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Abstract

Timewarpingallowsusesto modifytiming withoutaffectingposesit hasmanyapplicationsin animationsystems
for motionediting sud asre ning motionsto meetnew timing constaints or modifyingthe acting of animated
characters. However, timewarpingtypically requiresmanymanualadjustments$o achievethedesiedresults We
presenta techniquewhich simpli es this processhy allowing time warpsto be guidedby a providedrefeence
motion.Givenfew timing constaints,it computes warp that bothsatis estheseconstaintsand maximizesocal
timing similaritiesto therefelence Thealgorithmis fastenougho incorporateinto standad animationwork ows.
We applythetechniqueto two commortasks:preservinghenatural timing of motionsundernew time constaints

andmodifyingthetiming of motionsfor stylisticeffects.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

A motion that at rst appearsperfect, whether it is
keyframed,capturedor synthesizedwill oftenrequirefur-
theradjustmentvhenit is combinedwith otherelementsn a
sceneModernanimationsystemsgrovide anumberof tools
thattransformmotionsto meetnew requirementsThetime
warp is one suchtool that allows usersto adjustthe tim-
ing of animatedcharactersvithout affectingtheir poseslts
importancefollows from the fact that posesoften mustre-
main x edin later stagesof the animationpipeline, since
they provide the interfacethroughwhich artistscollaborate.
Any signi cant spatialchangedo a characteften necessi-
tateequallysigni cant changego theervironmentlighting,
or cameraplacementTiming is oneof the few aspectghat
canbechangedvithout signi cantly disruptingwork o w.

Typical time warps, however, require signi cant man-
ualintervention.After describinghigh-level synchronization
or durationrequirementsisingkeytimes, currentanimation
tools alsorequireusersto adjusta curve to achieve the de-
siredeffect. Thesemanualstepsare further complicatecby
the fact that changesto timing, unlike changesto poses,
inherently cannotprovide instantvisual feedback . Manual
time warpingtypically requiresalternatingbetweentuning
thetime-warp curve andreviewing theresults.This process
is laboriousevenfor the mosttalentedanimator
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Our guidedtime warpingalgorithmaimsto simplify this
task.As with traditionaltechniquesusersbegin by specify-
ing roughtiming constraintsusing keytimes. Insteadof te-
dious manualre nement, userscan selecta referencemo-
tion that exhibits the desiredtiming properties.The algo-
rithm thencomputestime-warpcurvethatsatis esthecon-
straintsandmimicsthetiming propertieof thereference.

Internally, our techniquesolves a discreteoptimization
thatbalanceshegoalsof preservingheoriginalmotionand
mimicking the timing of the provided reference The con-
straintsof the optimizationemphasizeontentpreseration
to ensurehattheresultsdo not circumwenttheintentof the
user The objective function usesa local measureof tim-
ing similarity thatguidesthe solutiontowardsthe reference
without requiringregisteredmotions.

We demonstratehe applicability of guidedtime warp-
ing to several commontiming tasks.It is often necessary
for instance,to adjustthe duration of a motion to meet
time constraintssynchronizet with othersceneelements,
or matchexternalsignals.Existing animationsystemsonly
offer spline-basedime warpswhich generallyrequiresig-
ni cant tuningto achieve naturalresults.Here,guidedtime
warpingcanusethe motionasits own referenceo presere
its naturaltiming propertieswithout needingadditionalad-
justmentsThisis illustratedin Figurel.
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Figure 1: Timewarpsare oftenappliedto modifythe dura-
tionsof motions.ToP: In the providedinput motion,a char-
acter turns, pausesand jumps. MIDDLE: To shortenthis
motion, spline-basedvarping techniquesperforma linear
warp that speedsup all parts of the motion equally This
yieldsan implausiblyquick jump.BoTtToM: Our technique
guidesthe warp towards a more natural resultwithout re-
quiring additional constaints.

Carefuladjustment®f timing canalsobe usedto affect
critical qualitiesof animation. Animatorsroutinely usetime
warpsto changefactorssuchas anticipation,weight, emo-
tion, andstyle.Suchtasksrequireagreatdealof skill andpa-
tience.Guidedtime warpingcanbe usedto propagtecare-
fully tunedtiming modi cationsto otherportionsof anani-
mation.For instanceananimatorcaneditasinglegait cycle
anduseourtechniqueo replicateits timing modi cationsto
anentiresetof walking motions.

We presenburtechniqueasanew motioneditingtool that
addressesne of the mostimportantaspectof animation:
timing. The applicationof time warpscanachieve surpris-
ingly e xible edits without disruptingcarefully tunedspa-
tial relationshipsGuidedtime warping canhelp animators
achieve theseresultsmore easily and hasthe potentialto
augmenexisting motionsynthesigechniques.

2. RelatedWork

The usefulnesof the time warp operationis underscored
by its almostuniversalappearancén professionalanima-
tion tools such as AutodeskMaya, 3D Studio Max, and
Avid SOFTIMAGEXSI. In addition, time warping can be
foundin mary videoeditingandcompositingoolsincluding
AdobeAfter Effectsand Apple Final Cut Pro. Within these
tools, time warps are usedroutinely to createremarkable
results.However, the methodsavailable in theseproducts
arebasicvariantsof the spline-basedechniqueproposedy
Witkin and Popwic [WP93 andthusrequirea signi cant
amountof skill andpatience.

In the researchcommunity the importanceof timing in
animation has long been appreciated Lassetes seminal
work describesiow eventheslightestiming differencesan
greatlyaffectthe perceptiorof actionandintention[Las87.
More recently anumberof interactve technique$ave been
proposedo addresshetiming problem.Performance-dvien
animationtechniquesllow theuserto actoutanimationsus-
ing variousinterfaces(e.g.,[DYP03 TBvdP04). Terraand
Metaoyer presenta techniquethatis targetedspeci cally to-
wardstime warping[ TM04].

Acting out a motion is a more intuitive way to achieve
propertiming, butit still requiregime andskill. McCannand
colleaguegMPS0§ describea techniqueto computephys-
ically accuratetime warps.Our techniqueaimsfor greater
generalityby relying on data.By doing so, it can capture
qualitiesof animationthatmay be dif cult or impossibleto
describeusing notionsof physical consisteng or optimal-
ity. Furthermoremary animationsdraw their appealfrom
their stylized interpretationsof realism,which can not be
describedisingphysicaltechniques.

Motion datahasbeenusedsuccessfullyfor mary prob-
lems in computeranimation. Nonparametricmethodsas-
sembleshort sggmentsof motion datato generateresults
that matchuserspeci cations,suchasdesiredpathson the
groundor scriptsof actionsto perform[KGP02 LCR 02,
AF02, AFO03. Of particular relevanceto our work are
methodsthatdetectrepeatablections[GVdGO0(J or record
timing variationsfor a particularaction[SSSEOD Thetim-
ing problemis only partially addressetby thesetechniques
becausehey leave theoriginal timing intactat all but a pre-
determinedsetof jump points.

Parametric methodsemploy different models of time.
Blendingandmorphingmethodge.g.,[BW95,RCB9g) ex-
trapolatetiming using linear combinationsof time warps.
Their exibility is limited by the availability of multiple
registeredexamplesof particularactions.Statisticalparam-
eterizationsadd e xibility, but generallyinvolve comple
model estimationproceduredor carefully constructedex-
amples[HPPO0j or large datasets|[BHOO, LWS03. By fo-
cusingexclusively on timing, guidedtime warping avoids
theneedfor explicit registrationandcomputationallyexpen-
sive learningprocedures.

Wedrew motivationfor ourwork from thespeectdomain,
which hasemplo/edtime warpsto compresspeectsignals
for the purposeof rapidreview (e.g.,[CWS9§). Suchtech-
niguesperform nonlineartime warpsto presere compre-
hensibility shaving that far higher playbackratescan be
achiezedthanwith linear warps.Unfortunately they would
bedif cult to applydirectly to our taskbecausef their re-
liance on speci ¢ knowledge aboutspeechunderstanding.
The currentunderstandingf motionin computergraphics
doesnot provide the sameguidelines.

¢ Associationfor ComputingMachinery Inc. 2007.
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Figure 2: Top: A user providesan input motion, a setof

keytimes,and a refeencemotion.MIDDLE: A spline-based
technique computesa smoothwarp that satis es the con-

straintsbut ignorestherefelencemotion.BotTtom: Guided
time warping satis esthe constaints and approximateshe

timing propertiesof the refeencemotion. A spline-based
technique would require signi cant manual re nementto

achievethe sameresults.

3. Method

Theguidedtimewarpingproblemcanbestatedasfollows. A
userprovidesaninput motion keytimes andarefelencemo-
tion. Our techniqueaimsto computea time warpthatinter
polatesthe keytimes,yielding anoutputmotionthatis simi-
lar to boththeinputandthereferenceasshavn in Figure?2.
Thesewo con icting goalsarereconcilecby usingdifferent
de nitions of similarity.

For similarity to theinput motion, we enforceconstraints
on the time warp to ensurethat it preseresthe contentof
theinputmotionindependentlpf temporakransformations.
This is vital to ensurethat our techniquedoesnot under
mine the intent of the animator Our constraintformulation
is inspiredby dynamictime warping.We realizethesecon-
straintsin adiscreteformulation(83.1).

For similarity to thereferenceye de ne anobjective that
evaluatesthe local similarity of a candidateoutputmotion
to thereferenceTheinput andreferencemotionswill often
containdifferentsequencesf actions precludingthe useof
standarccorrespondencechniquesinsteadwe pursuelo-
cal timing similarities,in contrasto the global contentsim-
ilarities achieved by dynamictime warping.A key intuition
in our work is the applicationof a local scorefunction that
captureshetiming propertieof thereferencenotion(83.2).

The objective function, subjectto the previously men-
tionedconstraintsis minimizedby mappingthe problemto
a constrainegath searchThis yields an ef cient dynamic
programmingsolution(83.3). Simplepostprocessingpera-
tionsarethenappliedto achieve thedesiredresults(§3.4).

¢ Associatiorfor ComputingMachinery Inc. 2007.

3.1. Constraints

Timewarpscanonly reproducgosedrom theinputmotion,

but their generalapplicationcanstill yield resultsthatlook

vastly different. An animatormay desiresuch effects, but

producingthem automaticallywithout explicit instructions
to do socanleadto unexpectedandundesirableesults.For

instance,a generaltime warp could be usedto lengthena

walk motionby repeatingyait cycles.In earlierprototyping,
this may be acceptableBut whenervironmentsareconsid-
ered,sucha changecould meanthe differencebetweenap-

proachingan obstacleand walking straightthroughit. Our

techniquerealizestheseconcernsby enforcingconstraints
thatensurethatthe contentof theinputis presered.

We borrav our constrainformulationfrom dynamictime
warping[RJ93. This algorithmis commonlyusedin com-
puteranimationto nd globalcorrespondencdstweemmo-
tions (e.g.,[RCB99), but it canalsobe viewed asa time-
invariantsimilarity measureThe latter perspectie offers a
corvenientand proven way to de ne preseration of input
contentitheresultof theary time warp mustbeidenticalto
the input motion underthe allowed transformationsSince
time warpsdo not changeposesthis canbe performedby
simply enforcingthe constraintsof dynamictime warping
within our optimization.

In the context of our problem,the constraintof dynamic
time warping canbe statedasfollows. It requirescomplete
time warps,in thatthey subjectvely containthe entirety of
the input motion. In other words, large blocks of motion
should not be deleted,althoughit is acceptableto speed
throughthemquickly. It alsorequiresmonotonidimewarps,
in thatthey do notloop or reversetime.

We enforcetheseconstraintsn a discretetime compres-
sion, which we de ne asfollows. Given a sequencef in-

sequencef the identity time warpyields a monotonictime

warp, asits indicesmustbe strictly increasing Any mono-
tonic time warpis alsocompleteif it includesl andn, and
satis esthe propertythatno two adjacenelementdiffer by

more than someinteger s. The latter constraintforcesthe
speedf the outputto not exceeds timesthe original speed;
this preventsthe time warp from skipping large blocks of

frames.Theseconceptsareillustratedin Figure3.

Time compressionsre only one of mary possibletime
warps.However, we canreduceotherdesiredwarpsto com-
pressionby suitable transformations.Time modi cations
and expansionsare reformulatedas compressiondy up-
samplingthe input. Backward time warpscanbe corverted
to forward time warpsby reversingthe input. Finally, time
warpswith multiple keytimescanbe split into subproblems
of oneof the aforementioned¢asesAs such,we will limit
our subsequerdiscussiorto the caseof compression.
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Figure 3: Aninputmotionis compessedy selectinga sub-
sequencef its frames.Our constaintsrequire thatthe r st
and last framesare retainedand that no gap betweense-
lectedframesexceeds certainamountTheresultingoutput
is scored by computingocal velocityand acceleation esti-
matesand comparingthemto equivalentlycomputedralues
in the providedreference

3.2. Objective

We aimto computethequality of acandidatdime warpwith

respectto a provided referencemotion. As mentionedbe-
fore, nding aglobalcorrespondendeetweertheinputmo-
tion andthe referencemotion is generallyneitherpossible
nordesirable.

Our techniqueusesa measureof local similarity to the
referencemotion. It stemsfrom the following intuition: a
poseis anindicationof actiity, andthatactwity is likely to
beexecutedwith acertaintiming. For example asittingpose
changesnoreslowly thanajumpingpose . Theinputmotion
may alreadyexhibit suchcanonicatimings, but time warps
inducechangeso thevelocity andacceleratiomf eachpose.
Certainposes,suchas onesfrom walking, exhibit natural
variationsin velocity andaccelerationOtherposessuchas
onesfrom jumping, exhibit nearlyconstantccelerationAt
aminimum,our objective shouldcapturethesevariations.

Our solution usesa local scorefunction that computes
whetherthevelocitiesandaccelerationsnducedby thetime
warpresemblghosethatappeaiin the referenceanotion. In
the context of discretecompressionthis canbe more for-
mally de ned as follows. Supposea candidatetime warp

computefeaturevectorsfor eachframethatencodepose yve-

locity, andaccelerationThe local scoreof a frameis then
de ned asits distanceto the nearesequialently computed
featurevectorfrom the referencemotion. The value of the

objective functionis de ned asa sumof local scores:

m 1
a flyi nyiyie): 1)
i=2

To computemeaningfulvelocitiesand accelerationsye

must rst choosea properrepresentationf posesWe fol-
low theapproaciof Arikan andForsyth[ AFO2] andcompute

featurevectorsfor joint positionsin thetorsocoordinatesys-
temof thecharacterThistransformatiorallows framesto be
representethdependentlpf globalpositionandorientation,
thusincreasinghe generalityof thelocal timing models.

Thefunction f(y; 1;Vi;Vi+1) is evaluatedasfollows. We
usetheadjacenframesto compute nite-dif ferenceapprox-
imationsof y; andy;. Thesetermsareassembledhto a fea-
turevectory; = [yi;yi;Vil. We performak-nearest-neighbor
queryon equialently computedfeaturevectorsfor the ref-
erencez;. Thevalueof f is thende ned asthe averageEu-
clideandistancebetweenthe featurevector andits nearest
neighbors:

Vi 2j )

Xl

fyi nynYie1)= - aQ
2,2

12N
Here,N; is the setof k-nearest-neigbhote y;. For thetypi-
cal caseof smallerreferencenotions,this canbe performed
with alinearsearchFor largerreferencanotions,we usean
approximatenearest-neighbatatastructurd AMN 98].

Oneconcernthatariseshereis that of temporalaliasing.
Ourtechniqueshareghisissuewith thedynamictime warp-
ing algorithm,asit alsoemploys a discretesignalrepresen-
tation. However, we musttake greaterprecautionsasalias-
ing artifactscanbe exacerbatedy the applicationof nite-
differenceestimatorsWe initially experimentedvith multi-
scalerepresentationsf theinput motionto accountor vari-
ablesampling,but foundin the endthat pre Itering with a
uniform low-passlter wassufcient.

Our decisionto avoid higherorderderivativeswas moti-
vatedby the needto balancethe e xibility and generality
of the local timing model. Higherorder derivatives would
moreaccuratelyre ect thelocal propertiesof a givenrefer
enceframe, but they would alsobe more sensitve to slight
differencesandprovide lessmeaningfulfeaturevectors.Ul-
timately, our choicewasmadeby a combinatiorof intuition
andexperimentation.

Before arriving at the currentsolution, we rst tried a
purelykinematicapproachhatattemptedo presere veloci-
tiesandaccelerationsf theinputmotion.We foundthatthis
stratgyy worksfairly well whenthe goalis to matchthetim-
ing of theinputmotionasmuchaspossible However, it can
not be appliedto moreinterestingcasesn which the input
andreferenceliffer.

We also considereda numberof parametricstatistical
modelsfor the conditionalprobabilitiesof velocity andac-
celerationgiven a certain pose.We found that, in practi-
cal use,the small sizesof the provided referencemotions
madeit dif cult to producereliableestimatesvithout over
tting. While variousformsof priorsanddimensionalityre-
ductioncould be applied,we optedfor the nearest-neighbor
approachbecausef its relative simplicity andsuccessfuhp-
plicationtowardsanumberof dif cult modelingproblemsn
graphicye.g.,[FTP03) andotherdomains.

¢ Associationfor ComputingMachinery Inc. 2007.
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3.3. Optimization

Giventheconstraintandobjective functiondescribedn the
previous sections,we can de ne a globally optimal opti-
mizationprocedureby transformingthe probleminto a con-
strainedshortestpath search.Note that, as with dynamic
time warping, we de ne global optimality with respectto
adiscreteformulation.

We constructverticesthat correspondo pairs of input
framesthat may occurtogetherin the warpedoutput. This
allows usto representhe local termsof the objective func-
tion asedgeweights.Formally, we denoteeachvertex by an
orderedpairof frames(x;; xj), wherei < jandj i s We
de ne directededgesconnectingvertices(xi; X;j) to (Xj; Xk)
with weight f (x;; Xj; Xx). Thisyieldsadirectedacyclic graph
with nsverticesandns® edges.

Any pathfrom (x1;X;) to (xj;Xn) yieldsatime warpthat
satis esthe desiredconstraintsandthetotal weightof such
a pathis preciselythe value of our objective. For example,

time warpf 1;2;5; 6; 89 correspondso the path (x1;X>2) !
(x2;%5) ' (X5;%) ! (Xg;Xg). The edgeweights sum to
the value of the objective: f(xq1;X2;xs) + f(X2;Xs5;Xg) +
f(Xs5; Xg; Xg) . This exampleis shavn in Figure3.

A simpleshortesipathsearchwill yield the optimaltime
warpof theinputif no otherconstraintaregiven. Sincethe
graphis directedandagyclic, sucha searchis linearin the
size of the input motion: O(nsz). However, in mostcases,
we wish to nd the optimal time warp given a target du-
ration m (althoughwe shov one examplein our resultsin
which this is not the case).This conditioncanbe satisi ed
by constrainingthe numberof edgesin the shortestpath
searcH Sai6g. Speci cally, we wantthe shortespathfrom
(x1; %)) to (Xj;xn) with precisely(m 2) edges.

Thealgorithmexploits the factthatthe shortespathwith
p edgesmustcontaina shortespathof (p 1) edges.This
is formalizedby thefollowing recurrence:

c(xi;xj) = O; @)
Cp(Xjix) = mincp 1(xi;xj)+ fOxi;xjixi);  (4)

wherecp(xi;X;) is the costof the shortestp-edgepathto
vertex (xi; Xj). Theminimizationproceedsy dynamicpro-
gramming: rst computeall 1-edgeshortestpaths,extend
thosepathsto yield 2-edgeshortespaths andsoon. Theop-
timal warpcanberecoveredby backtrackingrom thevertex
thatminimizescy 2(Xj;Xn).

Equivalently, this optimizationcan be viewed asa stan-
dard shortestpath searchon a directed agyclic graph
with verticesf (xj;xj)g f1;:::;m 2g anddirectededges
(Xi;xjsp) ! (Xj:Xk; p+ 1). Here the  operatodenoteshe
Cartesiarsetproduct.Fromthis perspectie, the time com-
plexity of O(mn§) directly follows. Notethatthisis asymp-
totically identicalto dynamictime warping.

¢ Associatiorfor ComputingMachinery Inc. 2007.

Sofar, we have only describedhe casewhenthethe rst
andlast framesof the outputarerequiredto matchthe rst
andlastframesof theinput, respectiely. Intermediatecon-
straintsmay arisewhenmore thantwo keytimes are spec-
i ed. Thesecan be enforcedby requiringthe pathto pass
throughspeci c vertices(x;; Xj) at speci ¢ points p during
theoptimizationprocedurewhichessentiallyestartgheop-
timizationwith amodi ed initialization.

This latter obsenation canbe exploited to achieve a sig-
ni cant, althoughheuristic,speedmprovementto our tech-
nique: we rst solve a warp on a subsampledrersion of
the input motion (say at 5Hz insteadof 30Hz). The low-
resolutionsolutioncanthenbe usedto setintermediatekey-
timesfor afull-resolutionsearchln practice we foundthat
this optimizationcould signi cantly improve runtimeswith
minimal degradationof quality.

3.4. Postprocessing

Ourtechniqueproducesdiscreteapproximatiorto the opti-
maltime warp.A directplaybackof the selectedrameswill
oftenyield jumpy results.We resol\e this issueby applying
amoving averagelter to thewarp,whichis thenusedto re-
samplethejoint anglesof theinput motionusingquaternion
slerpinterpolation.

Time warps, regardlessof how they are generatedcan
modify the frequeng contentof the input. For instance,
compressionsf time cancausea barelypercevablesway to
becomea nenousjitter. Corversely expansionsof time can
yield overly smoothedresults.Suchresultsare sometimes
desirableput they canbedistractingin mary applications.

A simple solutionto the compressionssueis to apply a
uniform smoothingto the outputmotion, but doing so also
dampensmportantdetailssuchas ervironmentalcontacts.
Suchcontactsshouldideally be identi ed andincorporated
into a smoothingprocessUnfortunatelythisis problematic
for motion-capturalata,asrobust contactdetectionis dif -
cultandproneto error.

We insteadchoseto extendthe simplesolutionby apply-
ing a local averagingoperationto eachframe usinga win-
dow sizeequalto theamountof compressionThisapproach
exploits the obsenationthatundesirabléigh-frequeng de-
tails are only introducedduring higher compressionsand
adaptsthe amountof smoothingaccordingly While it can
still causecertaindetailsto belost,we foundthatit produces
goodresultsin practice.

Theexpansionissueis moredif cult to resole, asrestor
ing high frequenciesnvolveshallucinatinginformationab-
sentfrom the original motion. Existing techniquesould be
appliedto restoredetailandtexture(e.g.,[PB03). We chose
to presentour resultswithout additionalmodi cation be-
causewe did not nd suchartifactsto bevery distracting.
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4. Results

We demonstrateéhe applicationof our techniqueto editing

longerinputmotionsratherthaninterpolatingcloselyspaced
keytimes.This emulateghetypical useof keyframingtools

for time warping:animatorsrst setkeytimesto meetdura-
tion or synchronizationequirement@andthenaddinterme-
diatekeytimesto achie/e the desiredresults.In thesecases,
guidedtime warping can be usedto createa detailedtime

warp without further userintervention. We ervision this to

betheprimaryuseof ourtechnique.

All of our evaluationsare performedon motion capture
datadownsampledto 30Hz. We believe our techniqueto
be equallyapplicabletowardshigh-qualitykeyframeanima-
tion, but we unfortunatelydid not have accesgo suchdata
sets.Given the dif culty of presentingour resultsin gure
form, we insteadreferto speci ¢ examplesshavn in ourac-
comparing videoasV1-V8.

Our rst setof results(V1-V5) emphasizéiow our tech-
nigue canchangethe durationsof input motionswhile pre-
servingtheir own naturaltiming propertiesWe also shav
results(V6-V8) in which we modify the timing properies
for differentstylistic effects.

4.1. Presewvation

Time warpingis commonlyappliedto modify the duration
of motionswhile preservinghe naturaltiming propertiesof
input motionasmuchaspossible As describedoreviously,
our techniquecan be appliedto this task by providing the
inputmotionasits own referenceln ourvideo,we compare
our preserationresultsto thoseachiezed by linearwarping.
Sincedurationchangesreonly speci edwith two keytimes,
this emulateghe behaior of spline-basedolutionssuchas
motionwarping[WP95 whengiventhe sametask.

Our rst evaluations(V1-V3) testa simplebasecasefor
our technique:silenceremoval. This commonly used ap-
proachfor audiocanbe appliedto motionsby detectingpe-
riodsof inactivity. However, a nave implementatiorof such
atechniquewould be dif cult to tune,asit is rarethatmo-
tionsareperfectlystatic.In contrastpurtechniquesmoothly
speedshroughlow-activity periodsin the motion.

Theseevaluationshighlight anotherdesirableaspectof
our technique:it managego presere the timing of ballis-
tic actiities (jJumpingandfalling) without ary prior knowl-
edgeof torques,constraintsor gravity. Instead,our objec-
tive functionrealizesthataccelerationsluringsuchmotions
arepracticallyconstanandthuspenalizesary temporalde-
viations. In fact, when presentedvith the task of shorten-
ing amorechallengingmotionwith only walking andjump-
ing (V4), thewalking portionsarespedup extensvely while
thejumpingportionsarepreseredwith framewiseaccurag.
In contrast,a linear scalingof the time axis yields slightly
slowerlocomotion,but implausiblejumps.Theseresultsare
mirroredfor expansion®f thetime axis (V5).

4.2. Modi cation

Sometimedime warpsare usedfor the expresspurposeof
deviating from naturaltiming. To apply our techniquefor
suchtasks,the usersimply hasto provide a referencemo-
tion with thedesirediming propertiesNotethatour present
formulationrequiresthe referencemotionto have the same
skeletonastheinput.

Our rst modi cation evaluation (V6) shavs a limited
form of style modi cation to a weakboxing sequenceBy
providing an aggressie sequenceof punchesas a refer
ence,our methodwarpsthe original input to provide the
desiredeffect while maintainingits duration.Hsu and col-
leaguegHPPO3J presenta similar evaluationwhich relies
ontheavailability of matchedairsof motions.Guidedtime
warping hasno suchrequirementthe provided input and
referencanotionscanhave a differentsequencef punches.
Although their techniquecan modify posesas well, there
arebene tsto restrictingmodi cations to the time axis, as
evidencedby our applicationof the computedtime warp
to video footagetaken during the capturesession.This is
shavn in Figure4 andin our accompaning video.

While it maybepossibleto provide cannedeferencamo-
tions, it is oftenthe casethattheonly motionavailableis the
oneto be modi ed. In thesesituations,animatorstypically
mustresortto manualwarping. Our techniquecan applied
to simplify this task.We captureda standardocomotionse-
guenceandadjustech smallsegmentof it to look morelikea
limp (V7). Thiswasa slow processandrepeatingt for the
restof the motion would have beenvery tedious.Instead,
we usedguidedtime warpingto propagtethetiming prop-
ertiesof the modi ed segmentto the remainderof the clip.
One importantnote aboutthis resultis the somavhat un-
naturalupperbody movementin boththe referenceandthe
output. This is an unfortunateartifact of ary time warping
algorithm,sinceposesin a true limp differ from thosein a
normalwalk. In spiteof this, we choseto includethis exam-
ple becausé highlightstheability of ourtechniqueo work
with very shortreferencemotions.

McCannandcolleaguegMPS0§ demonstratea@ physi-
cal approacho solve a similar taskto the previousexample
usingamodi cation of gravity. While this mayappeato be
simplerthan our techniquejit requiresestimatingphysical
parametersvhich areoftenunavailablefor animatectharac-
ters.Furthermoreijt is often desirableto have motionsthat
defy physicallaws. We demonstratenesuchapplicationby
automaticallyemphasizingumps using slowv motion (V8).
For this example,we performeda manualtime warp to a
brief portion of theinput motionandusedit asareference.
Theresultshavs the remaindeiof the jumpsemphasizedh
asimilar fashiondespitethe factthatthe jumpsin theinput
differ signi cantly from thosein thereferenceFor this eval-
uation,we did not carehow long the outputwas,sowe ran
anunconstrainedersionof our shortespathsearch(83.2).
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Trial n m r s Objective Optimization ~ Heuristic
V1 493 280 493 8 1.3s 2.7s 0.17s
V2 316 180 316 10 1.7s 1.4s 0.11s
V3 378 180 378 8 1.9s 1.4s 0.14s
V4 486 320 486 8 1.0s 2.6s 0.20s
V5 401 150 101 4 0.3s 0.7s 0.06s
V6 601 301 301 8 1.3s 3.8s 0.23s
\Z4 573 143 45 8 0.9s 1.8s 0.14s
V8 1524 590 91 8 2.5s 0.1s —

Table 1: Parametes andrunningtimesfor our evaluations,
measuedona 2.4GHzPentium4 PC. Thefastoptimization
timefor V8is dueto its unconstainedoptimization.

4.3. Performance

Detailsof ourevaluationsaregivenin Tablel. Weusedk= 3
nearestneighborsfor our local scorefunction. The values
n, m, andr areframe countsfor the input, output,andref-
erencemotions,respectrely. The values is the frame skip
limit, asde nedin §3.1 Theseframecountsaregivenafter
reductionto compressionThe time expansionfor V5, for
instancewasimplementedy rst upsamplinga 101-frame
inputto 401 framesandthencompressingt usingthe orig-
inal 101-frameinput asthe referenceA similar tactic was
employed for V6, V7, andV8, asthey requiredboth com-
pressionandexpansionof thetime axis.

We provide separatdimings for the objective evaluation
(83.2) andoptimization(§3.3) componentsf ourtechnique.
The former wasimplementedn C++ using publicly avail-
ablesoftware[AMN 98], andthelatterwasimplementedn
MATLAB. Thecitedtimings useour full optimizationpro-
cedure.We also appliedthe heuristicfrom §3.3 by down-
samplingour motionshby afactorof eight. Thisyieldsmuch
fasteroptimizationtimeswith little effect on quality. How-
ever, it doesnot changeobjective evaluationtimesbecause
it eventuallyperformsa prunedsearchatfull resolution.

5. Conclusion

Timewarpingis afundamentaimotioneditingoperatiorthat
can be usedfor a variety of applications.However, time
warpsmustbe carefully constructedo ensurethat the de-
siredresultsare achieved. Guidedtime warping providesa
simplealternatie to tediousmanualspeci cationthatcan t
into existing animationwork o ws.

Onelimitation of ourtechniqueaspresenteds thatit can
sometimede uncompromisinglyautomatic After keytimes
anda referencamotion are provided, an animatorhaslittle
controlovertheshapeof theresultingwarpcurve. More key-
timescouldbe speci ed, but it mayalsobedesirableo add
smoothnesandtangentonstraintsThesewvould bedif cult
to encodeinto guidedtime warpingdueto its local objec-
tive. A possiblesolutionmightemploy motioninterpolation
methodge.g.,[KGO03]): by blendingbetweerguidedwarps
andsplinewarpsof the samemotion, a usereffectively has
continuouscontrolover thein uence of thereference.
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Figure 4: Guidedtime warpingis not only usefulfor warp-
ing animatedsequencedyut other typesof signalsas well.
We usedthe outputof our techniqueto warpvideosequences
takenduring our motioncapture sessionHere, a weakbox-
ing sequencés madeto look more aggressive

=t

Our resultsshav the preseration of plausiblejumps,but
it is importantto emphasizehat our techniquedoesnot ex-
plicitly maintainphysical consisteng. Whenthis is a prior-
ity, othertechniqueshouldbe applied[MPS04. A bene t
usinga datamodelis its capabilityto handlenon-plysical
animations. Our focuson animatedcharactersuggestshe
useof our techniquefor cartoonsandspecialeffects. How-
ever, abroadewiew of non-ptysicalanimationencompasses
things such as cameramovement, motion graphics,video
footage,andsoon. In futurework, we hopeto expandupon
possibleapplicationof our techniquen theseareas.

Ultimately, all time warpsarelimited by thefactthatthey
cannotcreateor modify actualposturesNo amountof tem-
poral adjustmentancorvert a slow walk into a fastsprint,
let alonecorvert a poorly constructedmotion into a good
one.As such,we view our techniqueas complementaryo
motion synthesignethodsin two regards.Fromanapplica-
tion perspectie, guidedtime warpingis intendedfor usein
later stagesf the animationpipeline,whenfull resynthesis
is oftenimpractical.Fromatechnicalperspectie, our tech-
nique can add nev capabilitiesto existing synthesistech-
nigueshy providing amore e xible representationf timing.
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