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Abstract

In this paperwe provide methodsthatallow for path-baseediting
of existing motiondata.We begin by exploring the concepbf path
asan abstractionof motion, andshav howv mary of the common
motion editing tools fail to provide propercontrol over this useful
property We provide a simpleextensionto displacemeniapping
methodghatprovide bettercontroloverthepathin amannethatis
easyto implementin currentsystems.We thenextendthis simple
methodto avoid violation of geometricconstraintssuch as foot-
skate.

Keywords: Animation, Animation with Constraints,Interaction
Techniques

1 Introduction

Motion captureprovidesa methodfor obtainingmotionfor charac-
teranimationthatis physicallyrealisticandconveys the personality
of theperformer Unfortunatelywhile acapturednotioncanrecord
the speci ¢ nuancesand detailsof a performanceijt also speci -
cally recordsthe performancelt encodes speci ¢ performer per
forming a speci ¢ action,in a speci c way. Shouldary partof the
motionnot meetthe usersneedsgithera differentmotion mustbe
captured or the existing motion mustbe transformedo meetthe
thoseneeds. Recordingnev motionto “Il in the gaps”is dif -
cultandexpensve. Creatingcorvincing transformationss dif cult
becausehey mustretainthe desiredqualitiesof the motionswhile
makingchangedo undesiredaspects.

In this paperwe considerthe problemof alteringa previously cap-
turedmotionto follow a differentpath. We introducemethodsfor
editing of the pathof a motion. For example,the motionof achar
acterwalking in a straightline canbetransformedo walk alonga
cuned pathin a mannerthat preseres as much of the detail and
nuanceof the original motion as possible. Suchtransformations
areimportantin avariety of applicationssuchasusingmotionsin
new ervironments(walking aroundobstaclespr in dynamicappli-
cations(walking to a goal location). The mostbasicform of mo-
tion path editing extendscurrenttechniquego provide interactive
manipulationof a motion. Motion path editing canbe enhanced,
like the methodsit extends,to to presere essentiapropertiesof
the original motion by applying constraint-basetechniques.We
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demonstratéon pathtransformationsvork with constraint-based
approachewo provide aninteractve methodfor alteringthe pathof
amotion. This leadsto severalusefulapplications.

A pathis anabstractiorof the positionalmovementof a character
The pathencodeghe directionof motion, which is differentfrom,
but relatedto, the orientationof the characteasit movesalongthe
path. This abstractioneadsto the idea of representinga motion
relative to the path, allowing the pathto be alteredandthe motion
to be adjustedaccordingly The methodswe presentmaintainthe
relationshipbetweerthe motionandthe path.

This paperis organizedasfollows. We begin by describingan ex-
ampleof whatourtechniquesrecapableof andusefulfor (Section
2). Thisdiscussiorbothmotivatesour methodsaswell asdiscusses
their relationshipto existing techniquesWe thenintroducethe ab-
stractionof a pathfor a motion (Section3) including methodsfor
automaticallycreatingit.

The mostbasicform of pathtransformationpresentedn Section
4, cancreatea new motion that follows an arbitrary pathand ori-
entsthe characteappropriately However, this transformatiormay
damagesomeof the ne detailsin the motionsuchasthecrispness
of footplants. Better resultscan be obtainedby using constraint
processingo explicitly maintaindetails,asdescribedn Section5.
Themotionis continuouslyupdatedastheuserdragsportionsof the
path. Eventhe mostsophisticateadf the methodspresentedvorks
interactively in all of our examples. We concludeby discussing
experimentswith our prototypeimplementation.

2 Overview and Example

Considerthe problemof creatingan animationof a fashionmodel
struttingdown a curved catwalk. Thiswalk hasa distinctive char

acterto it thatis dif cult to describemathematicallybut is read-
ily recordedusing motion capture. In fact, a model walking in

a straightline is a standardexamplein a motion capturelibrary
sinceit shavs how somethingasbasicasawalk canrequirearange
of speci c examples.Unfortunately the librariestypically contain
only themodelwalking in a straightline, notalongthe cunedpath
werequire.

Had we known thatwe requireda curved pathduring the capture,
we could have capturedhe exactmotionthatwe needed Unfortu-
nately this would have requiredtheforesightto know the paththat
would be neededandin our circumstances/ould beimpossibleas
we arelimited to whatis provided by the motion library. We are
thereforefacedwith the taskof transformingthe straight-linemo-
tion to a curved path. The challengés to createa nev motionthat
keepghedistinctive characteof theoriginalwalk, yetmovesalong
thecorrectpath.

Thetoolsdescribedn this papercantransformthemodels walk to
acurvedpath. Thesystende nesa“path” —acurwethatrepresents
the abstractionof her motion. This path can be editedusingthe
sameinteractve toolsusedto editary othercune. In Figurel, we
representhe pathasa cubic B-Splinewith 6 knotsanduseadirect
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Figure 1: Editing the pathof awalking motion. Theleft imageshaws the original motion, the right shavs the editedresuilt.

manipulationdraggingtechniqueto repositionthe knotsastheuser
dragspointson the curve. As the pathis changedthe motion is
updatednteractvely.

In orderto apply pathediting, no informationbeyond motion cap-
turedatais required.Betterresultscanbe obtainedby usingacon-
straintsolver to maintainfeaturesof the motion during dragging,
or to cleanup artifactsasa post-processThis requiresconstraints
to beidenti ed. Automatictechniquessuchasthe one presented
by Bindiganaale andBadler[1] exist, but areimperfect. In prac-
tice, we identify constraintssemi-automaticallymanuallyre ning
theresultsof anautomaticconstraintdetector[2.

Figure2 shavs a differentexample:the original performerdanced
in acircle, while we prefera straightline. We transformthe cap-
tured motion to that of a cartooncharacterusing the methodsof

[13] andthenusethe methodof this paperto straighterthe path.

An adwantageand limitation of the methodswe describeare that
they alterthepathor anexisting motion,ratherthangenerate new
motion that bettersuitsthe path. In the catwalk example,the ini-
tial motion is six seconddong and consistsof 8 steps. Because
we areonly transformingthe existing motion, the resultingmotion
will have the samenumberof framesasthe original motion. If the
pathis stretchedmore stepswill not be generatedalthough,we
considersuchgeneratiorin Section7.2. While the methodknows
little of the mechanicf walking motion, andhasno explicit de-
scriptionof the importantpropertiesof the motion, the resultsare
usuallyreasonablegiven a reasonableequest.However, they are
not necessarilwhatthe performerwould do in the situation. Bet-
ter resultscould be obtainedby providing moreinformationto the
constrainsolver, however, ourfocusis oncreatingmethodghatare
fastandinteractie providing the opportunityto male adjustments
afterwardg.

2.1 Alternative Approaches

Theability to de ne motionsalongapathis a centralfeatureof pro-
ceduralandsyntheticmotion methods.Toolsfor generatinga vari-
ety of locomotionmethodsalongarbitrarypathshave notonly been
demonstratedh researct3] [15] [17] (see[20] for a suney), but
have beenprovenin productssuchasLife Forms[7] andCharacter
Studio[16]. Unfortunately thesesynthesismethoddack someof
the qualitiesof capturedmotion: the ability to presentvariations
suchaspersonalityand style without having to nd mathematical

1For the examplesin this paper theresultsshavn arethe resultsof our
methods (No manualweakingor post-processing doneunlessexplicitly
stated.)

methoddor describinghem. For example while sophisticatedyn-
thesistechniguegangenerateealisticwalkingmotions,it unlikely
thatthey couldcreatea cornvincing strutcorrespondingo a speci ¢
fashionmodel.

Therearetwo stratgiesfor creatinga rangeof motionsusingmo-

tion capturedata. Oneis to captureall desiredmotionsandto use
this large library in a production. The alternatve is to have edit-

ing tools that can alter a basemotion to meetthe desiredneeds.
Eachstratey is limited: motion libraries cannotpossibly predict
every possiblerequiredmotion (especiallywhenthereis a continu-
ousrangeof motionsthatmay be needed).Theselibrariesare ex-

pensveto createandcanbecomeunwieldyanddif cult to maintain
asthey expandto cover all needs Despiterecentinnovations,there
is still alimited rangeof editingthatcanbe donethatpreseresthe

desiredcharacteristic®f motions. In practice,productionsusea

combinatiornof approachesalargelibrary of motionsprovidesex-

amplesthatarecloseto whatis neededmakingthe requirededits
easier

Neithercurrentediting techniquesor expandedibrariescanade-
quatelyaddresghe pathalterationproblem. Becauseherearean
in nite variety of pathswe might wantto have a charactemaove
along,we cannotpossiblycaptureall of themin alibrary. Current
editing tools, including thosebasedon inversekinematics,signal-
processingsuchas motion blending[21], warping[30], anddis-
placementmapping[4]) and constrainedoptimization (including
thespacetimg12] [18] andphysicalmethodq22]), alsofail to ad-
dresgheproblemof pathtransformationlnverse-kinematiceneth-
ods, by computingeachframe individually, cannotaffect proper
ties over a long time scale,suchas a path. The signal process-
ing methodstreat eachindividual signal separatelyand therefore
cannotmaintainthe relationshipbetweerpathdirectionandorien-
tation over an entire charactes motion. The optimization-based
approacheseecthisrelationshipexpressedn termsof constraints.

Sincethe earliestproductions[19 animatorshave createdcharac-
tersby de ning locomotioncyclesandlooping thesecycleswhile

the charactemovesalong. Motion capturedatacanbe corverted
to this form andappliedalonga path,however, this only worksin

simple,repetitive, straight-linemotions. For example,the method
usedby Roseet al. [23] canapply a single cycle of a walk and
run motion asa characteiis displacedalonga path. The method
providesnoway to alteranexisting complex path,asin thelantern
exampleof Section7.1.

A relatedapproachwould build longermotionsof charactersnov-
ing alongdesiredpathsfrom smallerpieces.Suchanapproacire-
quiresnotonly alibrary of the charactemakingvariousturnsbut
alsomethoddor transitioningbetweerthe variousdifferentdirec-
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Figure 2: (alsoColor Figure)Editing the pathof adancemotion. The original performancalancedn a circle. This motionwasappliedto a cartooncharacteusingretageting
methodgleft). Patheditingtransformghis motionfrom a curvedto a straightline. Dark marksarefootplantconstraints.

tionalelementsThe pathcontrolprovided by thetechniquesn this
papermakes suchan approachmore practicalby providing a way
to adapttheindividual piecesto t, aswewill shaw in Section7.2.

3 Paths

In practice the userof our methodseesthe pathasa curve gener
atedby the systemthat providesa handlefor control over the mo-
tion a charactermovesover. In this section,however, we provide
a more preciseandgeneralde nition of path, allowing the meth-
odsfor patheditingto be de ned easily Section3.2 presentour
speci ¢ techniqueor automaticallycomputingthe path.

The pathis an abstractionof the positionalaspectof the move-
ments. The pathdoesnot containthe detailsof the charactersno-
tion, simplifying the charactetto a singlepoint. We alsopreferto
ignorethe smallerdetailsof the movement,sothatthe pathbetter
ts anidealizeddescription.In the previous example,the model's
truemotionis comple&, however we preferto think of it asstrutting
in analmoststraightline. The pathis intendedasa conceptuatool
for theuser notto encodethe detailsof themotion.

Path is not an intrinsic property of a motion, but rather a func-
tion of how a motion is interpreted. The samemotion might be
vieweddifferentlyin differentcircumstancesapersons movement
might be interpretedaswalking alonga zig-zag,or zig-zaggingin

astraight-line.Abstractionin this way is oftenrelatedto resolution
or scale: dependingon circumstancewe may or may not wish to

considerthesmalldetailsof amovement.Theformalismsof multi-

resolution[5] or scalespace[28] considera function at different
levelsof detail. However, becaus@athis anabstractiorto beinter-

pretedby a user we do notlimit the pathto bea Itered versionof

theoriginal motion, but rather allow it to beanarbitrarycurve that
relatesto the motion. The importantattribute of a pathis thatit is

meaningfuffor theuser

A pathis a time-varying spacecurve whosevalueis relatedto the
positionof the characterat a giventime. We will denotethe path
asthevectorvaluedfunctionp(t), andfor corvenienceconsidetthe
correspondingranslationatransformatiormatrix P(t).

In the terminologyof multi-resolutioncurve editing [8], therela-
tionshipbetweerthe pathandthe translationamotionis the detail
of themotion.

Figure 3: A characterig-zaggrelative to its path(left). If thedetailsof themotion
arerepresentedh an absolutesense(e.g. left andright on the page),they may not
applyif thedirectionof travel is changedcenter).By representinghe detailsrelative
toits path,thedetailscanbe preseredin differentpaths(right).

3.1 Direction of Path

Work on multi-resolutionsurfaces[9] andcurves([8] discusseshe
importanceof local detail relative to the geometnyitself, ratherthat
in someabsolutecoordinatesystem.Both works representhe de-
tails in a coordinatesystemde ned differentially from the coarser
version.We applythe sameconcepto paths.

At ary instanta path hasa directionof motion. Trivially, this is
the direction of the tangentof time derivative of the path cure.
Thisis neithertheorientationof the charactenortheinstantaneous
motion of the character However, it is often corvenientto discuss
eachof thesedetailsof themotionin termsof thepathdirection:we
typically preferto describea characteaszig-zaggingsideto side
asthey walk forward, ratherthandescribingthe pathperturbations
in anabsoluteway (e.g. northto south). This distinctionbecomes
evenmoresigni cant aswe considereditingthe path,aswe would
like to maintainthe descriptionof detail even if the direction of
motionchangesasillustratedin Figure3.

The preferenceor relative descriptionsof detail is hot absolute.
While a charactethatperiodicallyjumpseastvard no matterwhat
directionthey aretraveling (perhapsbecausehey arecalledto a
pilgrimage)seemscontrived, the dominanceof gravity on our ex-
periencecauseshe vertical directionto have speci ¢ meaning.

Thearticulationsof thecharactearealsobestexpressedn aconve-
nientcoordinatesystem.Typically, we preferto describethe orien-
tationrelative to thedirectionof motion. Evenif thecharacteis not
facingthedirectionof movement,t is therelative, nottheabsolute,
orientationthatis likely to beimportant.A charactewalking side-
waysis rotatedwith respecto their direction of motion, whether



To Appearat The2001ACM Symposiunon Interactive3D Graphics

their pathis north-southor east-west.

A path,therefore de nes a coordinatesystemthat movesin time.
Thecoordinatesystemis centerechtthe positionp(t), andoriented
suchthatthe detailsarerepresentedonveniently As we prefera
right-handedY-up corvention, we de ne the Y vector of the co-
ordinatesystemto be upwards, the positive Z-directionto be the
projectionof the path’s tangenton the horizontal,andthe X axis
to be their crossproduct. We will denotethis orientationby the
time varying matrix R(t). The path's coordinatesystemis given by
P(t)R(t), andthetransformatiorfrom globalto local coordinatess
givenby R(t) P(t) L.

Note that P(t) and R(t) could have beenindependenturves. By
relatingthem,we gaintheability to controlbothby simply altering
one. We orientR with respecto thetangentof P andgravity. Al-
ternatively, we might chooseto de ne R by the Frenetframe[25]
of p(t), a coordinatesystemde ned usingonly differentialproper
ties. We considerthe absolute-Ycoordinatesystemto be superior
for a numberof reasons.First, it is de ned wheneer the charac-
teris in motion, while the existenceof a Frenetframerequiresthe
pathto have non-vanishingcunature.Secondlyorientationis most
typically determinedelative to gravity: acharactestandsupwhile
walking north, south,or up or down a hill. While this precludes
bankinginto turns, sucheffects are more typically relatedto the
physicsof the situationand cannotbe recreatedby the geometry
we consider Finally, by usingtherotationabouta x edaxis,issues
in representingotationsaretrivialized.

Note: our Y-up systemis not the sameassimply assuminga level
pathandusingthe Frenetframe.In thislattercasetheverticalaxis
would ip upordowvn dependingon how thecharacteturned.

3.2 Automatic Path Abstraction

Typically, we usethe pathasa handleto manipulatemotion. For
suchan application,the goal of a pathis to provide a curve that
relatescloselyto the motion, yet allows controlatthe correctlevel
of detail. An approximatiorat a level of detail corvenientfor ma-
nipulationcanbecreatecby Itering thetranslationamotionof the
characteto producea path. We usuallycomputepathsfrom thetra-
jectory of the global offset of the articulated gure. Alternatively,
we mightusethe charactes centerof massor anothempointonthe
characterWhendealingwith two charactersnoving together(such
asdancing) we choosehe averagepositionof thetwo characters.

Themotioncapturedatais Itered to createtheinitial path.Weim-

plementthis by computinga least-squares of a piecavise poly-

nomialcune. In all of the examplesof this paper we chooseuni-

form cubic B-Splineswith a numberof knots chosenfor easeof

manipulation. In practice,it is bestto spacethe knotsequallyin

arc-length ratherthanin time (parametespace).If thearc-length
spacingis not used,the pathsoften have ill-de ned derivativesin

regionswherethe charactestops,causingdif culties in manipula-
tion.

Becauseerrorsin the tting processwill be“kept” asdetailin the
motion, it is notessentiathatthepath ts themotionwell. It isim-

portantthattherelationshipbetweernhepathandthemotionis clear
to the user Unfortunately artifactsof the scaletangentcomputa-
tion maysometimesdeadsto non-intuitive results.For example,if a
charactepausesthis may causethetangentto spinaround,which

cancauseunusuakffectswhenthe pathis edited.

4 Path Editing

Given the path correspondingo an initial motion, we can factor
themotioninto the pathandaresidualby placingthemotionin the
moving coordinatesystenmde ned by the path. We canthenreplace
the pathcurve to producea motion thatfollows the new path. We
will denotetheinitial pathwith a0 subscript.

It is commonpracticein animationsystemso allow a characteto
beplacedin amoving coordinatesystemjnsertingtransformations
“above” thecharactein akinematichierarchy In commerciakys-
temsthis canbe doneby placingthe characteiin a groupwhose
transformatiorcanbe animated.

Becauseve de ne theinitial motionin thecoordinatesystenof the
initial path,the coordinatesystemfor the characteis givenby:

POR(®Ro(t) "Po(t) ™. 1)

If the methodis appliedto sampledmotions,suchasmotion cap-
turedata,Ro(t) * andPy(t) ! canbestoredasa tableof samples.
This enablesa simpleimplementatiorthat can be realizedin the

scripting languagef commercialanimationsystems. The four

transformationsan be appliedto the characterand animatedac-

cordingly AsthepathP(t) is updatedthecorrespondindr(t) must
becomputed.

If we do not usethe rotation of the frame, our methodis exactly
equivalentto usinga motion displacemenmap(4] (alsoknown as
a motionwarp [30]) on the translationof the character The path
senesasthedisplacemenmap.

Alternatively, one might view our methodas the application of
multi-resolutioncurve editing[8] to theroottranslatiorof acharac-
ter. Thedifferenceis thatratherthansimply Itering outthe detail
of the curwe, we also“ lter” the detail of the charactes move-
mentsto beaddedbackin later We usethe curve to de ne notjust
a point position, but a coordinatesystemin which the detailsare
representedAlso, we do notlimit oursehesto only usinglow-pass
Itering to createthe abstractedurves.

Any methodscanbe usedto alterthe pathcurve, or de ne a new
one. We pravide the userwith direct control of the path's control
pointsaswell asdirectmanipulatioreditingof thecuneitself using
aleast-squaretechnique[1D[27].

4.1 Arc-Length Reparameterization

A pathis atemporalentity aswell asa geometricone. Eachtime
determinesa positionandorientation. By parameterizinghe path
by time, altering the path allows control not only of the position
but of the velocity aswell, asshavn in Figure4. Thebeginning of
the pathcorrespondso the beginning of the motion. Likewise the
charactereacheshe endof the pathwhenthe motionends.

Unfortunately the temporalcontrolis not alwaysdesirable As the
userperformsgeometricoperationson the path,they mayinadwer
tently altervelocitiesthey wantto presere. Or they maybreakthe
motionby stretchingpartsof themotionsuchthatthecharactecan-
not reasonablystepfrom onefootplantto another The problemis
even more pronouncedvhenthe pathis replacedby a completely
differentcurve. In suchasituation the parameterizatioof thenew
curve may not matchthe parameterizationf the original path,es-
peciallyif thenew pathis createdisinga purelygeometrianethod.

The userinterface provided for manipulatingcurves could assist
the userin maintainingthe desiredvelocities. Instead,we offer

theoptionof arc-lengthparameterizinghe new curve suchthatthe

velocity alongthe new cune is identicalto the original.
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Figure 4: patheditingis usedto alter the timing of a motion. The evenly spaced
knotsof theoriginal B-Splinepatharerepositionedn thelowerimage.

If we map the charactes position on the path by arc-lengthin-
steadof time, we canprovide a differentinterfacewhich preseres
the distancea charactermoves throughtime aswe edit the path.
Using this parameterizationve can bettermaintainthe dynamics
of the motion. The velocity of the charactematcheghe kinemat-
ics which producedthe motion, andfoot skateintroducedby path
transformationss reducedUsingthis parameterizatioalsoallows
themotionto beslid alongthepathby alteringwhereonthecurveit
shouldbegin. To efciently approximatearc-lengthparameteriza-
tions,we useEulerstepintegrationusingdistancebetweermotion
samplego approximatethe tangentvector This approximationis
sufcient in practicebecausé¢he pathcurvesareusuallysmooth.

5 Constraints

Thepathtransformatiormethodslescribegresere certainaspects
of motion. For example thejoint anglesareunafectedby the pro-
cesshut theresultingpositionsof the endeffectorsaremoved. Of-
ten the detailsof the end-efector movementare more signi cant
to de ning the motion,andthereforemustbe explicitly maintained
duringary transformations.

More problematicallypathtransformationshangehetrajectoryof
endeffectors.While we would expectthata charactes foot would
bein adifferentplacewhenits pathis changedtherelative motions
may beimportant— for example the foot shouldremainstationary
whenplanted. Because pathtransformatiormay affect different
times differently pointsin the original motion that are stationary
overaperiodof time maymaove alongacurve aseachinstantduring
the durationis transformedlifferently Whenthe methodsof the
precedingsectionareappliedto a motion, slipping alongthe oor
is typically evident, especiallywhen the path of the characteris
lengthened.

Theseproblemsare not speci ¢ to pathtransformation:ary tech-
niguethattransformsmotion mustconsidemwhataspectsareto be
changedand what will be maintained. A commonstratey is to
identify speci ¢ geometricfeaturesof motionsas constraintshat
must be maintainedduring the transformation. This stratgy has
beenappliedto a numberof motion transformatiorproblems,in-
cluding interactive editing [12, 18], retagetingto new characters
[13], andgeneratiorof transitiong24]. Themethodgshathave been
appliedto theseotherproblemsmaybeappliedto pathtransforma-

(4 {
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Figure 5: Thepathof awalking motionis lengthenedThelastof 4 B-Splineknots
is moved alongthe line. (upper)As the pathlengthensthe footplantsseparateuntil

it is physicallyimpossiblefor the charactetto stepfrom oneto the next. (lower) As

the pathlengthenshe original motion (full body)is little changed Additional frames
(line gure) areaddedsothatthemotionarrivesatthe endof the pathby repeatinghe
cyclic motion.

tionsaswell. In this sectionwe suney someof the detailsspeci c
to usingconstraint-basethethodswith pathtransformations.

We apply constraintprocessingn a fashionsimilar to [13]. That

is, the pathtransformatioris applied rst to “messup” the motion,

andthenthe motionitself is alteredto re-establistthe constraints.
Constraintprocessingloesnot changethe path, just the detailsof

themotion.

Geometricconstraintson end-efectors may specify either abso-
lute or relative positions.Absolutepositionsmaintainthe relation-
ship betweenthe characteland someotherobject. For thesecon-
straintsthespeci c positionanustbemaintained Relative position
constraintamaintainfeaturegelative to the charactes motionand
mustbe updatedasthe pathis transformed.For example,the spe-
ci ¢ positionof a charactes footstepsmay be moved, providing

thatthe foot remainsplanted.This catgory of constraintsnustbe
handledspeciallywhenapplyingpathtransformationsa new posi-
tion for the constraintmustbe determinedhat ts with thepath.

For a relative constraintat a singleinstantof time, a nev position
canbe computedjust asit wasfor the character However, since
differentinstantsin time may be transformeddifferently, thereis

no guarantedhat a constraintthat exists over a durationof time

will presere ary properties.Oneparticularlycommonproblemis

thatstationaryfootplantstendto be spreadover their duration.The
simplecurefor this is to choosea singletime for eachconstraint,
andtransformthe entire durationof the constraintby the transfor

mationatthis oneinstant.

Different choicesin time lead to different constraintpositions
which, in turn, leadto differentcharacteristicef the motions. The
threemostobvious choicesare the beginning, middle, andend of

the durationof the constraints. Figure 6 shavs how this choice
affectsawalking motion. The differencesaresubtle,andillustrate
thechallengeof motiontransformationthereis noclearly“correct”

answemiventhelimited informationthatwe have. We areleft with

eitherbuilding more sophisticatednodelsto determinethe move-
ment, relying on heuristics(or userinput) to selectamongstthe
myriad of small choices,or reconcilingoursehesto never having

the perfectanswer

Onespeci ¢ caveat: entirefootplantsmustbe dealtwith at a sin-
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Figure 6: Theexampleof Figure1 is adaptedisingdifferentmethodsfor choosingthe new footplantpositions. The differentcolors representhe motion obtainedby moving

footplantsto their beginning, middle or endof their duration.

gle instant,the heelandtoe strikescannotbe given separatéimes.
If they are transformedat the sameinstant, their positionswill

be transformedrigidly. Otherwise,the heel and toe strike posi-
tions may be transformeddifferently changingthe distancebe-
tweenthemwhichis impossibleif thecharacteis arigid skeleton.

An alternatve to computingnew locationsfor constraintss to ex-
pressthe constraintsn arelative manner For example,ratherthan
specifyingthatafootplantis ata particularlocation,the constraints
merely expressthat the position is constantover the duration of
time. Sucha formulation hasthe adwantagethat the solver can
adjustthe locationsbasedon other criteria. The disadwantageis
thatby couplingdifferenttimes,simplersolutionmethodghatcon-
siderindividual instantsin time independentlyare not applicable;
see[14] for details.

5.1 Constraint Solution Methods

With the constraintpositionsdeterminedwe areleft with the task
of computinga new motionthatmeetsthe constraintsA variety of
approachebave beenpresentedn the literature,andare suneyed
in [14].

The simplestapproachs to solve the constraintsat eachinstantin
timeindividually. Suchanapproactastheadwantagehatit solves
a seriesof small kinematicproblems.A wide rangeof techniques
includingdirectsolution[26] anditeratve numericaimethodg11]
have beenappliedto theseinversekinematicsproblems,andsolu-
tionsarewidely available. The problemis that solving eachprob-
lem frame as an independenproblemis that thereis no way to
maintainconsisteng acrosghe subproblems.

Mary of theconsisteng issuescomefrom constrainswitching:the
instantbeforea constraintor afterthe constraintthe solver hasno
way to preparefor thefuture. For example,if a constraintrequires
afootplantto bein a particularplace,unlessthe framesleadingup
to this needaresuitablyaltered the foot would jump to its goallo-
cationat the beginning of the constraint.Otherconsisteng issues
stemfrom the factthattheremay be multiple solutionsto the con-
straintproblemsor thatconsistenainswergnaynotbe computedn
responséo subtlydifferentinputs.

Inconsisteng among individual perframe constraint solutions
leadsto high-frequeng artifactsin the resultingmotion. In prac-
tice, we nd thatsuchan approachunacceptabl@aswe seelimbs
“snapping”to “hit” footplantsandwesesgjitter introducecassolver
imprecision gives slightly different answerson eachframe. A

methodfor dealingwith interframeconsisteng is arequirement.

Approachesgo interframeconsisteng that do not allow for con-
straintswitching,suchasthatusedin the online motionretageting
systemof Choi and Ko [6] or Bindiganaale and Badler [1], do

notapplyto pathtransformationsSuchapproachegely on knovn

continuouspathsfor the endeffectors. Usingthis with pathtrans-
formationsby path-transforminghe initial end-efector positions
would constrainthe motionto have foot skate.

Spacetimeonstraintmethodsconsidedarger spansof the motions
and thereforecan provide solutionsthat have interframe consis-
teng. While the approachwasoriginally introducedfor physical
motion generation[29], more recentwork has applied the tech-
niguesto motioneditingtasks.The original spacetimepproachof
de ning a single constrainecbptimizationthat computesthe new
motionwasemplo/ed by Roseetal.[24] to generatéransitionsbe-
tweenmotions,by Gleicherfor interactve editing of motions[12]
andretageting[13], andby Popwic andWitkin [22] to createphys-
ically realistic motion transformations.Lee and Shin [18] intro-
ducedanalternatve solutionmethodthatcomputes constrainso-
lution on a perframebasisandthenusesa B-Spline tting process
to combinetheseinto a consistentesult.

We have implementedoth spacetimeandperframeik plus lter -
ing (PFIK+F) methodsin our system. The tradeofs betweenthe
methodsaredescribedn [14]. The PFIK+Fmethodsaresimplerto
implement,but do not offer the generalityof the spacetimemeth-
ods.

6 Recipe

To summarizethe stepsof the pathtransformatiorprocessre:

1. Augmentthemotionwith constraintghatmaintainary essen-
tial geometricfeatures.Typically, this is donewhenmotions
areplacedinto our library suchthat the effort canbe amor
tizedacrosamary usesof themotion.

2. De ne theinitial pathPq(t), eitherby Itering thecharactes
motion,or by userspeci cation. DetermineR(t), from Po(t).

3. Createanew path,mosttypically by usingcurve editingtools
ontheoriginal. The correspondingrientationamustalsobe
determined.

4. Apply thetransformatiorof Equationl to theinitial motion.
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Figure7: Thetopimageshavsamotionwherethecharactesearchearoomwhile
carryingalantern. The lower imageshaws the resultsof transformingthe path such
thatthecharactesearches straightcorridor

5. Apply aconstraintsolutiontechniqueto re-establishhe geo-
metricfeaturesof the motion. This stepmodi es the motion,
notthepath.

With fastconstraintprocessingsteps3, 4 and5 canbeinterleared
in iterationwith drawing to createnteractive motionmanipulation.

7 Examples and Applications

All examplesdescribedn this paperarerun usingour motionedit-
ing testbedrunningon personatomputersinderWindows NT. All
examplemotionin this paperwasoriginally createdusingoptical
motioncapture.

7.1 Interactive Path Editing

To date theprimaryuseof ourtoolshasbeenfor interactve motion
editing. Theillustrationsof this papershav someof the examples
thatwe have usedwith our system.

Most of the examplespresentedransforma straightmotioninto a
cuned path. In Figure7, a motion of a charactesearchingaround
is adaptedo work in a straighthaliway. The turning of the char

acterto look aroundis maintaineddespitethe straighteningf the
directionof travel.

The searchingmotion is amongthe longer of the experimentswe
have tried, consistingof 550 framescovering 18 of the characters

steps.Over 3700scalarconstraintsareusedfor the footplants.Our
prototypecanachiere a 30Hz refreshrate during interactive drag-
ging without constraintprocessingbut including arc-lengthadap-
tation),providing amotionthatcanbe“cleaned-up’afterwards.To
achieve interactve performancé5-10Hz) with ourreal-timesolver
we usesparseconstrainsamplingandlargetolerancessdescribed
in [12]. Theresultsareacceptabldor low-resolutionapplications
andcanbecleanedup asapost-processAll otherexamplesshavn
runfaster

Themotion of Figure2 alsochangesa curved motionto a straight
line. With only 250 framesin the motion, achieiing interactve
ratesduring constrained-dragging not a problemwith our cur

rentimplementation Becauseof the highly dynamicnatureof the
leapingand spinningdance,one would expectthat our disregard
for Newton's laws would causemary artifacts.Momentumis most
likely not presered whenthe path changesasthe ballistic trajec-
tory duringleapswill be altered.However, the physicsof the car

tooncharacteperformingthis motionaresostylizedto begin with,

it is dif cult to saywhichis lessrealistic.

7.2 Transitions

Long sequence®f motions are typically createdby connecting
shortersggments. Making a realistic transitionbetweentwo mo-
tions canbe dif cult if the motionsare quite different. However,
if theendof the rst motionis similar to the beginning of the sec-
ond, simplemechanismsanbe appliedto male the transitions.If
themotionsconnecextremelywell, they maybe simply splicedto-
getheror smallchangesnaybeaccountedor by blending.Motion
librariesaretypically designedo supportthis by providing moves
thatconnectwell to oneanother

The overall positionanddirectionof a motionis importantto pre-
sene over a transition. Often, motion libraries containfamilies
of “turning” movesto allow a charactetto changedirection. Path
editing reduceshe needfor suchredundang by permittinga sin-
gle motion to sene a variety of needs. To connecttwo motions,
we usea pathtransformatiorto insurecontinuity of the positional
movemenf thecharacterAfter bringingthe overallmovemento-
getherblendingis oftensufcient to make effective transitions We
useconstraintprocessingechniquego cleanup geometricdetails,
suchasfootplantsafterblending.

A cyclic motion is designedo transitionto itself, permitting the
generationof arbitrarily long motions. With an arbitrary path, a
cyclic motion canbe appliedrepeatedlyuntil the entire path has
beenlled with themotion. Usingthistechniqueve cancreatearbi-
trarily comple pathsfor ary givencyclic motion,or createmotions
whosevelocitiesarenot acceleratedvhenthe pathis stretchedas
shavn in Figure5.

8 Conclusions

Path transformationgprovide an importanttool in enhancingthe
utility of motion librariesby permittinga single motionto be ap-
pliedin awide variety of settings.The basicmethodsaresimpleto
implementand can provide aninteractve tool for motion editing.
Whenthesemethodsarecombinedwith constraintechniquesthey
canstill provide for interactive performancevhile maintainingkey
featuresof the original motion.

The methodsdescribedn this paperare purely geometric: there
is no notion of physics. This meansthat the methodsmight fail
for motionsthatarehighly kinetic, suchasjumping, or even mak-
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ing sharpturnswhenrunning. Becausave rarelyknow the precise
physicalpropertiesof animatedcharacter®r the physicallaws of

their worlds, fast,simpli ed methodscombinedwith the possibil-
ity of tweaking,seemto offer the mostpracticalandusefultools.

Theability to factorthe pathfrom a motionmay provide theoppor

tunity to performoperation®nmotionsindependentf thepath,for

example,blendingmotionsthat haddifferentdirections. With the
ability to createa rangeof movementsdecoupledrom their range
of paths,anapproacho animationbasedon assemblingpiecesof

motionasneededecomegpractical.
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Figure8: color Plate: Editing thepathof adancemotion. Theoriginal performancaiancedn acircle. This motionwasappliedto a cartooncharacteusingretagetingmethods
(left). Path editing transformsthis motion from a curved to a straightline. Dark marksarefootplantconstraints.The gure shaws the interactve toon shadingof our animation
testbed.



