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Abstract

This paperdevelopsmethodsfor determininga visually appealinglength for a motion transition, i.e., a segue
betweentwo sequencesof character animation.Motion transitionsare an important componentin generating
compellinganimationstreamsin virtual environmentsandcomputergames.For reasonsof efficiencyandspeed,
linear interpolationis oftenusedasthetransitionmethod,wherethemotionis blendedbetweenspecifiedstartand
endframes.Theblendlengthof a transitionusingthis techniqueis critical to thevisualappearanceof themotion.
Twomethodsfor determininganoptimalblendlengthfor such transitionsarepresented.Thesemethodsaresuited
to different typesof motion.They are empiricallyevaluatedthroughuserstudies.For themotionstested,wefind
(1) that visuallypleasingtransitionscanbegeneratedusingour optimalblendlengthswithout further tuningof
theblendingparameters; and(2), thatusers preferthesemethodsovera genericfixed-lengthblend.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealismAnimation

1. Intr oduction

Motion captureis a popularway of obtainingrealisticmo-
tions for gamesand films. New motionscan be generated
by concatenatingexisting motionclips in themotionlibrary
ratherthancapturingthem.After determiningagoodtransi-
tion pointbetweenmotionclips,generatingaseamlesstran-
sition is critical to thevisualappearanceof theresultingmo-
tion.

Blending is onesolution for creatingsmoothtransitions
amongmotion segments.However, generatinghigh qual-
ity transitionsusing blendingis still difficult and involves
significant manual labor. An animatoroften needsto go
backandforth to modify parametersfor blendingto obtain
a pleasingtransition.Someautomaticsystemssimply pre-
specifyafixedblendlengthfor all motions.

An appropriateblend length is crucial for many transi-

† email:Jing.Wang@vanderbilt.edu
‡ email:bobbyb@vuse.vanderbilt.edu

tions.Badblendlengthscanaffect the timing betweenmo-
tions and introducehopsor other artifactsinto the anima-
tion stream.Velocity mismatchesmay not be adequately
smoothedby a short blend length.Target motionsmay be
dilutedby a longerblendlength.In short,theblendinterval
is animportantaspectof agoodtransition.

Our goal is to develop ways to producevisually com-
pelling transitionswithout manualintervention.In this pa-
per, we develop two methodsfor determiningthe blend
lengthfor a given transition.We alsopresentthe resultsof
anempiricalevaluationof thesemethods.We show thatlin-
earblendingcancreateseamlesstransitionsif a goodblend
length is used.A further goal is to have methodsthat are
computationallyinexpensive andthatcouldbeincorporated
into interactive andreal-timesystemssuchasvideogames.

Section2 of the paperplacesour work in context. Sec-
tion 3 describesthemethodswe developedto determinean
optimalblendlength.Section4 describestheempiricaleval-
uation of the motionsproducedby using the methodsand
Section5 presentsthe resultsof this evaluation.Section6
discussestheresultsof thework.
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Figure 1: An exampleof a motion transition usedin our
study.

2. Work in Context

Thegreatestdrawbackof motioncapturedatais the lack of
flexibility . To conquerthis problem,researchershave drawn
inspiration from the work of Schödl et al. [SSSE00] on
video texturesto retain the original motion sequencesbut
play themback in non-repetitive streams,creatingnew se-
quences[SBS02, AF02, KGP02, LCR � 02]. Transitionsare
an essentialcomponentof thesesystems,but the emphasis
of theaboveresearchwasonselectingappropriatetransition
pointsratherthanthedurationsof transitions.While it is true
thattransitionsarelessof aproblemif themotionsaresimi-
lar, visualartifactscanstill appearif thedurationis tooshort
or too long.

Blending is a basic way to createtransitions.If incor-
rectly applied,simpleblendingcanproduceundesirablere-
sultsfor caseswherethemotionsarenotproperlyaligned,as
notedby Perlin [Per95]. In contrast,Roseet al. [RGBC96]
useddynamic simulation to generatetransitions,using a
combinationof spacetimeconstraintsandinversekinematic
constraintsto createdynamicallyplausibletransitions.Ko-
var et al. [KG03] introducedregistration curves that au-
tomatically determinedrelationshipsinvolving the timing,
local coordinateframe, and constraintsof the input mo-
tions;they presenta blendingalgorithmthatexploits thein-
formationcontainedin the registrationcurves.Their work,
like that of Bruderlin andWilliams [BW95], usesdynamic
programmingand timewarping to createtransitions.Rose
et al. [RCB98] also use timewarping and linear interpo-
lation with an ease-inease-outcomponentto blend mo-
tions.Park et al. [PSS02] employeda similar method.Sev-
eral researchers[WP95, GSKJ03, LCR � 02] use displace-
ment mappingtechniquesto blend motions.Mizuguchi et
al. [MBC01] designeda framework thatallowsanimatorsto
definetransitionsfor usein interactive environments.They
investigatedsimpletransitiontechniquesandhadanimators
pre-specifytheparametersfor eachof thetransitions.

In addition to the variety of techniquesbeing used
to generatetransitions, there is no generally accepted
standardfor generatingor specifying a transition. Sev-
eralresearchers[RGBC96, RCB98, MBC01, KGP02] spec-
ify transitionsusing a start and end frame and blend be-

tweenthesemarker points. Others[AF02, AFO03, KG03]
usea center-alignedtransitionspecification,i.e., the transi-
tion framesarethemidpoint in theblendinginterval. Leeet
al. [LCR � 02] usea “left-aligned” method.PullenandBre-
gler [PB02] andParketal. [PSS02] havestill differentmeth-
ods.In particular, PullenandBregler join motionsdirectly,
but thenblendthemotionwith a smoothquadraticfitted to
thecurves.Thereis nodirectblendingof thetwo motions.

Thereareadvantagesanddisadvantagesto eachof these
methods.Startandendframeshave theadvantagethat they
areintuitive andeasyto specify. They alsowork well if the
transitionpointsareat theendor beginningof motionseg-
ments.Their disadvantageis thatthey canchangethealign-
ment of the motions as they are changed.Center-aligned
transitionshavefixedalignment,which is bothanadvantage
andadisadvantage.If thecenter-alignedposesarequitesim-
ilar, thena center-alignedtransitionis morerobust to varia-
tions in the blend length. On the other hand,if the poses
aremismatched,thenno amountof blendingwill make the
transitionlook good.Center-alignedtransitionsalsohavethe
disadvantagethat dependingon the blend length thereis a
region at thebeginningandendof eachmotionsegmentfor
whicha trueblendedtransitioncannotbemade.

In this work, we choseto specify transitionswith start
and end frames.Center-aligned transitionsrely at present
too heavily upon transitionmetrics.Stateof the art transi-
tion metricsin theliterature,e.g.,[LCR � 02, KGP02], donot
always choosepoints which representvisually convincing
transitions.Kovar et al. [KGP02] usea thresholdfor gener-
ating transitionsand any transitionbelow this thresholdis
a candidate.They themselvesnotethat transitioninaccura-
ciesmay occur. Lee et al. [LCR� 02] usea Markov process
to selectatransition,thusthereis someprobabilitythatabad
transitionwill beselected(seeexamplein supportingvideo,
where a “bad” transition with probability 0.2 is shown).
Arikan and Forsyth [AF02] do a randomizedsearchthat
may yield a bad transition.As notedin WangandBoden-
heimer[WB03], differentmotionsbehave differentlyunder
thesetransitionsmetrics,tuningis required,andthereareno
guaranteesthata optimal transitionselectedby a methodis
visuallyappealing.Therefore,changingthetransitionpoints
by changingthe alignment,if it canbe donein a computa-
tionally efficient way, representsa second-passprocessthat
canimprove thevisualappealof a transition.

Aside from the particularmethodof specifyinga tran-
sition, the blend length or duration of the transition is a
critical componentin the visual fidelity of a spliced an-
imation stream.Roseet al. [RGBC96] found that transi-
tion durationsof 0.3s to 0.8s worked well, but left the
exact specificationof the duration to the operator. Lee et
al. [LCR� 02] found a transitiondurationof 1 to 2 seconds
workedwell, but againallowedtheoperatorto selectit based
on theparticularmotions.Arikan andForsyth[AF02] used
a constantblend duration of 2 seconds.Pullen and Bre-
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gler [PB02] found a durationof 0.2sto 0.8sto work well,
basedonuserselectionanddependingon theparticularmo-
tions.WangandBodenheimer[WB03] recognizedtheprob-
lem of transitiondurationbut consideredit a confounding
factor for their experimentsand simply concatenatedmo-
tion segments.Mizuguchi et al. [MBC01] were explicitly
concernedwith theblendlengthfor transitions,but usedan
ad hocmethodof determiningthem.In their experience,10
frames(0.33s)workedfor a wide varietyof motions.Kovar
etal. [KGP02] alsousedthis transitionduration.

Noneof theprior work attemptedto computeanoptimal
durationfor their particularmethodof transitiongeneration.
Whendynamicsareknown, transitiondurationscanbecom-
putedbasedonthedynamicsof themotions,e.g.,Popović et
al. [PSE� 00] andGrassia[Gra00]. Unfortunately, this infor-
mationis notavailablefor mostmotioncapturelibrariesand
is difficult to estimate.To our knowledge,thepresentwork
is thefirst that is explicitly concernedwith determiningthe
optimalblendlengthof a transition.

Additionally, we validateour resultsempirically. Empiri-
cal evaluationhasrecentlygainedpopularity in the graph-
ics community, although there is considerablework on
point light experimentsin thepsychophysicsliterature,e.g.,
[Joh73, SI87, Md98, PPBS01]. The relevanceof theseex-
perimentsis that userscandiscriminatebetweensubtleef-
fectsgivenacoarserepresentationof humanmotionandab-
sentothervisualcues.Hodginset al. [HOT98] showedthat
discriminationof motion artifacts dependedon rendering
style,with afull-body renderingbeingbetterthanastickfig-
ure.Oesker et al. [OHJ00] assessedthelevel of detail in an-
imationby studyingobserver’sdiscriminationof soccermo-
tion. WangandBodenheimer[WB03] usedempiricalmeth-
odsto optimizetheweightsfor computingtransitionpoints
betweenmotions.Thepresentwork is differentfrom theirs
in that we assumethe transitionpointsaregiven andwant
to computea blend duration.Reitsmaand Pollard [RP03]
studiedobservers’ability to discriminatewhenerrorsin bal-
listic motionwerepresentandpresentedametricto measure
perceptualerrors.O’Sullivanetal. [ODGK03] evaluatedthe
visualqualityof physicallybasedsimulationin whichphys-
ical behaviors weredegradedor distorted.

3. Transition Method

We choseto build our transitionmethodson top of linear
blendingbecauselinear blendingis the mostcommonand
widely usedmethodfor generatingtransitionsbetweenmo-
tion segments.However, linear blendingviolatesthe laws
of physics becauseit distorts the real motions,being the
weightedsumof two or moremotions.Linear blendingis
nonethelessa popularmethodbecauseit is simpleandoften
generatesvisuallypleasingresults.

For two motions,sphericallinear interpolationis usedto
blendbetweenthe quaternionsof eachjoint usinga linear

weightfunction.A sigmoidalweightfunctionproducessim-
ilar resultswith only subtledifferences.Thefacingdirection
andthepositionof thefigureon thefloor planearealigned
during the blending.We assumein this work that a start
framein a frommotionandanendframein a to motionare
specified.The start and end framesindicatethe beginning
andendof theblending,respectively.

Linearblendingmayintroduceartifactssuchasfoot-slide.
To fix such problems,inverse kinematicsor other tech-
niques [KSG02] are often usedas a post-process.These
methodsmay be automatic.We usedthe inversekinematic
solver providedby MotionBuilder4.02to constrainsupport
limbsandcorrectfoot-slide.Otherthancorrectingfoot-slide,
it rarelyaffectsthevisualappearanceof themotion.

3.1. Methods for Computing Blend Length

We developtwo methodsto computeblendlengthbasedon
two hypotheseson thenatureof blending.

3.1.1. Method I: Using the GeodesicDistance

Onehypothesisfor motionblendingis thata transitionwill
besmoothif two windowsof themotionsto beblendedhave
strongcorrespondences,which impliesthatthesetwo pieces
of motion have consistentvelocities.We computethe best
blendlengthfor blendingbetweentwo arbitraryframesby
calculatingthecostfor blendingwheretheblendlengthnor-
mally rangesfrom 0.03 to 2 seconds(1 to 60 frames),and
pick theblendlengthwith minimumcost.

The cost for transitioningfrom frame i to frame j with
blend lengthb is computedby averagingthe differenceof
all pairsof correspondingframeswithin the blendwindow
andis givenby

D fi f j

� b

∑
t � 1

dfi f j t

b
� (1)

In this equation,dfi f j t
is the differencebetweentwo corre-

spondingframesgivenby

dfi f j t
� m

∑
k� 1

wk log q� 1
j � b� t � kqi � t � 1 � k

2
(2)

wherem is thenumberof non-globaljoints in thefigure,and
qi � k 	 q j � k aretheorientationsof joint k at framesi and j, re-
spectively, expressedasquaternions.Thelog-normtermrep-
resentsthegeodesicnormin quaternionspace,andeachterm
is weightedby wk. The weightswere thosedeterminedby
WangandBodenheimer[WB03] in their work. Global de-
greesof freedomwereblendedusingthemethoddescribed
in Roseetal. [RCB98].

Figure2 illustrateshow thecostasa functionof theblend
lengthb is calculated.Thecostis thesumof thedifference
of correspondingframes.Oncethe costsfor a blendlength
from 0.03to 2 secondsarecomputed,theminimumcostcan
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Figure 2: Thecostfor blendlengthb is the average of the
differenceof correspondingframes.The transition is from
framei to framej.
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Geodesic Distance Cost as a Function of Blend Length

Figure 3: An exampleof costasa functionof blendlength.
Theoptimalblendlengthis 0.5sfor this example. Thetran-
sition is froma walkingmotionto a walkingmotion.

becomputed;theoptimalblendlengthis givenby thismini-
mum.An exampleof thecostfor awalking to walking tran-
sition versusdifferent blend lengthsis shown in Figure 3.
Theoptimalblendlengthis 0.5s.

3.1.2. Method II: UsingJoint Velocities

Anotherapproachfor predictingoptimalblendlengthis in-
spiredby theideathattherateof changefor any joint in the
poseshouldnotchangeradicallyfor asmoothtransition.We
calculatethejoint differencebetweenthestartframeandthe
endframefor eachmajor joint, i.e., shoulders,elbows, hips
andknees.We thencomputetheoptimalblendlengthbased
on thevelocity of thejoint thathasthemaximumdifference
betweenthestartandendframes.

Thedifferencebetweenframei andframe j for joint k is

dk
fi f j

� log q� 1
j � kqi � k � (3)

RightHip 0.0352

RightKnee 0.0481

RightShoulder 0.3029

RightElbow 0.0167

Left Hip 0.0044

Left Knee 0.0288

Left Shoulder 0.1192

Left Elbow 0.0178

Table 1: An exampleof the joint differencesbetweentwo
framesof motions.Themaximumdifferenceis on the right
shoulder.

Theoptimalblendlengthis then

dp
fi f j


��
v
�

(4)

wherep is thejoint with themaximumjoint difference,and
v is theaverageof thejoint velocity for thebeginningframe
and the end frame of joint p, respectively. Table 1 shows
an exampleof the joint differencesbetweentwo framesof
motions.Themaximumdifferenceis on theright shoulder.

3.1.3. Ad Hoc Comparison

In informal testsof thesemethods,our experienceis that
thegeodesicdistanceis moresuitablefor cyclic locomotion
suchaswalking andrunningfor which correspondencesin
theblendarecritical. Onepossiblereasonis thatcyclic mo-
tion hasa fixed patternand peopleare sensitive to move-
mentsthat areout of phase.The geodesicdistancemethod
aimsat thephaserequirementof thesemotionsandfindsthe
bestcorrespondenceof framesof motionfor blending.

On the otherhand,the velocity methodis moresuitable
for physical activities suchas boxing and free-styledanc-
ing, etc. For motionslike these,peopledo not have strict
perceptualpredictionsfor thenext move.However, a longer
blend lengthdoesnot necessarilymeana bettertransition.
For example,a ratherquickpunchby aboxermightbecome
a slow punchafter a long blending.Therefore,finding the
optimalblendlengththatproducessmoothnessandstill pre-
serves the quality of the target motion becomesimportant.
The velocity methodmeetstheserequirementsby smooth-
ing themovementof every joint anddoesnot unnecessarily
stretchtheresultingmotion.

3.1.4. Alter nativeMethods

We studied alternative techniquesfor computing a good
blendlength,morecomplex andcomputationallyexpensive
thanthe previous two. As notedin Section2, timewarping
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Figure4: An illustrationshowingthemethodfor computing
thecostofablendlengthwith timewarping. Theblendlength
for the from motionis bf rom andtheblendlengthfor the to
motionis bto. In this example, bf rom 
 bto.

hasbeenusedfor generatingtransitions.Thus, we modi-
fied thegeodesicdistancemethodto computeablendlength
wherethe fromandto motionscanbe timewarped.Givena
transitionfrom framei to frame j, atimewarpedblendlength
is calculatedby computinga costmatrix of blendlengthsin
the frommotionversusblendlengthsin the to motion.Each
entryin this costmatrixCi j is givenby

Ci j � bf rom	 bto � �
bto

∑
t � 1

m

∑
k� 1

wk log q� 1
j � bto � t � kq

i � bf rom
bto

t � 1 � k
2

(5)
if bf rom � bto, and

Ci j � bf rom	 bto � �
bf rom

∑
t � 1

m

∑
k� 1

wk log q� 1
j � bto � bto

bf rom
t � kqi � t � 1 � k

2

(6)
if bf rom � bto, wherebf rom andbto aretheblendlengthsin
thefromandto motions,respectively, andtheothertermsare
definedasin Equation2. Figure4 illustrateshow thiscostis
computed.The minimal cost from the costmatrix Ci j then
givestheappropriatemotionintervalswith whichto perform
timewarpedblending.Whenacomputedframetimeis notan
integer, joint valuesof theposeareobtainedby sphericallin-
earinterpolationbetweenthetwo adjacentframes.Notethat
computingtheoptimalblendlengthusingthegeodesicdis-
tancemethodis O � b� whereasthetimewarpedblendmethod
is O � b2 � .

The secondalternative we explored is the ideaof using
a non-uniformblend scheduleon the degreesof freedom
to producea transition.We could, for example,transitiona
shoulderdegreeof freedomover10 framesandahip degree
of freedomover20.Therearetwo drawbacksto thismethod,
bothrelatedto thephysicalpropertiesof themotion.First,as
shown in Figure5, thephysicalcoherenceof the individual
joints indicatesthattheoptimalblendlengthascomputedby
thegeodesicdistanceoccursat thesamevaluefor mostim-
portantdegreesof freedom.This figureshows thegeodesic
cost for individual joints of the motion shown in Figure2.
Thejoints thatdonothaveminimaat0.5saretheleft shoul-
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Figure 5: Thegeodesicdistancecostfor each of the joints
of themotiontransitionshownin Figure2 (walkingto walk-
ing). Thejoints that do not haveminimaat 0.5sare the left
shoulder(black), right shoulder(yellow) and right elbow
(magenta).

der, right shoulder, and right elbow, althoughthe cost for
the left shoulderis nearlyconstant.The second,more im-
portantdrawbackis thatdifferentblendingschemesdestroy
thephysicalcoherenceof thedegreesof freedom.Whentry-
ing to adaptthemethodsto differentblendschedules,visual
artifactswereapparent.

We additionally tried to modify the velocity methodac-
cording to the methodsimplementedby Grassia[Gra00].
We foundno improvementfrom thebasicmethoddescribed
above.

4. Experimental Evaluation

Thereare a numberof interestingpsychophysical evalua-
tionsthatcouldbeconductedon themethodsdescribedpre-
viously. In this study, the methodsdescribedabove were
comparedto a typical transition schemethat employed a
fixed blend length. The goal of theseexperimentswas to
leveragetheresultsof ouradhoccomparison(Section3.1.3)
anddetermineuserpreferencesfor themethodsover a wide
repertoireof motions.Additionally, we conductedexperi-
mentsto determinethe “just noticeabledifference”or dif-
ferentialthresholdof observersto changesin blendlengths
within a neighborhoodof the optimal blend length deter-
minedby the geodesicdistance.If usersare largely insen-
sitive to changesin blendlength,thenthe methodsusedto
determinethoselengthsmaybeunimportant.
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4.1. Procedure

The fixed blend length we chosewas 0.33s (10 frames).
This valuewaschosenbecauseit is thevaluesuggestedby
Mizuguchi et al. [MBC01], usedby [KGP02], and in the
rangespecifiedby both [RGBC96] and[PB02]. Our expe-
riencefrom conductingpilot studiesprior to theseexperi-
mentsleadsusto believe thattheresultsdescribedherewill
hold for any fixedblendlength.

All experimentswererun in asinglesessionconsistingof
four distinct studies.Theparticipantswerevolunteersfrom
our institution with no prior animationexperiencebeyond
exposureto video gamesand film. Thirty-five peoplevol-
unteered:20 maleand15 female,aged22 to 40 years.All
participantshadnormalor corrected-to-normalvision. Ad-
ditionally, participantswerenaïve asto thepurposeof these
experiments.

Motion transitionswerecreatedfrom a varietyof motion
capturedataandshown in thesamerenderingstyle.Groups
of motionswereshown from thesamecameraposition.Con-
sistentwith the point light experimentsmentionedin Sec-
tion 2, we choseto omit renderinga groundplane.While
thegroundplanecanprovide importantvisualcuesfor some
perceptualstudies,e.g., [RP03], we judgedit unnecessary
for ourpurposes.

4.2. Study One: Just NoticeableDiffer ence

In this experiment,we studiedhow noticeablethe blend
lengthof a transitionwas.We askedusersto make a series
of two-alternative forcedchoiceresponses.For a transition
betweentwo differentmotions,theoptimaltransitionlength
k was computedusing the geodesicdistancemethod,and
transitionsof lengthsk � 15, k � 10, k � 5, k, k � 5, k � 10,
and k � 20 were generated.Thesemotion transitionswere
groupedin pairs:onememberof the pair wasthe lengthk
transitionandtheothermemberwasany of theotherlengths
(includinglengthk). Eachparticipantwasshowneachtransi-
tion pair twicewithin asetof motions,onewherethelength
k transitionwaspresentedfirst andonein which the length
k transitionwaspresentedsecond.The presentationof the
transitionswasrandomized,bothpairwiseandamongpairs
(thatis, thelengthof thetransitioncomparedto lengthk was
randomizedandalsowhetherthelengthk transitionwaspre-
sentedfirst or second).Thesetransitionsetswerecreatedfor
threedifferenttypesof motions:walking, standingto walk-
ing, andrunningto turning.Thus,userswereshown a total
of 42motionpairs(7 � 2 � 3). Eachmotionpairconsistedof
two secondsof entrytimebeforethetransitionoccurredand
two secondsof exit time afterthetransitioncompleted.

Participantswerepresentedwith thesemotionsandasked
to determinewhetherthemotionpair they werebeingshown
consistedof identical or different motions.They were in-
structedthat sometimesthe motion pair would be identical

andsometimesdifferent.They weregiven five secondsbe-
tweeneachmotionpair to make their determination.

This experimentis of a kind known as the “method of
constantstimuli” in psychophysics [GS66]. In this type of
experiment,thejustnoticeabledifferenceis thestimulusdif-
ferencethat is reportedcorrectly75%of the time; anaccu-
racy rateof 50% representschanceguessing.To determine
a very fine differentialthreshold,it is typical to usea large
numberof stimuli pairs.Our goal wasa simplerandmore
coarseanalysisto determinewith whataccuracy a blending
methodshouldoperate.A differentexperimentaldesignwas
usedto detectabsolutethresholdsin [ODGK03]. Their de-
signwassimilar to theclassicalmethodof limits.

4.3. Study Two: Geodesicdistancemethodversusfixed
blend-length

In this experiment,we studiedwhetherparticipantsjudged
that motions containing a transition generatedby the
geodesicdistancemethodappearedmorenaturalthanmo-
tionscontaininga transitionusingafixedblend-lengthof 10
frames.We selectedeight differentmotion transitionscon-
sistingof suchmotionsasstandingandidling to walking or
running(of differentspeeds),walking to running(of differ-
ent speeds),andvariousturning motions.Transitionpoints
wereselectedrandomlyto make thestudyindependentof a
particulartransitionmetric. As discussedpreviously, these
motion types are thosewe believed most suitablefor the
geodesicdistancemethod.Noneof theoptimalblendlengths
werecloseto 10 frames.Optimalblendlengthsfor themo-
tionstestedrangedfrom 5 framesto 35frames.Motion pairs
weregenerated,onecontainingtheoptimalblendlengthand
onecontainingthe10frameblendlength.Theorderof these
wasrandomized.

Participantswerepresentedeightmotionpairsandasked
to determinewhetherthefirst or secondmotionof apairwas
morenatural.They wereagain given five secondsbetween
eachmotionpair to make their determination.

4.4. Study Thr ee:Velocity methodversusfixed
blend-length

This experimentwasconductedto determinewhetherpar-
ticipants judgedmotionscontaininga transitiongenerated
by thevelocity methodto appearmorenaturalthanmotions
containinga transition generatedby a fixed blend-length.
The experimental proceduresand preparationof stimuli
wereidenticalto StudyTwo above,exceptthattheeightmo-
tionschosenfor studyconsistedof boxing,dancing,andtai-
chi motions,motionsof a typewebelievedmostsuitablefor
thevelocity method.Participantswereagain presentedwith
eightmotionpairs.
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4.5. Study Four: Geodesicdistancemethodversus
timewarping method

Finally, in this experimentwe studiedwhetherparticipants
judgedthatmotionscontaininga transitiongeneratedby the
geodesicdistancemethodappearedmorenaturalthanmo-
tions containinga transitiongeneratedusingthe timewarp-
ing strategy discussedin Section3.1.4. The experimental
proceduresandstimuli wereidenticalto thoseof StudyTwo.
The timewarpedtransitionsaverageda warp of 10 frames;
for example,onemotionblended18 framesin the frommo-
tion to 28 framesin theto motion.

5. Resultsand Analysis

5.1. Just NoticeableDiffer ence

Theaggregateprobabilityof asubjectdeterminingcorrectly
whetherapairof motionswasdifferentis plottedagainstdif-
ferencein blendlengthandshown in Figure6. Themotions
were identical for the zerovalueon the x-axis, which cor-
respondsto a comparisonof the lengthk transitionversus
the lengthk transition;otherwise,the motionswerediffer-
ent. Also shown are standarderrorsof the meanfor each
blend length interval. Notice that the probability of saying
thatidenticalmotionsweredifferent(0 on thex-axis)is low,
as it shouldbe. The 75% thresholdor just noticeabledif-
ferenceoccursat k � 7 frameswhenthe transitionis made
longeror k � 8 frameswhenthe transitionis madeshorter.
We discussthis finding furtherbelow, but theresultwe con-
cludefrom thisstudyis thatpeoplecandifferentiatebetween
transitionlengthsthatdiffer by sevenor eightframes.There
wasnostatisticallysignificantdifferencein theperformance
of thetestacrossmotions.

5.2. Comparisonof Methods

Table 2 shows the percentageof study participantsprefer-
ring various methodsover the othersas testedin Studies
Two, Three,and Four. In particular, we seethat 96.4%of
the participantsthought that the geodesicdistancelooked
morenaturalwhencomparedtoa10-frameblendfor themo-
tionsstudied,65.7%of theparticipantsfavoredthevelocity
methodoverthe10-frameblendwhenaskedwhichproduced
morenaturalmotion,and55.7%of participantsfavoredthe
geodesicdistancemethodover thetimewarpingmethod.

Also shown in Table2 is the χ2 teststatistic[Ric95] ap-
plied to thesestudies.An alphalevel of � 01 was usedfor
all statisticaltests(the critical valueof χ2 for this alphais
6.64).Thereis onedegreeof freedomanda samplesizeof
280(35 � 8) for eachstudy.

Theobservedpercentagesof userspreferringthegeodesic
methodandvelocitymethodsover10-frameblendingis sta-
tistically significant.However, it is not clearthat userscan
successfullydistinguishbetweenthe geodesicmethodand
our timewarping method.This result is supportedby the
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Figure 6: Resultsof the just noticeabledifferencestudyfor
different blend lengths.The x-axis showsthe differencein
blend length from the optimal valuek computedusing the
geodesicdistancemethod.They-axisshowstheprobability
of successfullyreportingthat themotionsweredifferent.The
75%threshholdis alsodrawn.Theerror bars indicatestan-
dard errorsof themean.

Method % favoring χ2 � 1	 N � 280�
Geo.dist.over10-frame 96.4 241.4,p 
 � 01

Velocityover10-frame 65.7 27.7,p 
 � 01

Geo.dist.overTimewarping 55.7 3.66

Table2: Thepercentageof usersthatpreferredtheindicated
methodsas describedin StudiesTwo, Three, andFour. The
first columngivesthe percentage favoring the first method
listedover thesecond,and thesecondcolumngivesthe χ2

teststatisticfor theexperiment.

commentsof many of the participantswho notedthat the
motionsseemedvery similar. The sameresultsare found
whenthe datais analyzedon a per motion basis.Also, for
StudiesTwo and Three,therewere no individual motions
for whichuserspreferredthe10-frameblend.

6. Discussion

In this work, we developedtwo methodsfor determining
the bestblend lengthsfor generatinga transitionbetween
two motionsusinglinearblending.Visually appealingtran-
sitions are critical in the re-useof large motion data-sets,
andthetransitiondurationis oneof themostimportantfac-
tors in creatinga compellingtransition.Humanmotionsare
highly varied,anddevelopinga universalmethodfor gen-
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eratingcompelling transitionsmay not be possible.Thus,
investigating methodsthat work for categoriesof motions
seemsreasonable.

The first method,which we call the geodesicdistance
method,determinesthe bestblendlengthsfor motionsthat
have a cyclic nature,suchasrunningandwalking.Thesec-
ondmethod,which we call thevelocity method,determines
thebestblendlengthsfor motionsthatarenon-repetitive,ac-
tivities suchasfree-formdancingandboxing.Thesemeth-
odsautomaticallygenerateablendlengthfor linearblending
given two motionsandthe framesin thosemotionsto tran-
sition between.This information is readily available from
suchsystemsas[LCR � 02, KGP02, AF02]. Thereis noneed
for furthermodificationof blendparametersby auseror an-
imator.

The methodsand experimentalevaluation describedin
this papergive guidanceto designersof animationsystems
whowishto incorporatevaryingblendlengthsinto theirsys-
tem.However, therearea numberof otherinterestingpsy-
chophysical experimentsthat could be conductedon these
methods.For example,we could conductexperimentsus-
ing thegeodesicandvelocitymethodsto categorizemotions,
anddeterminehow much,if any, overlapthereis. We could
assesstherobustnessof themethodsacrossmany categories
of motion,andbettercomparethemto eachother. We could
determineclassesof motionsandtransitionsfor which peo-
plearesensitiveor insensitiveto atransitionmethod.A more
fine-grainedandrobustassessmentof thejustnoticeabledif-
ferencewould alsobe interesting.Thesearethe subjectof
futureinvestigations.

In our experience,our methodswork on a wide vari-
ety of motionsandtransitionpoints.However, we alsoper-
formeda quantitative evaluationof thesemethodsthrough
a user study. Userswere shown transitionsbetweenmo-
tions appropriateto the particularmethods.Thesemotions
consistedof runningat differentspeeds,walking at differ-
ent speeds,standing,idling, boxing, dancing,and tai-chi.
Whencomparedagainstafixedblendlength,userspreferred
both the geodesicdistanceand velocity methodsfor cal-
culatingblend lengths.The geodesicdistancemethodwas
stronglypreferred.We alsofound that userscandifferenti-
ateblendlengthsthat differ by approximatelyeight frames
(0.27s).This result is generallyconsistentwith differentia-
tion and recognitionof motion in point light experiments,
e.g., [Joh73], but reinforcesthe point that a fixed blend
lengthwill notproducevisuallyappealingresultsfor a large
repertoireof motiontransitions.In ouruserstudy, therewere
no motiontransitionsfor which usersconsistentlypreferred
thefixedblendlength.

A surprisingresultof our studywasthatusersshowedno
preferencefor our timewarping methodover the geodesic
distancemethod. Timewarping was found to be helpful
for generatingtransitionsby a numberof researchers,e.g.,
[BW95, RCB98, KG03]. We conjecturethat thereare two

major reasonsfor this contradictory finding. First, the
methodof timewarpingusedby [BW95, KG03] is moreso-
phisticatedandpowerful thanour technique,involving dy-
namicprogramming.We avoidedemploying dynamicpro-
grammingbecauseits computationalcostprecludesits use
in a systemwhereperformancedemandsareinteractive and
high,e.g.,a videogame.However, therearequitelikely ad-
vantagesto the more expensive approach.Another reason
maybe that timewarpinghasbeenfoundto beusefulwhen
the motions transitionedbetweenhave very different tim-
ings.While we includedsuchmotionsin our userstudy, we
maynothave includedmotionswith significantenoughtime
variationsto make timewarpingnecessary. More investiga-
tion of this areais ongoing.

The methods described in this paper could be
easily integrated into the systems described by
[LCR� 02, KGP02, AF02, AFO03]. These systems de-
terminetransitionpointsaspart of their function.Theonly
additional information neededwould be the category of
the motions, so that either the geodesicdistancemethod
or the velocity methodcould be chosen.The sameholds
true for integration into a video game. In particular, the
computationalcost of thesemethodsis minimal and well
within the performanceboundsset for animationby most
renderingengines.

Theuseof thealgorithmsdescribedhereimplies that the
total lengthof a transitionwill vary dependingon the mo-
tions transitionedfrom andto. In our experience,theblend
lengthis normally between0.03and2 seconds.Additional
constraintscould be addedto the methodto further control
theblendlengthif ananimationsystemrequiredthem.

An important issuefor any automatictechniquefor re-
usingmotion datais its applicability to motionsfor which
it hasnot beentested.While our motion capturelibrary is
reasonablyextensive, it doesnotcontainhighly specificmo-
tions that would be neededin, for example,a video game
dealingwith hockey. We mayfind new categoriesof motion
for which we requiredifferentmethods.Moreover, theper-
ceptionof visual artifactsdependsupon the task [OHJ00]
anduponthe renderingstyle [HOT98]. Insofar astaskdif-
fers from themotion itself we assumethat theseeffectsare
not significant,but havenot testedthis assumption.

Also, linear blendingoften exhibits artifactswhen foot-
slide occurs.In this work, a support limb is constrained
to prevent foot-slide using a particular inverse kinemat-
ics formulation. Thereare other solutionsto this problem
[KSG02, LS99]. We believe that theartifactspresentin the
motion aredominatedby the relative velocitiesof the two
motionsanddifferencesin pose,andthusnot by themecha-
nismof supportlimb constraint.Testingthis assumptionre-
mainsfuturework.

Additionally, we would like to test and incorporateour
methodsinto dynamicalsimulation systemsthat produce
long streamsof animation,e.g.,[DYP03, ZH02, RGBC96].
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Thesetypesof systemstypically imposetorqueconstraints
thatwill affect thedurationof transitions,but it is likely that
leeway exists in picking the transition.Also, linear blend-
ing may produceself-intersection.Determininga fastway
of detectingthis situationwouldextendits utility.
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