

Anotherlimitation of ourapproachis thatphysicsis simply ignored
in ourframework. Thecharactersonverylongslidesdonotacceler-
ateproperlybecausethecharacter's motionwascreatedby repeat-
ing theonesrecordedfrom a shortslide.We arbitrarilyaccelerated
characterson long slidesto make themmorerealistic. Combining
data-driventechniqueswith physicallybasedmethodswill openup
many possibledirectionsfor futureresearch.
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