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Abstract

In this paperwe provide methodsthatallow for path-basedediting
of existingmotiondata.We begin by exploring theconceptof path
asan abstractionof motion, andshow how many of the common
motionediting tools fail to provide propercontrol over this useful
property. We provide a simpleextensionto displacementmapping
methodsthatprovidebettercontrolover thepathin amannerthatis
easyto implementin currentsystems.We thenextendthis simple
methodto avoid violation of geometricconstraintssuchas foot-
skate.
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1 Intr oduction

Motion captureprovidesamethodfor obtainingmotionfor charac-
teranimationthatis physicallyrealisticandconveys thepersonality
of theperformer. Unfortunately, whileacapturedmotioncanrecord
the speci�c nuancesanddetailsof a performance,it alsospeci�-
cally recordstheperformance.It encodesaspeci�c performer, per-
forming a speci�c action,in a speci�c way. Shouldany partof the
motionnot meettheusersneeds,eithera differentmotionmustbe
captured,or the existing motion mustbe transformedto meetthe
thoseneeds. Recordingnew motion to “�ll in the gaps” is dif�-
cult andexpensive. Creatingconvincing transformationsis dif�cult
becausethey mustretainthedesiredqualitiesof themotionswhile
makingchangesto undesiredaspects.

In thispaper, weconsidertheproblemof alteringa previously cap-
turedmotion to follow a differentpath. We introducemethodsfor
editingof thepathof a motion. For example,themotionof a char-
acterwalking in a straightline canbetransformedto walk alonga
curved path in a mannerthat preservesasmuchof the detail and
nuanceof the original motion as possible. Suchtransformations
areimportantin a varietyof applications,suchasusingmotionsin
new environments(walking aroundobstacles)or in dynamicappli-
cations(walking to a goal location). The mostbasicform of mo-
tion pathediting extendscurrenttechniquesto provide interactive
manipulationof a motion. Motion pathediting canbe enhanced,
like the methodsit extends,to to preserve essentialpropertiesof
the original motion by applyingconstraint-basedtechniques.We
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demonstratehow pathtransformationswork with constraint-based
approachesto provideaninteractivemethodfor alteringthepathof
amotion.This leadsto severalusefulapplications.

A pathis anabstractionof thepositionalmovementof a character.
Thepathencodesthedirectionof motion,which is differentfrom,
but relatedto, theorientationof thecharacterasit movesalongthe
path. This abstractionleadsto the ideaof representinga motion
relative to thepath,allowing thepathto bealteredandthemotion
to be adjustedaccordingly. The methodswe presentmaintainthe
relationshipbetweenthemotionandthepath.

This paperis organizedasfollows. We begin by describinganex-
ampleof whatour techniquesarecapableof andusefulfor (Section
2). Thisdiscussionbothmotivatesourmethodsaswell asdiscusses
their relationshipto existing techniques.We thenintroducetheab-
stractionof a pathfor a motion (Section3) including methodsfor
automaticallycreatingit.

The mostbasicform of pathtransformation,presentedin Section
4, cancreatea new motion that follows an arbitrarypathandori-
entsthecharacterappropriately. However, this transformationmay
damagesomeof the�ne detailsin themotionsuchasthecrispness
of footplants. Better resultscan be obtainedby using constraint
processingto explicitly maintaindetails,asdescribedin Section5.
Themotioniscontinuouslyupdatedastheuserdragsportionsof the
path. Eventhemostsophisticatedof themethodspresentedworks
interactively in all of our examples. We concludeby discussing
experimentswith ourprototypeimplementation.

2 Overview and Example

Considertheproblemof creatingananimationof a fashionmodel
struttingdown a curvedcatwalk. This walk hasa distinctive char-
acterto it that is dif�cult to describemathematically, but is read-
ily recordedusing motion capture. In fact, a model walking in
a straight line is a standardexample in a motion capturelibrary
sinceit showshow somethingasbasicasawalk canrequirearange
of speci�c examples.Unfortunately, the librariestypically contain
only themodelwalking in a straightline, notalongthecurvedpath
werequire.

Hadwe known thatwe requireda curved pathduring thecapture,
we couldhave capturedtheexactmotionthatwe needed.Unfortu-
nately, this would have requiredtheforesightto know thepaththat
wouldbeneeded,andin ourcircumstanceswouldbeimpossibleas
we arelimited to what is provided by the motion library. We are
thereforefacedwith the taskof transformingthestraight-linemo-
tion to a curvedpath.Thechallengeis to createa new motionthat
keepsthedistinctivecharacterof theoriginalwalk, yetmovesalong
thecorrectpath.

Thetoolsdescribedin thispapercantransformthemodel's walk to
acurvedpath.Thesystemde�nesa“path” – acurve thatrepresents
the abstractionof her motion. This path can be editedusing the
sameinteractive toolsusedto edit any othercurve. In Figure1, we
representthepathasacubicB-Splinewith 6 knotsandusea direct
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Figure1: Editing thepathof awalking motion.Theleft imageshows theoriginalmotion,theright showstheeditedresult.

manipulationdraggingtechniqueto repositiontheknotsastheuser
dragspointson the curve. As the path is changed,the motion is
updatedinteractively.

In orderto applypathediting,no informationbeyondmotioncap-
turedatais required.Betterresultscanbeobtainedby usinga con-
straintsolver to maintainfeaturesof the motion during dragging,
or to cleanup artifactsasa post-process.This requiresconstraints
to be identi�ed. Automatictechniques,suchasthe onepresented
by Bindiganavale andBadler[1] exist, but areimperfect. In prac-
tice, we identify constraintssemi-automatically, manuallyre�ning
theresultsof anautomaticconstraintdetector[2].

Figure2 shows a differentexample:theoriginal performerdanced
in a circle, while we prefera straightline. We transformthe cap-
turedmotion to that of a cartooncharacter(usingthe methodsof
[13] andthenusethemethodsof this paperto straightenthepath.

An advantageand limitation of the methodswe describeare that
they alterthepathor anexistingmotion,ratherthangenerateanew
motion that bettersuitsthe path. In the catwalk example,the ini-
tial motion is six secondslong and consistsof 8 steps. Because
we areonly transformingtheexisting motion,theresultingmotion
will have thesamenumberof framesastheoriginal motion. If the
path is stretched,morestepswill not be generated,although,we
considersuchgenerationin Section7.2. While themethodknows
little of themechanicsof walking motion,andhasno explicit de-
scriptionof the importantpropertiesof themotion, the resultsare
usuallyreasonable,givena reasonablerequest.However, they are
not necessarilywhat theperformerwould do in thesituation.Bet-
ter resultscouldbeobtainedby providing moreinformationto the
constraintsolver, however, ourfocusis oncreatingmethodsthatare
fastandinteractive providing theopportunityto make adjustments
afterwards1.

2.1 Alternative Appr oaches

Theability to de�ne motionsalongapathis acentralfeatureof pro-
ceduralandsyntheticmotionmethods.Toolsfor generatinga vari-
etyof locomotionmethodsalongarbitrarypathshavenotonly been
demonstratedin research[3] [15] [17] (see[20] for a survey), but
have beenprovenin productssuchasLife Forms[7] andCharacter
Studio[16]. Unfortunately, thesesynthesismethodslack someof
the qualitiesof capturedmotion: the ability to presentvariations
suchaspersonalityandstyle without having to �nd mathematical

1For theexamplesin this paper, theresultsshown aretheresultsof our
methods.(No manualtweakingor post-processingis doneunlessexplicitly
stated.)

methodsfor describingthem.Forexample,whilesophisticatedsyn-
thesistechniquescangeneraterealisticwalkingmotions,it unlikely
thatthey couldcreateaconvincingstrutcorrespondingto aspeci�c
fashionmodel.

Therearetwo strategiesfor creatinga rangeof motionsusingmo-
tion capturedata.Oneis to captureall desiredmotionsandto use
this large library in a production. The alternative is to have edit-
ing tools that can alter a basemotion to meetthe desiredneeds.
Eachstrategy is limited: motion librariescannotpossiblypredict
everypossiblerequiredmotion(especiallywhenthereis a continu-
ousrangeof motionsthatmaybeneeded).Theselibrariesareex-
pensiveto createandcanbecomeunwieldyanddif�cult to maintain
asthey expandto coverall needs.Despiterecentinnovations,there
is still a limited rangeof editingthatcanbedonethatpreservesthe
desiredcharacteristicsof motions. In practice,productionsusea
combinationof approaches:a largelibrary of motionsprovidesex-
amplesthatarecloseto what is needed,makingtherequirededits
easier.

Neithercurrentediting techniquesnor expandedlibrariescanade-
quatelyaddressthe pathalterationproblem. Becausetherearean
in�nite variety of pathswe might want to have a charactermove
along,we cannotpossiblycaptureall of themin a library. Current
editing tools, including thosebasedon inversekinematics,signal-
processing(suchasmotion blending[21], warping[30], anddis-
placementmapping[4]) and constrainedoptimization(including
thespacetime[12] [18] andphysicalmethods[22]), alsofail to ad-
dresstheproblemof pathtransformation.Inverse-kinematicsmeth-
ods,by computingeachframe individually, cannotaffect proper-
ties over a long time scale,suchas a path. The signal process-
ing methodstreateachindividual signal separatelyand therefore
cannotmaintaintherelationshipbetweenpathdirectionandorien-
tation over an entire character's motion. The optimization-based
approachesneedthis relationshipexpressedin termsof constraints.

Sincetheearliestproductions[19], animatorshave createdcharac-
tersby de�ning locomotioncyclesandlooping thesecycleswhile
the charactermovesalong. Motion capturedatacanbe converted
to this form andappliedalonga path,however, this only works in
simple,repetitive, straight-linemotions. For example,themethod
usedby Roseet al. [23] canapply a single cycle of a walk and
run motion asa characteris displacedalonga path. The method
providesnoway to alteranexistingcomplex path,asin thelantern
exampleof Section7.1.

A relatedapproachwould build longermotionsof charactersmov-
ing alongdesiredpathsfrom smallerpieces.Suchanapproachre-
quiresnot only a library of thecharactermakingvariousturnsbut
alsomethodsfor transitioningbetweenthevariousdifferentdirec-
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Figure 2: (alsoColor Figure)Editing thepathof a dancemotion. Theoriginal performancedancedin a circle. This motionwasappliedto a cartooncharacterusingretargeting
methods(left). Patheditingtransformsthis motionfrom a curvedto a straightline. Dark marksarefootplantconstraints.

tionalelements.Thepathcontrolprovidedby thetechniquesin this
papermakessuchan approachmorepracticalby providing a way
to adapttheindividual piecesto �t, aswe will show in Section7.2.

3 Paths

In practice,theuserof our methodseesthepathasa curve gener-
atedby thesystemthatprovidesa handlefor controlover themo-
tion a charactermovesover. In this section,however, we provide
a morepreciseandgeneralde�nition of path,allowing the meth-
odsfor pathediting to be de�ned easily. Section3.2 presentsour
speci�c techniquefor automaticallycomputingthepath.

The path is an abstractionof the positionalaspectsof the move-
ments.Thepathdoesnot containthedetailsof thecharactersmo-
tion, simplifying thecharacterto a singlepoint. We alsopreferto
ignorethesmallerdetailsof themovement,so that thepathbetter
�ts an idealizeddescription.In theprevious example,themodel's
truemotionis complex, howeverwepreferto think of it asstrutting
in analmoststraightline. Thepathis intendedasa conceptualtool
for theuser, not to encodethedetailsof themotion.

Path is not an intrinsic propertyof a motion, but rather, a func-
tion of how a motion is interpreted. The samemotion might be
vieweddifferentlyin differentcircumstances:aperson'smovement
might be interpretedaswalking alonga zig-zag,or zig-zaggingin
astraight-line.Abstractionin thisway is oftenrelatedto resolution
or scale:dependingon circumstance,we may or may not wish to
considerthesmalldetailsof amovement.Theformalismsof multi-
resolution[5] or scalespace[28] considera function at different
levelsof detail.However, becausepathis anabstractionto beinter-
pretedby a user, we do not limit thepathto bea �ltered versionof
theoriginalmotion,but rather, allow it to beanarbitrarycurve that
relatesto themotion. The importantattributeof a pathis that it is
meaningfulfor theuser.

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

In the terminologyof multi-resolutioncurve editing [8], the rela-
tionshipbetweenthepathandthetranslationalmotionis thedetail
of themotion.

Figure3: A characterzig-zagsrelative to its path(left). If thedetailsof themotion
arerepresentedin an absolutesense(e.g. left and right on the page),they may not
applyif thedirectionof travel is changed(center).By representingthedetailsrelative
to its path,thedetailscanbepreservedin differentpaths(right).

3.1 Direction of Path

Work on multi-resolutionsurfaces[9] andcurves[8] discussesthe
importanceof localdetailrelative to thegeometryitself, ratherthat
in someabsolutecoordinatesystem.Both works representthede-
tails in a coordinatesystemde�ned differentially from thecoarser
version.We applythesameconceptto paths.

At any instanta pathhasa directionof motion. Trivially, this is
the direction of the tangentof time derivative of the path curve.
This is neithertheorientationof thecharacternor theinstantaneous
motionof thecharacter. However, it is oftenconvenientto discuss
eachof thesedetailsof themotionin termsof thepathdirection:we
typically preferto describea characteraszig-zaggingsideto side
asthey walk forward,ratherthandescribingthepathperturbations
in anabsoluteway (e.g. north to south).This distinctionbecomes
evenmoresigni�cant aswe considereditingthepath,aswe would
like to maintainthe descriptionof detail even if the direction of
motionchanges,asillustratedin Figure3.

The preferencefor relative descriptionsof detail is not absolute.
While a characterthatperiodicallyjumpseastwardno matterwhat
direction they are traveling (perhapsbecausethey arecalled to a
pilgrimage)seemscontrived, the dominanceof gravity on our ex-
periencecausestheverticaldirectionto have speci�c meaning.

Thearticulationsof thecharacterarealsobestexpressedin aconve-
nientcoordinatesystem.Typically, we preferto describetheorien-
tationrelativeto thedirectionof motion.Evenif thecharacteris not
facingthedirectionof movement,it is therelative,not theabsolute,
orientationthatis likely to beimportant.A characterwalking side-
waysis rotatedwith respectto their directionof motion, whether
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their pathis north-southor east-west.

A path,therefore,de�nes a coordinatesystemthatmovesin time.
Thecoordinatesystemis centeredat thepositionp(t), andoriented
suchthat the detailsarerepresentedconveniently. As we prefera
right-handedY-up convention, we de�ne the Y vector of the co-
ordinatesystemto be upwards,the positive Z-direction to be the
projectionof the path's tangenton the horizontal,andthe X axis
to be their crossproduct. We will denotethis orientationby the
time varyingmatrix R(t). Thepath's coordinatesystemis givenby
P(t)R(t), andthetransformationfrom globalto local coordinatesis
givenby R(t)� 1P(t)� 1.

Note that P(t) andR(t) could have beenindependentcurves. By
relatingthem,wegaintheability to controlbothby simplyaltering
one. We orientR with respectto the tangentof P andgravity. Al-
ternatively, we might chooseto de�ne R by theFrenetframe[25]
of p(t), a coordinatesystemde�ned usingonly differentialproper-
ties. We considertheabsolute-Ycoordinatesystemto besuperior
for a numberof reasons.First, it is de�ned whenever the charac-
ter is in motion,while theexistenceof a Frenetframerequiresthe
pathto havenon-vanishingcurvature.Secondly, orientationis most
typically determinedrelativeto gravity: acharacterstandsupwhile
walking north, south,or up or down a hill. While this precludes
bankinginto turns, sucheffects are more typically relatedto the
physicsof the situationandcannotbe recreatedby the geometry
weconsider. Finally, by usingtherotationabouta �x edaxis,issues
in representingrotationsaretrivialized.

Note: our Y-up systemis not thesameassimply assuminga level
pathandusingtheFrenetframe.In this lattercase,theverticalaxis
would �ip upor down dependingon how thecharacterturned.

3.2 Automatic Path Abstraction

Typically, we usethe pathasa handleto manipulatemotion. For
suchan application,the goal of a path is to provide a curve that
relatescloselyto themotion,yet allows controlat thecorrectlevel
of detail. An approximationat a level of detailconvenientfor ma-
nipulationcanbecreatedby �ltering thetranslationalmotionof the
characterto produceapath.Weusuallycomputepathsfrom thetra-
jectoryof theglobal offset of thearticulated�gure. Alternatively,
wemightusethecharacter'scenterof mass,or anotherpointon the
character. Whendealingwith two charactersmoving together(such
asdancing),we choosetheaveragepositionof thetwo characters.

Themotioncapturedatais �ltered to createtheinitial path.We im-
plementthis by computinga least-squares�t of a piecewise poly-
nomialcurve. In all of theexamplesof this paper, we chooseuni-
form cubic B-Splineswith a numberof knotschosenfor easeof
manipulation. In practice,it is bestto spacethe knotsequally in
arc-length,ratherthanin time (parameter-space).If thearc-length
spacingis not used,the pathsoften have ill-de�ned derivatives in
regionswherethecharacterstops,causingdif�culties in manipula-
tion.

Becauseerrorsin the �tting processwill be “kept” asdetail in the
motion,it is notessentialthatthepath�ts themotionwell. It is im-
portantthattherelationshipbetweenthepathandthemotionisclear
to the user. Unfortunately, artifactsof the scaletangentcomputa-
tion maysometimesleadsto non-intuitive results.For example,if a
characterpauses,this maycausethetangentto spinaround,which
cancauseunusualeffectswhenthepathis edited.

4 Path Editing

Given the path correspondingto an initial motion, we can factor
themotioninto thepathandaresidualby placingthemotionin the
moving coordinatesystemde�ned by thepath.Wecanthenreplace
thepathcurve to producea motion that follows thenew path. We
will denotetheinitial pathwith a 0 subscript.

It is commonpracticein animationsystemsto allow a characterto
beplacedin amoving coordinatesystem,insertingtransformations
“above” thecharacterin a kinematichierarchy. In commercialsys-
temsthis canbe doneby placing the characterin a groupwhose
transformationcanbeanimated.

Becausewede�ne theinitial motionin thecoordinatesystemof the
initial path,thecoordinatesystemfor thecharacteris givenby:

P(t)R(t)R0(t)
� 1P0(t)

� 1. (1)

If the methodis appliedto sampledmotions,suchasmotion cap-
turedata,R0(t)� 1 andP0(t)� 1 canbestoredasa tableof samples.
This enablesa simple implementationthat can be realizedin the
scripting languagesof commercialanimationsystems. The four
transformationscan be appliedto the characterandanimatedac-
cordingly. As thepathP(t) is updated,thecorrespondingR(t) must
becomputed.

If we do not usethe rotationof the frame,our methodis exactly
equivalentto usinga motiondisplacementmap[4] (alsoknown as
a motion warp [30]) on the translationof the character. The path
servesasthedisplacementmap.

Alternatively, one might view our methodas the applicationof
multi-resolutioncurveediting[8] to theroot translationof acharac-
ter. Thedifferenceis that ratherthansimply �ltering out thedetail
of the curve, we also “�lter” the detail of the character's move-
mentsto beaddedbackin later. Weusethecurve to de�ne not just
a point position,but a coordinatesystemin which the detailsare
represented.Also, wedonot limit ourselvesto only usinglow-pass
�ltering to createtheabstractedcurves.

Any methodscanbe usedto alter the pathcurve, or de�ne a new
one. We provide theuserwith direct control of the path's control
pointsaswell asdirectmanipulationeditingof thecurveitself using
a least-squarestechnique[10] [27].

4.1 Arc-Length Reparameterization

A pathis a temporalentity aswell asa geometricone. Eachtime
determinesa positionandorientation.By parameterizingthepath
by time, altering the path allows control not only of the position
but of thevelocity aswell, asshown in Figure4. Thebeginningof
thepathcorrespondsto thebeginningof themotion. Likewise the
characterreachestheendof thepathwhenthemotionends.

Unfortunately, thetemporalcontrol is not alwaysdesirable.As the
userperformsgeometricoperationson thepath,they mayinadver-
tentlyaltervelocitiesthey wantto preserve. Or they maybreakthe
motionby stretchingpartsof themotionsuchthatthecharactercan-
not reasonablystepfrom onefootplantto another. Theproblemis
even morepronouncedwhenthe pathis replacedby a completely
differentcurve. In suchasituation,theparameterizationof thenew
curve maynot matchtheparameterizationof theoriginal path,es-
peciallyif thenew pathis createdusingapurelygeometricmethod.

The user interfaceprovided for manipulatingcurves could assist
the user in maintainingthe desiredvelocities. Instead,we offer
theoptionof arc-lengthparameterizingthenew curve suchthatthe
velocityalongthenew curve is identicalto theoriginal.

4
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Figure 4: Path editing is usedto alter the timing of a motion. Theevenly spaced
knotsof theoriginalB-Splinepatharerepositionedin thelower image.

If we map the character's position on the path by arc-lengthin-
steadof time,we canprovide a differentinterfacewhich preserves
the distancea charactermoves throughtime aswe edit the path.
Using this parameterizationwe canbettermaintainthe dynamics
of themotion. Thevelocity of thecharactermatchesthekinemat-
ics which producedthe motion,andfoot skateintroducedby path
transformationsis reduced.Usingthisparameterizationalsoallows
themotionto beslid alongthepathby alteringwhereonthecurveit
shouldbegin. To ef�ciently approximatearc-lengthparameteriza-
tions,weuseEulerstepintegrationusingdistancesbetweenmotion
samplesto approximatethe tangentvector. This approximationis
suf�cient in practicebecausethepathcurvesareusuallysmooth.

5 Constraints

Thepathtransformationmethodsdescribedpreservecertainaspects
of motion. For example,thejoint anglesareunaffectedby thepro-
cess,but theresultingpositionsof theendeffectorsaremoved.Of-
ten the detailsof the end-effector movementaremoresigni�cant
to de�ning themotion,andthereforemustbeexplicitly maintained
duringany transformations.

Moreproblematically, pathtransformationschangethetrajectoryof
endeffectors.While wewould expectthatacharacter's foot would
bein adifferentplacewhenits pathis changed,therelativemotions
maybeimportant– for example,thefoot shouldremainstationary
whenplanted.Becausea pathtransformationmay affect different
timesdifferently, points in the original motion that arestationary
overaperiodof timemaymovealongacurveaseachinstantduring
the durationis transformeddifferently. Whenthe methodsof the
precedingsectionareappliedto a motion,slippingalongthe �oor
is typically evident, especiallywhen the path of the characteris
lengthened.

Theseproblemsarenot speci�c to pathtransformation:any tech-
niquethat transformsmotionmustconsiderwhataspectsareto be
changedand what will be maintained. A commonstrategy is to
identify speci�c geometricfeaturesof motionsasconstraintsthat
must be maintainedduring the transformation.This strategy has
beenappliedto a numberof motion transformationproblems,in-
cluding interactive editing [12, 18], retargeting to new characters
[13], andgenerationof transitions[24]. Themethodsthathavebeen
appliedto theseotherproblemsmaybeappliedto pathtransforma-

Figure5: Thepathof awalkingmotionis lengthened.Thelastof 4 B-Splineknots
is moved alongthe line. (upper)As the path lengthensthe footplantsseparateuntil
it is physicallyimpossiblefor the characterto stepfrom oneto the next. (lower) As
thepathlengthenstheoriginal motion(full body)is little changed.Additional frames
(line �gure) areaddedsothatthemotionarrivesat theendof thepathby repeatingthe
cyclic motion.

tionsaswell. In this sectionwe survey someof thedetailsspeci�c
to usingconstraint-basedmethodswith pathtransformations.

We apply constraintprocessingin a fashionsimilar to [13]. That
is, thepathtransformationis applied�rst to “messup” themotion,
andthenthemotion itself is alteredto re-establishtheconstraints.
Constraintprocessingdoesnot changethepath,just thedetailsof
themotion.

Geometricconstraintson end-effectors may specify either abso-
lute or relative positions.Absolutepositionsmaintaintherelation-
ship betweenthe characterandsomeotherobject. For thesecon-
straints,thespeci�c positionsmustbemaintained.Relativeposition
constraintsmaintainfeaturesrelative to thecharacter's motionand
mustbeupdatedasthepathis transformed.For example,thespe-
ci�c positionof a character's footstepsmay be moved, providing
thatthefoot remainsplanted.This category of constraintsmustbe
handledspeciallywhenapplyingpathtransformations:a new posi-
tion for theconstraintmustbedeterminedthat�ts with thepath.

For a relative constraintat a singleinstantof time, a new position
canbe computedjust as it was for the character. However, since
different instantsin time may be transformeddifferently, thereis
no guaranteethat a constraintthat exists over a durationof time
will preserve any properties.Oneparticularlycommonproblemis
thatstationaryfootplantstendto bespreadover their duration.The
simplecurefor this is to choosea singletime for eachconstraint,
andtransformtheentiredurationof theconstraintby the transfor-
mationat thisoneinstant.

Different choices in time lead to different constraintpositions
which, in turn, leadto differentcharacteristicsof themotions.The
threemostobvious choicesarethe beginning,middle, andendof
the durationof the constraints. Figure 6 shows how this choice
affectsa walking motion. Thedifferencesaresubtle,andillustrate
thechallengeof motiontransformation:thereisnoclearly“correct”
answergiventhelimited informationthatwehave. Weareleft with
eitherbuilding moresophisticatedmodelsto determinethemove-
ment, relying on heuristics(or user input) to selectamongstthe
myriad of small choices,or reconcilingourselves to never having
theperfectanswer.

Onespeci�c caveat: entirefootplantsmustbe dealtwith at a sin-

5



To Appearat The2001ACM Symposiumon Interactive3D Graphics

Figure 6: Theexampleof Figure1 is adaptedusingdifferentmethodsfor choosingthe new footplantpositions.Thedifferentcolorsrepresentthemotionobtainedby moving
footplantsto theirbeginning,middleor endof theirduration.

gle instant,theheelandtoestrikescannotbegivenseparatetimes.
If they are transformedat the sameinstant, their positionswill
be transformedrigidly. Otherwise,the heel and toe strike posi-
tions may be transformeddifferently, changingthe distancebe-
tweenthemwhich is impossibleif thecharacteris a rigid skeleton.

An alternative to computingnew locationsfor constraintsis to ex-
presstheconstraintsin a relative manner. For example,ratherthan
specifyingthatafootplantis ataparticularlocation,theconstraints
merely expressthat the position is constantover the durationof
time. Sucha formulation has the advantagethat the solver can
adjust the locationsbasedon other criteria. The disadvantageis
thatby couplingdifferenttimes,simplersolutionmethodsthatcon-
sider individual instantsin time independentlyarenot applicable;
see[14] for details.

5.1 Constraint Solution Methods

With theconstraintpositionsdetermined,we areleft with the task
of computinga new motionthatmeetstheconstraints.A varietyof
approacheshave beenpresentedin the literature,andaresurveyed
in [14].

Thesimplestapproachis to solve theconstraintsat eachinstantin
timeindividually. Suchanapproachhastheadvantagethatit solves
a seriesof small kinematicproblems.A wide rangeof techniques
includingdirectsolution[26] anditerative numericalmethods[11]
have beenappliedto theseinversekinematicsproblems,andsolu-
tionsarewidely available. Theproblemis thatsolvingeachprob-
lem frame as an independentproblemis that there is no way to
maintainconsistency acrossthesubproblems.

Many of theconsistency issuescomefrom constraintswitching:the
instantbeforeaconstraint(or aftertheconstraint)thesolver hasno
way to preparefor thefuture. For example,if a constraintrequires
a footplantto bein a particularplace,unlesstheframesleadingup
to this needaresuitablyaltered,thefoot would jump to its goallo-
cationat thebeginningof theconstraint.Otherconsistency issues
stemfrom thefact that theremaybemultiple solutionsto thecon-
straintproblemsor thatconsistentanswersmaynotbecomputedin
responseto subtlydifferentinputs.

Inconsistency among individual per-frame constraint solutions
leadsto high-frequency artifactsin the resultingmotion. In prac-
tice, we �nd that suchan approachunacceptableaswe seelimbs
“snapping”to “hit” footplants,andweseejitter introducedassolver
imprecisiongives slightly different answerson eachframe. A

methodfor dealingwith interframeconsistency is a requirement.

Approachesto interframeconsistency that do not allow for con-
straintswitching,suchasthatusedin theonlinemotionretargeting
systemof Choi and Ko [6] or Bindiganavale and Badler [1], do
not applyto pathtransformations.Suchapproachesrely on known
continuouspathsfor theendeffectors. Using this with pathtrans-
formationsby path-transformingthe initial end-effector positions
wouldconstrainthemotionto have foot skate.

Spacetimeconstraintmethodsconsiderlargerspansof themotions
and thereforecan provide solutionsthat have interframeconsis-
tency. While the approachwasoriginally introducedfor physical
motion generation[29], more recentwork has applied the tech-
niquesto motioneditingtasks.Theoriginal spacetimeapproachof
de�ning a singleconstrainedoptimizationthat computesthe new
motionwasemployedby Roseetal.[24] to generatetransitionsbe-
tweenmotions,by Gleicherfor interactive editingof motions[12]
andretargeting[13], andbyPopovic andWitkin [22] tocreatephys-
ically realistic motion transformations.Lee and Shin [18] intro-
ducedanalternativesolutionmethodthatcomputesaconstraintso-
lution on a per-framebasisandthenusesa B-Spline�tting process
to combinetheseinto aconsistentresult.

We have implementedbothspacetimeandper-frameik plus �lter -
ing (PFIK+F) methodsin our system. The tradeoffs betweenthe
methodsaredescribedin [14]. ThePFIK+Fmethodsaresimplerto
implement,but do not offer the generalityof the spacetimemeth-
ods.

6 Recipe

To summarize,thestepsof thepathtransformationprocessare:

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

2. De�ne theinitial pathP0(t), eitherby �ltering thecharacter's
motion,or by userspeci�cation.DetermineR0(t), from P0(t).

3. Createanew path,mosttypically by usingcurve editingtools
on theoriginal. Thecorrespondingorientationsmustalsobe
determined.

4. Apply thetransformationof Equation1 to theinitial motion.

6



To Appearat The2001ACM Symposiumon Interactive3D Graphics

Figure7: Thetopimageshowsamotionwherethecharactersearchesaroomwhile
carryinga lantern. The lower imageshows the resultsof transformingthe pathsuch
thatthecharactersearchesastraightcorridor.

5. Apply a constraintsolutiontechniqueto re-establishthegeo-
metricfeaturesof themotion. This stepmodi�es themotion,
not thepath.

With fastconstraintprocessing,steps3, 4 and5 canbeinterleaved
in iterationwith drawing to createinteractive motionmanipulation.

7 Examples and Applications

All examplesdescribedin this paperarerunusingourmotionedit-
ing testbedrunningonpersonalcomputersunderWindowsNT. All
examplemotion in this paperwasoriginally createdusingoptical
motioncapture.

7.1 Interactive Path Editing

To date,theprimaryuseof our toolshasbeenfor interactivemotion
editing. Theillustrationsof this papershow someof theexamples
thatwe have usedwith oursystem.

Most of theexamplespresentedtransforma straightmotion into a
curvedpath. In Figure7, a motionof a charactersearchingaround
is adaptedto work in a straighthallway. The turning of the char-
acterto look aroundis maintained,despitethestraighteningof the
directionof travel.

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

steps.Over 3700scalarconstraintsareusedfor thefootplants.Our
prototypecanachieve a 30Hz refreshrateduring interactive drag-
ging without constraintprocessing(but includingarc-lengthadap-
tation),providing amotionthatcanbe“cleaned-up”afterwards.To
achieve interactiveperformance(5-10Hz) with ourreal-timesolver
weusesparseconstraintsamplingandlargetolerancesasdescribed
in [12]. The resultsareacceptablefor low-resolutionapplications
andcanbecleanedupasapost-process.All otherexamplesshown
run faster.

Themotionof Figure2 alsochangesa curvedmotionto a straight
line. With only 250 framesin the motion, achieving interactive
ratesduring constrained-draggingis not a problemwith our cur-
rent implementation.Becauseof thehighly dynamicnatureof the
leapingandspinningdance,onewould expect that our disregard
for Newton's lawswould causemany artifacts.Momentumis most
likely not preserved whenthe pathchangesasthe ballistic trajec-
tory during leapswill bealtered.However, thephysicsof thecar-
tooncharacterperformingthismotionaresostylizedto begin with,
it is dif�cult to saywhich is lessrealistic.

7.2 Transitions

Long sequencesof motions are typically createdby connecting
shortersegments. Making a realistic transitionbetweentwo mo-
tions canbe dif�cult if the motionsarequite different. However,
if theendof the �rst motion is similar to thebeginningof thesec-
ond,simplemechanismscanbeappliedto make thetransitions.If
themotionsconnectextremelywell, they maybesimplysplicedto-
gether, or smallchangesmaybeaccountedfor by blending.Motion
librariesaretypically designedto supportthis by providing moves
thatconnectwell to oneanother.

Theoverall positionanddirectionof a motion is importantto pre-
serve over a transition. Often, motion libraries contain families
of “turning” movesto allow a characterto changedirection. Path
editing reducesthe needfor suchredundancy by permittinga sin-
gle motion to serve a variety of needs. To connecttwo motions,
we usea pathtransformationto insurecontinuityof thepositional
movementof thecharacter. After bringingtheoverallmovementto-
gether, blendingis oftensuf�cient to makeeffectivetransitions.We
useconstraintprocessingtechniquesto cleanup geometricdetails,
suchasfootplantsafterblending.

A cyclic motion is designedto transitionto itself, permitting the
generationof arbitrarily long motions. With an arbitrary path, a
cyclic motion can be appliedrepeatedlyuntil the entire path has
been�lled with themotion.Usingthistechniquewecancreatearbi-
trarily complex pathsfor any givencyclic motion,or createmotions
whosevelocitiesarenot acceleratedwhenthepathis stretched,as
shown in Figure5.

8 Conc lusions

Path transformationsprovide an important tool in enhancingthe
utility of motion librariesby permittinga singlemotion to be ap-
plied in a widevarietyof settings.Thebasicmethodsaresimpleto
implementandcanprovide an interactive tool for motion editing.
Whenthesemethodsarecombinedwith constrainttechniques,they
canstill provide for interactive performancewhile maintainingkey
featuresof theoriginalmotion.

The methodsdescribedin this paperare purely geometric: there
is no notion of physics. This meansthat the methodsmight fail
for motionsthatarehighly kinetic, suchasjumping,or evenmak-

7
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ing sharpturnswhenrunning.Becausewe rarelyknow theprecise
physicalpropertiesof animatedcharactersor the physicallaws of
their worlds,fast,simpli�ed methods,combinedwith thepossibil-
ity of tweaking,seemto offer themostpracticalandusefultools.

Theability to factorthepathfrom amotionmayprovide theoppor-
tunity to performoperationsonmotionsindependentof thepath,for
example,blendingmotionsthathaddifferentdirections.With the
ability to createa rangeof movementsdecoupledfrom their range
of paths,anapproachto animationbasedon assemblingpiecesof
motionasneededbecomespractical.
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Figure8: Color Plate: Editing thepathof adancemotion.Theoriginalperformancedancedin acircle. Thismotionwasappliedto acartooncharacterusingretargetingmethods
(left). Path editing transformsthis motion from a curved to a straightline. Dark marksarefootplantconstraints.The �gure shows the interactive toonshadingof our animation
testbed.
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