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Abstract

This paperdescribestheimplementationof a methodto adaptmotioncapturedatato follow an

arbitrarypath.Thecentralideais to createapathwhich representsanabstractionof themotion.

Themotionis thenrepresentedrelativeto thepath.Thusalteringthepathaltersthemotion.This

methodis successfulin gettingtheavatarto follow anarbitrarypath.However, resultsusingthis

method(which doesnot incorporateconstraints)exhibit undesirableside-effectslike footskate.

However, if thepathcorrespondscloselyto theactualmotionwecanminimizetheseeffects.
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Chapter 1

Intr oduction

1.1 ProblemStatement

Gettingan avatarto follow an arbitrarypathis a trivial problemwhetherwe areusingmotion

capturedataor not. Gettingthemotionto look realisticaswell asfollow thepathis not a trivial

problem.

� A tool for editingthepathof motioncapturedataneedsto bebuilt usingasuitablemethod.

Michael Gleicher[Gleicher2001] introducesa methodfor editing the pathof a motion.

Thismethodis implemented.

� The characteristicsof the original motion shouldbe preserved. For examplewe do not

wantthefeetof theavatarto slidearoundin theadaptedmotionif they do not slidein the

originalmotion.Thespeedof theavatarshouldalsobepreserved.

� The tool must be programmedin Linux using C++. This is becausethe tool must be

compatiblewith the virtual reality systemalreadybeing usedin the ComputerScience

Department.Thissystemwasbuilt in C++ usingtheLinux environment.

� A suitableuserinterfaceneedsto be built to allow for the easymanipulationof motion

capturedata.

1.2 Moti vation

Thesubtledetailsof humanmotionarepresentin motioncapturedata.Thesesubtledetailsare

key to therealismof themotion. Furthermore,a varietyof locomotionstylesmaybecaptured.

1



CHAPTER1. INTRODUCTION 2

Thusmotioncapturedataprovidesagoodbasisfor creatingrealisticavatarmovement.

Motion captureis an expensive andtime-consumingprocess.Therefore,it is desirableto

be ableto alter previously recordeddata. For examplewe may have motion capturedataof a

manwalking in astraightline, but weneedhim to walk aroundanobstacle.Insteadof spending

time andmoney on recordingmoredata,a motioncapturedatamanipulationtechniquecanbe

employed.

1.3 DocumentStructur e

� Chapter2 dealswith relatedwork. We will look at somedifferingviews on how to getan

avatarto follow anarbitrarypathusingmotioncapturedata.

� Chapter3 detailsthedesignof thesystemproposedby Gleicher.

� Chapter4 relatesto theimplementationof thesystemdescribedin Chapter3.

� Chapter5 dealswith theresultsof experimentsdoneto testthesystem.

� Chapter6 discussestheconclusionsreachedafteranalyzingtheresultsof theexperiments.



Chapter 2

RelatedWork

Therearethreemain schoolsof thoughtfor gettingan avatarto follow an arbitrarypathusing

motioncapturedata:

� Thedesiredpathis followedby editingabasemotion.

� A new motionis synthesizedthat�ts thedesiredpath.

� A cyclic motionis appliedoverandoveragainastheavataris displacedalongthepath.

2.1 Altering a BaseMotion

Gleicher[Gleicher2001]usesamethodbasedoncreatingapathwhichrepresentsanabstraction

of themotion. Themotionis thenrepresentedrelative to thepath. Thusalteringthepathalters

themotion. This methodformsthebasisof this document,andwill bediscussedin detail in the

following chapters.

Themotionof anavatarcanbespeci�edby theroot nodetranslationandorientationateach

frame,aswell aseachjoint angleateachframe.Eachof theseparameters(e.g.kneejoint) canbe

representedasa functionof time. A motioncurve is any oneof theseparametersasa functionof

time. Witkin andPopovic [Witkin andPopovic 1995]usea techniquebasedon warpingmotion

curves. Keyframesareusedasconstraintsin the motion warp. Although Witkin andPopovic

do not directly addresstheproblemof pathtransformation,we couldwarpthemotioncurvesso

that theavatarfollows thedesiredpathby settingcertainkeyframeswhich theavatarmustpass

through.

3



CHAPTER2. RELATED WORK 4

Methodswhich involve alteringa basemotiononly requirea singlesuitablemotionclip to

work with. It is still desirableto have a fairly large library of motioncapturedata.Thedesired

clip canbechosenfrom this library, andthenalteredaccordingly.

Blendingmay be usedto createthe basemotion by joining two or moremotionstogether,

thuscreatinga longerpath.Constraintsmayberequiredto preventundesirableslike footskate.

2.2 Synthesis

With synthesismethods,a sequenceof motioncaptureclips is put togethersoasto follow the

desiredpath.Thissequenceis extractedfromalibraryof clips,usuallystoredin agraphstructure.

Kovar et al. [Kovar et al. 2002]constructa directedgraphfrom a library of motioncapture

data.Thisgraphconsistsof nodeswhich representpossibletransitionsfrom onemotioncapture

clip to another. Theuserspeci�esthetransitionthresholdwhich will determinetheconnectivity

of thegraph.A higherthresholdleadsto a greaternumberof possibletransitions.A costvalue

is associatedwith eachpossibletransition,andmotion is generatedby building walks on the

graph.A branchandboundsearchis usedto �nd sequenceswhich satisfyuserdemandssuchas

sketchedpaths.

An interestingfeatureof this paperis that the style of locomotioncanbe speci�ed for the

sketchedpath.This is achievedby labellingclips. For examplecertainclips maybelabelledas

'sneak'.This allows for constraintsto besetsuchthatonly a certainlocomotivestyle is usedin

certainintervals.

Lee et al. [Lee et al. 2002] usea similar techniqueto Kovar et al. They alsoconstructa

directedgraphfrom motionclips containingpossibletransitions.A costformula incorporating

joint angles,velocitiesandpositionsis usedto identify thecostof possibletransitions,andthis

datais storedin a matrix. Thesketchedpathis consideredasa sequenceof goalpositionsto be

traversed.The trackingalgorithmusedby Leeet al. is basedon a best-�rst searchthroughthe

directedgraph.

Motion synthesismethodsrequirea largedatabaseof motioncapturedataif they areto cater

for awidevarietyof pathswhile still maintainingthequalityof themotion.It is possibleto work

with a smallerdatabaseandlower the standardfor selectingtransitions.However, this will be

evidentin thequalityof themotion.

Synthesismethodsalsorequireconstraintsto avoid undesirableslike footskate.Blendingis

an integral partof synthesismethodsasthe two framesassociatedwith a transitionmaynot be

similar enoughfor asmoothtransitionto occur.
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2.3 Cyclic Motions

A commontechniqueusedby animatorsis to de�ne locomotioncyclesand loop thesecycles

while thecharacteris moving along.This techniquehasbeenusedsincetheearliestproductions

[Lutz 1920].

This ideacanbeextendedto motioncapturedata.Motion capturesequenceswhichtransition

onto themselvesareused.This singlecycle is appliedover andover asthe avataris displaced

along the path [Roseet al. 1998]. This methoddoesnot provide a way to alter an existing

complex path.

2.4 BVH Files

BioVisionHierarchy(BVH) is a formatfor storingmotioncapturedata.BVH �les areseparated

into two mainsections:HIERARCHY andMOTION.

The �rst sectionbegins with the word 'HIERARCHY' and de�nes a hierarchyof bones

(examplein �gure 2.1). For examplethe LeftHip andRightHip fall just underthe Hips in the

hierarchy. The LeftKneefalls underthe LeftHip. The offset of eachbonefrom the bonejust

above it in thehierarchyis given.A channeldescribesanaspectof thetranslationor orientation

of a bonefor eachframe. For exampletheHips has6 channels:onefor eachof thetranslation

co-ordinatesandonefor eachof therotationco-ordinates.

Thesecondsectionstartswith theword 'MOTION' (examplein �gure 2.2). Thenumberof

framesaswell asthetime interval betweenframesis given.Finally thevalueof eachchannelat

eachframeis given.TheBVH speci�cationis givenbelow. In thespeci�cationpseudonymsfor

thenamesof therootandthejoints maybeused.For exampleHipsmaybeknown asPelvis.

HIERARCHY

ROOTHips

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS6 Xposition Yposition Zposition Zrotation Xrotation Yrotation

JOINT LeftHip

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftKnee
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{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftAnkle

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

End Site

{

OFFSET Xoffset Yoffset Zoffset

}

}

}

}

JOINT RightHip

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT RightKnee

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT RightAnkle

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

End Site

{

OFFSET Xoffset Yoffset Zoffset

}

}

}

}

JOINT Chest
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{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftCollar

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftShoulder

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftElbow

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT LeftWrist

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

End Site

{

OFFSET Xoffset Yoffset Zoffset

}

}

}

}

}

JOINT RightCollar

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT RightShoulder

{

OFFSET Xoffset Yoffset Zoffset
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CHANNELS3 Zrotation Xrotation Yrotation

JOINT RightElbow

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT RightWrist

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

End Site

{

OFFSET Xoffset Yoffset Zoffset

}

}

}

}

}

JOINT Neck

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

JOINT Head

{

OFFSET Xoffset Yoffset Zoffset

CHANNELS3 Zrotation Xrotation Yrotation

End Site

{

OFFSET Xoffset Yoffset Zoffset

}

}

}

}

}

MOTION
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Figure2.1: An exampleof part1 of a bvh �le.

Frames: number_of_frames

Frame Time: time_between_frames

frame1_channel1_value ... frame1_channelN_value

frame2_channel1_value ... frame2_channelN_value

...

frameN_channel1_value ... frameN_channelN_value

2.5 LeastSquaresFitting

Leastsquares�tting to a polynomialinvolves�nding thebest�tting curve to a setof n points:

(x1; y1),(x2; y2),(x3; y3),...,(xn ; yn). Theresidualfor a point is its verticaloffsetfrom thecurve:
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Figure2.2: An exampleof part2 of a bvh �le.
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Ri = yi � f (x i ). Thebest�t for agivenpolynomialdegreeis the�t wherethesumof thesquares

of theresiduals(
P n

i=1 R2
i ) is ataminimum.

Figure2.3showsa leastsquares�t to apolynomialof degree2 usingthepointsin the�gure.

Referto [Weisstein1999] for a detailedexplanationof themathematicsinvolvedin �nding the

best�tting curveusingtheleastsquaresmethod.

2.6 Euler StepIntegration

The ideabehindEuler's methodis to approximatea curve with a seriesof straightlines. Euler

stepintegration assumesthat the ratescomputedat a given time are constantthroughoutthe

timestep.This is why it is not veryaccurate.

yi +1 = yi + hg0(x i ) (2.1)

Equation2.1 shows how we canapproximatethe curve g(x) usingEuler's method. In this

equation,yi is thecurrenty valueandyi +1 is thenext y value.Samplingoccursat time intervals

of h. Thegradientof theline (m) is calculatedat x i by �nding thevalueof g0(x i ). This valueis

thenmultipliedby thetimestep(h). Thiswill giveusthechangein y (equation2.2).Thechange

in y is thenaddedto yi to giveusthenext valueof yi +1 .

m =
yi +1 � yi

x i +1 � x i

and

h = x i +1 � x i

Therefore

yi +1 � yi = hm (2.2)

Figure2.4usesavery largetimestepandthusgivesapoorapproximationof g(x). Figure2.5

usesatimestepof half thesize.Thisgivesabetterapproximationof g(x). A betterapproximation

of g(x) canbeachievedby takinga smallertimestep.
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2.7 Summary

Motion synthesismethodsrequirea larger databaseof motion capturedatato work with than

methodswhich alterabasemotion.Constraintsarerequiredin bothof thesemethodsto prevent

undesirableeffectslike footskate.Blendingis anintegral partof synthesismethods,andis also

applicableto methodswhich alter a basemotion if a longerbasemotion is desired. Methods

which involve alteringa basemotionprovide a way to alteranexisting complex path,whereas

cyclic methodsdonot.

The BVH speci�cation is a popularformat for storingmotion capturedata. Leastsquares

�tting to a polynomialprovidesuswith thebest�t of a setof datapointsto a curve. Eulerstep

integrationapproximatesacurvewith aseriesof straightlines.



Chapter 3

Design

This sectiondetailsthedesignof thesystem.Thesystemmustprovide theuserwith a meansto

adaptmotioncapturedatato follow anarbitrarypath.Furthermore,thenew motionshouldlook

realistic.Theconceptsof paths,residualsandarc-lengthreparameterizationaswell ashow they

�t togetherin thesystemis dealtwith in this chapter.

3.1 Paths

Motion capturedatadoesnot explicitly containa path,but rathera seriesof translationsand

orientations.In orderto givemeaningto themotionfor theuser, a pathis constructedbasedon

the translationsin themotioncapturedata.Thepathcanbe thoughtof asanabstractionof the

motion,wheresmallerdetailsaredisregarded.

3.1.1 Creating the Original Path

The root nodetranslationdatais extractedfrom the motion capturedata. The original path is

createdby applyinga leastsquares�t of therootnodetranslationdatato apolynomial.

3.1.2 Representingthe Motion Relative to the Path

3.1.2.1 AbsoluteResiduals

We candescribetheavatar's positionrelative to thepath's position.We calculatethetranslation

transformationfrom the original path's positionat a given time to the positionof the original

motion at that time. This is known as the translationresidual. The directionof the pathat a

16
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Rt t

tangent direction

tangent direction

R

R

A B

C

Figure3.1: R representstheresidualat time t on thepath.On theleft is theoriginal zig-zag
motionandcorrespondingpath.Ontheright is thenew path.If werepresenttheresidualsin
theabsolutesense,thenwewill transformto pointB. If werepresenttheresidualsrelativeto
thepath,thenwewill transformto pointC.
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(a) (b) (c)

Figure3.2: Original zig-zaggingmotionandoriginal path(a). New pathandcorresponding
motion with residualsrepresentedin the absolutesense(b). New pathandcorresponding
motionwith residualsrepresentedrelative to thepath(c).

given time is de�ned as its tangentvector. We canalso calculatethe rotation transformation

from the original path's directionto the directionof the motion at that time. This is known as

the orientationresidual. The path is thenchanged.To calculatethe avatar's new positionwe

transformontothepathandthentransformusingtheresiduals.

orientation residual = transformation from the direction of

the path to the direction of the

avatar at a given time;

translation residual = transformation from the position of

the path to the position of the

avatar at a given time;

Thismethodfor representingthemotionis notrecommended.Figure3.1showshow theresiduals

will be appliedif we representthemin the absolutesense.Figure3.2bshows the undesirable

effectswhenthe directionof motion is changed.The methoddetailedin section3.1.2.2is the

preferredmethod.
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(a) (b) (c)

Y
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Y

Z

X

Y

Z

X

Figure3.3: Initially theavataris at theorigin of themoving co-ordinatesystemfacingdown
thez-axis(a). We rotatetheavatarusingtheorientationresidualfor theframe(b). Next we
translatetheavatarusingthetranslationresidualfor theframe(c).

3.1.2.2 ResidualsRelative to the Path

Figure3.1 shows theresultof representingtheavatar's positionrelative to thepathasopposed

to representingit in theabsolutesense.We usea moving co-ordinatesystemto implementthis

technique.This is thepreferredmethodfor representingresiduals.

We usea y-up moving co-ordinatesystem: the y-vector of the co-ordinatesystemfaces

upwards. This ensuresthat the avatar is will remainupright even if the altitude of the path

is changed(section3.1.3). The z-axispoints in the directionof the tangentprojectedon the

horizontal.Thex-axisis their crossproduct.

In orderto positionandorientatethe avatarcorrectly for a frame,�rst we transformusing

theresidualsin this co-ordinatesystem(�gure 3.3). Thenwe transformto placethis co-ordinate

systemin theworld co-ordinatesystem(�gures 3.4,3.5and3.6).

In orderto calculatetheresidualswe simply reversethis processusingtheoriginal pathand

originalmotion.Assumingtheoriginalavataris correctlypositionedandorientatedin theworld

co-ordinatesystem,�rst wemovetheorigin of ourmoving co-ordinatesystembackto theorigin

of the world co-ordinatesystem(moving the avatarwith it). Thenwe rotateour moving co-

ordinatesystemso that thez-axisof themoving co-ordinatesystemis lined up with thez-axis

of theworld co-ordinatesystem(rotatingtheavatarwith it). Now wecancalculatetheresiduals.

The translationresidualwill be the translationrequiredto get from the origin of theworld co-
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Z

X

Y

Z

X

Y

Tt

Figure3.4: Initially theorigin of our moving co-ordinatesystemis positionedat theorigin
of our world co-ordinatesystem.Thex-axis,y-axisandz-axisfacein thesamedirectionas
thosein theworld co-ordinatesystem.Theframewe aregoingto renderoccursat time t on
thepath.T representsthetangentprojectedon thehorizontalat time t on thepath.

ordinatesystemto thepositionof theavatar. Theorientationresidualwill betherotationrequired

to get from thedirectionof thez-axisof theworld co-ordinatesystemto theorientationof the

avatar.

3.1.3 Altitude Adjusted Paths

If we representthe motion relative to the tangent,thenwhenwe adaptthe pathto go uphill or

downhill thepostureof theavatarwill change(�gure 3.7b). It now looksasif theavatarshould

fall overbackwards,but hewill continueto moveup thepath.This resultsin ahighly unrealistic

looking motion. If we representthe motion relative to the tangentprojectedon the horizontal,

theneven whenwe adaptthe path to go uphill or downhill, the avatarwill retainhis original

posture(�gure 3.7c).This resultsin amorerealisticlookingmotion.

This methodwill not beableto handleanoriginal pathor annew pathwhich hassegments

wherethe tangentvector facesvertically upwardsor downwards. This is becausethe tangent

vectorprojectedon thehorizontalwill be0.
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Figure3.5: Next we rotateour moving co-ordinatesystemsuchthat thez-axisis facingin
thesamedirectionasthetangentprojectedon thehorizontalat time t on thepath.
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Figure3.6:Finally wetranslateourmovingco-ordinatesystemsothattheorigin is positioned
on thepathat time t. Ouravataris now in thedesiredpositionandorientatedcorrectly.
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(a) (b) (c)

Figure3.7: Original motion andpath(a). New motion representingthe motion relative to
thetangent(b). New motionrepresentingthemotionrelative to thetangentprojectedon the
horizontal(c).

Figure3.8: Originalpath(left) andnew path(right) parameterizedby time.

Figure3.9: Originalpath(left) andnew path(right) parameterizedby arc-length.
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3.2 Ar c-Length Reparameterization

Sincethepathis parameterizedby time, alteringthepathmayalsoalter thespeedof theavatar.

For exampleif we lengthenthepath,thespeedof theavatarwill increase(Figure3.8). This is

generallyundesirable.By parameterizingthepathby arc-length,theoriginalspeedis maintained

(Figure3.9).

3.2.1 Calculating Ar c-Length

Thearc-lengthof framef is thedistancealongthepathfrom thestartof thepathto theposition

on thepathat framef. Wecalculatethearc-lengthalongtheoriginalpathfor eachframe.Frame

f in thenew pathmusthave thesamearc-lengthasframef in theoriginalpath.

3.2.2 Transformation

Theuseralterstheoriginal path.First we transformin themoving co-ordinatesystemusingthe

residuals.Thenwetransformin theworld co-ordinatesystem.Wealreadyhavethearc-lengthat

eachframeontheoriginalpath.Wewill positionandorientatethemoving co-ordinatesystemat

thepointon thenew pathwith thesamearc-length.

3.2.3 End of Path Handling

If thenew pathis shorterthantheoriginal path,andwe areusingarc-lengthreparameterization,

theendof thenew pathwill bereachedbeforeall theframesin themotionhave beenrendered.

We resetthemotionbackto the�rst frameandbackto thebeginningof thepathwhentheend

of thepathis reached.

3.2.4 Cycling

If thenew pathis longerthantheoriginal path,andwe have arc-lengthreparameterizationen-

abled,thenthenew motionmayonly take up a smallportionof thenew path. Cycling enables

usto repeatthemotionuntil theendof thenew pathis reached.
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3.3 Editing the Path

Thepathis representedasaB-splinewith anumberof controlpoints.Theknotsaredesignedso

that thesplinepassesthroughthe �rst andlast control points. Theuserhasdirect control over

thecontrolpoints.Thisallows theuserto alterthepathquickly andeasily.

3.4 Summary

Thepathis anabstractionof themotion.Theoriginalpathis createdby applyinga leastsquares

�t of therootnodetranslationdatato apolynomial.

Themotionis representedrelative to thepath.Thusalteringthepathaltersthemotion.Arc-

lengthreparameterizationis usedto ensurethatalteringthepathdoesnot alter thespeedof the

avatar. Motionsmaybeloopeduntil theendof thepathis reached.In thefollowing chapterthe

implementationof thisdesignis detailed.



Chapter 4

Implementation

This sectionrelatesto the implementationof thesystemspeci�ed in thepreviouschapter. The

systemwasimplementedin Linux usingC++. This chapterbeginswith the implementationof

theoriginal pathandtheresiduals.Theimplementationof arc-lengthreparameterizationis then

discussed.Wewill alsodealwith handlingnew pathswhicharelongeror shorterthantheoriginal

path.Finally wewill look at issuesrelatingto theuserinterface.

4.1 Original Path

Codefor aleastsquares�t in two dimensionswasobtained[Kavanagh2003].However, weneed

a least-squares�t in threedimensions.Threeseparatefunctionsareusedfor the�tting:

� f(t) representsthe least-squares�t of theroot nodex translationvs. time datapointsto a

polynomial

� g(t) representsthe least-squares�t of theroot nodey translationvs. time datapointsto a

polynomial

� h(t) representsthe least-squares�t of theroot nodez translationvs. time datapointsto a

polynomial

Thepositionof theoriginalpathat time t is thepoint [f (t); g(t); h(t)]. Theorientationof the

originalpathat time t is takento bethedirectionof thetangentvector[f 0(t); g0(t); h0(t)].

25
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Figure4.1: Leastsquares�t of x vs. t datapointsusingapolynomialof degree3.
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4.2 Residuals

4.2.1 Calculating the Residualsat eachFrame

for each frame

translate and orientate the avatar as in the original

motion;

p = the point on the original curve at the same time as the

frame;

t = translation transformation that would move point p to

the origin;

apply transformation t to the avatar;

r = rotation transformation that would line up the

tangent at p projected on the horizontal with the

positive z-axis;

apply transformation r to the avatar;

orientation residual = rotation transformation from the

positive z-axis to the current

orientation of the avatar;

translation residual = translation transformation from

the origin to the current position

of the avatar;

next frame
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4.2.2 Orientating the Avatar at a Frame on the NewPath

note: initially the avatar is at the origin facing down

the z-axis.

rotate the avatar by applying the orientation residual at

the frame;

p = the point on the new curve corresponding to the frame;

t = the tangent at p projected on the horizontal;

r = rotation transformation required to get from the

orientation of the z-axis to the orientation of t;

apply transformation r to the avatar;

4.2.3 Translating the Avatar at a Frame on the New Path

translate the avatar by applying the translation residual at

the frame;

rotate the avatar by applying the rotation residual at the

frame;

t = translation transformation from the origin to the point

on the new path corresponding to the frame;

apply transformation t to the avatar;
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4.3 Ar c-lengthReparameterization

Wecalculatethearc-lengthateachframeontheoriginalpath.Givenanew path,wecan�nd the

point on thenew paththatcorrespondsto thearc-lengthof thesameframeon theoriginal path.

This is thepointwe transformontowhentransformingontothepath.

4.3.1 Calculating Ar c-Length on Original Path

We useEquation4.1 [Okikiolu 2003] to calculatethearc-lengthbetweentime a (time 0 which

is thestartof thepath)andtime b (the time of the frame). We calculatethearc-lengthat each

frameon theoriginalpath.

L (t) =
Z b

a

q
(dx=dt)2 + (dy=dt)2 + (dz=dt)2dt (4.1)

Euler-stepintegration[Fitzpatrick2003]is usedto performtheintegrationrequiredin equa-

tion 4.1.

` i +1 = ` i + hL 0(t i ) (4.2)

In equation4.2, ` i representsthe currentsampledarc-lengthand ` i +1 representsthe next

sampledarc-length.Samplingoccursat time intervalsof h. The�rst sample,̀ 1, is thearc-length

from t1 to t1 which is 0. Thesecondsample,̀ 2, is thearc-lengthfrom t1 to t2, wheret2 is equal

to theprevioustime(t1) plusthetimestep(h). Samplè i , is thearc-lengthfrom t1 to t i , wheret i

is equalto theprevioustime (t i � 1) plusthetimestep(h).

4.3.2 Finding the Co-Ordinateson a NewPath

Givena new path,we can�nd thepoint on thepaththatcorrespondsto a givenarc-length.To

�nd thispointwesamplethearc-lengthalongthepathatsmalltime intervals.

Thenew pathis aspline.I wasunableto representthesplinein theform requiredby equation

4.1. Equation4.1 requires3 separatefunctionsfor representingthex(t), y(t) andz(t). Therefore

analternative techniquewasemployedfor �nding thearc-lengthalongthenew path.

L =
q

(x1 � x2) + (y1 � y2) + (z1 � z2) (4.3)

Equation4.3 givesus the distancebetweentwo points(x1; y1; z1) and(x2; y2; z2). We can

approximatethearc-lengthby takingthedistancebetweenpointson thenew pathat very small
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intervalsand�nding their sum.We canalsosamplethearc-lengthat time intervalsof h similar

to whatwedid with Euler-stepintegration.

` i +1 = ` i +
q

(x(t i + h) � x(t i ))2 + (y(t i + h) � y(t i ))2 + (z(t i + h) � z(t i ))2 (4.4)

Thesamplingoccursin muchthesamewayasequation4.2. In equation4.4` i representsthe

currentsampledarc-lengthand` i +1 representsthenext sampledarc-length.Samplingoccursat

time intervalsof h. The �rst sample,̀ 1, is thearc-lengthfrom t1 to t1 which is 0. Thesecond

sample,̀ 2, is the arc-lengthfrom t1 to t2, wheret2 is equalto the previous time (t1) plus the

timestep(h). Sample` i is the arc-lengthfrom t1 to t i , wheret i is equalto the previous time

(t i � 1) plusthetimestep(h).

We samplearc-lengthsuntil thearc-lengthalongthepathbecomesgreaterthanthedesired

arc-length.Wethentaketheco-ordinatesof thepathatthattime. Althoughthe�nal sampledarc-

lengthis unlikely to beexactly thesameasthedesiredarc-length,a suf�ciently small timestep

providesenoughaccuracy for ourpurposes.Equation4.4is usedfor thesampling.

CalculateCoOrdinates (timestep h)

t = 0;

sampled arc-length = 0;

while (sampled arc-length < desired arc-length)

t = t + h;

sample the arc-length at time t on the new path;

endwhile

return the point at time t on the new path;

4.4 End of Path Handling

Themethodusedfor calculatingwhentheendof thepathis reached,is verysimilarto themethod

usedto �nd the co-ordinateson a new path(section4.3.2). We samplethe arc-lengthat small

time intervals. If the sampledarc-lengthbecomesgreaterthanthe desiredarc-lengththenwe

have not reachedtheendof thenew path. If our valueof t + h increasesbeyondtheendof the

spline(i.e. pasttime1.0) thenwehave reachedtheendof thenew path.
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4.5 Cycling

Equation4.5is usedto calculatethedesiredarc-lengthfor a frame.

d = f � c + a (4.5)

d = desiredarc-length,

f = arc-lengthof the�nal frameon theoriginalpath,

c = currentcyclenumber(initially 0),

a= arc-lengthat thecurrentframe.

Thecyclenumberis incrementedwhenevertheendof themotionsequenceis reached.When

theendof thenew pathis reached,thenthecycle numberwill beresetto 0. Theframenumber

will alsoberesetbackto the�rst frame.

Theposeof the�rst frameandthelastframeof thesequencehave to bevery similar for the

transitionfrom onecycle to the next to look authentic. Furthermore,the residualfor the �rst

frameandthelastframeof themotionsequencewill have to beverysimilar.

4.6 User Interface

Theuserinterfaceshouldallow theuserto alter thepath. It shouldalsoprovide optionsto aid

theuserin theprocessof alteringthepath.

4.6.1 RenderingObjects

We maynot want to renderall theobjectsall the time. For example,we maywant to view the

new motionon its own. Therenderingof any of theobjectsmaybeturnedon/off.

4.6.2 Ar c-Length Reparameterization

The usermay wish to retainthe speedof the original avatar in the new motion. On the other

hand,theremaybeinstanceswheretheuserwishesto increase/decreasethespeedof theavatar.

Arc-lengthreparameterizationmaybeenabled/disabledby theuser.
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Figure4.2: The original pathis the straightwhite path. The new pathis the curved white
path. The control pointsareall purplebesidesthe currentlyselectedcontrol point is pink.
Theoriginal skeletonis redandthenew skeletonis green.
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Figure4.3: Tabs

4.6.3 Cycling

In somecasesthe usermay wish to usecycling, in othercaseshe may not. For examplethe

usermayhave a fairly shortsegmentof a personskipping,but hewantsthenew motionto skip

for longer. In this casehewould requirecycling. In othercasestheoriginal motionmaybethe

lengthof motion thathedesires,sohedoesnot want thenew motionrepeatingitself if theend

of thepathhasnotbeenreached.Thereforecycling maybeenable/disabledby theuser.

4.6.4 Speed

A motion may appearunrealistic,but it may not be apparentwhy it is so. Slowing the mo-

tion down canoften reveal subtleimperfectionswhich detractfrom the realismof the motion.

Thereforethespeedof theavatarmaybeadjusted.
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4.6.5 Original Path

As alreadymentioned,theoriginalpathis createdby applyinga leastsquares�t to apolynomial

of theroot nodetranslationdataof theoriginal motion. A higherdegreeoriginal pathgenerally

leadsto a tighter�t (i.e. smallerresiduals).Theusermayselectthedegreeof theoriginalpath.

4.6.6 NewPath

The new pathis representedasa B-spline. The usermay choosehow many control pointsare

usedto determinethe spline. Furthermore,the usermay de�ne the degreeof the spline. The

userhasdirectcontrolover thecontrolpointsandselectsandmovesthecontrolpointsusingthe

keyboard.Thedistancethatacontrolpointmoveseachtime it is movedmayalsobeset.

The control pointsareinitially setup in a straightline. A control point is put at the same

positionasthe�rst point on theoriginal path. Anothercontrolpoint is put at thesameposition

asthelastpointon theoriginalpath.Furthercontrolpointsareplacedatevenintervalsbetween.

Thisprovidesaneutralstartingpoint for theuserto createthenew path.

Theknotsaresetup sothat theB-splinepassesthroughthe�rst andthe lastcontrolpoints.

The�rst knot (0.0)andthelastknot (1.0)arerepeateda numberof timesequalto thedegreeof

thesplineplusone.Sincethenumberof knotsmustbeequalto thenumberof controlpointsplus

thedegreeof theB-splineminusone,we�ll in theremainingknotsatevenintervalsbetweenthe

�rst andlastknot.

4.6.7 Tracking the Path

The usermay chooseto track the original pathand/orthe new path. A block is moved along

the pathfollowing the translationonto the pathfor eachframe. We cancomparethe position

of the pathtracker to the actualpositionof the avatar. This givesgivesa graphicaldisplayof

the effect of the residuals.If the avataris behaving unexpectedly, trackingthe pathmay often

provide insight.

4.6.8 CameraViews

Although a motion may look realistic from one cameraview, it may not look realistic from

anothercameraview. Fourcameraviewsarede�nedandmaybeeditedby theuser. Theusercan

easily�ick betweencameraviews. This allows for a quick assessmentof thenew motionafter

theuseraltersthepath.
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4.7 Summary

The original path is implementedby taking a separateleastsquares�t of the x translationvs.

time datapoints,y translationvs. time datapoints,andz translationvs. time datapoints. The

threearecombinedto givetheoriginalpath.

Residualsareappliedandcalculatedusinga moving co-ordinatesystem.Euler-stepintegra-

tion is usedto calculatethearc-lengthateachframe.Thearc-lengthateachframeis requiredfor

arc-lengthreparameterization.

New pathswhich areshorterthanthe original path(whenarc-lengthreparameterizationis

beingused)areresetwhentheendof thepathis reached.With new pathswhich arelongerthan

the original path(whenarc-lengthreparameterizationis beingused),we calculatethe desired

arc-lengthusingequation4.5.

Theuserinterfaceallows theusera high degreeof controlover thepath,aswell asdisplay

options.In thenext chapterwewill look at theresultsof testingthesystem.



Chapter 5

Results

This sectiondealswith experimentalresults.Experimentswereconductedto testtheeffective-

nessof arc-lengthreparameterization,endof pathhandlingandcycling. Experimentswerealso

doneusingdifferentoriginalpathdegreesonthesameoriginalmotion,andobservingtheresults

in thenew motion.Changesto thealtitudeof a pathweretested.Furthermore,a simpleoriginal

motionwasadaptedto acomplex new motion.A complex originalmotionwasadaptedto asim-

ple new motion.A complex originalmotionwasadaptedto a complex new motion.All original

motionis renderedin red,andall new motionis renderedin green.

Arc-lengthreparameterizationwasenabledandcycling wasdisabledfor all theexperiments

aftersection5.1.

5.1 Ar c-Length Reparameterization

Theresultsachievedfrom applyingarc-lengthreparameterizationwereasexpected.Theoriginal

motionin �gure 5.1wasusedfor theexperimentsconductedin sections5.1,5.2,5.3and5.8. If

thenew pathis longerthantheoriginalpath,andwearenotusingarc-lengthreparameterization,

thenthespeedof theavatarwill increase(�gure 5.2).A new pathwhichis longerthattheoriginal

path(withoutusingarc-lengthreparameterization)resultsin footskate.If thenew pathis shorter

thantheoriginal path,andwe arenot usingarc-lengthreparameterization,thenthespeedof the

avatarwill decrease(�gure 5.3). If thenew pathis longerthantheoriginalpath,andweareusing

arc-lengthreparameterization,thenthespeedof thenew avatarwill be thesameastheoriginal

avatar(�gure 5.4).

36
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Figure5.1: Originalmotionandoriginalpath.

Figure5.2: New motion andnew longerpathwithout usingarc-lengthreparameterization.
This resultsin footskate.Also, notehow thespeedof theavatarhasincreased.
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Figure5.3: New motionandnew shorterpathwithout usingarc-lengthreparameterization.
Notehow thespeedof theavatarhasdecreased.

Figure5.4: New motionandnew longerpathusingarc-lengthreparameterization.Notehow
thespeedof theavataris thesameastheoriginalavatarin �gure 5.1.
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Figure 5.5: New motion and new shorterpath using arc-lengthreparameterization.The
motionis resetwhenwereachtheendof thepath.

5.2 End of Path Handling

The endof path handlingworked asexpected. When the avatar reachedthe endof the path

beforetheendof themotionsequence,thesystemresetbackto thebeginningof themotionand

thebeginningof thepath(�gure 5.5).

5.3 Cycling

The methodimplementedfor cycling yieldedpoor results.As alreadydiscussed,theposeand

theresidualof the�rst andlastframesneedto beverysimilar for a smoothtransition(from one

cycle to thenext) to occur. At thevery leastweneedto incorporatesomemethodof blendingto

createa smoothertransition(from onecycle to thenext) if a cycledmotionis to look authentic.

Figure5.6shows theresultof cycling.

5.4 Original Path Degree

The degreeof the original path effects the tightnessof the original path to the actualmotion

(�gure 5.7). This in turnseffectshow closelyanavatarwill follow a new path. If the residuals

areverysmall,thentheavatarwill follow thenew pathveryclosely.

On theotherhand,if theresidualsarevery largethentheavatarwill not follow thenew path

veryclosely. Thiswill makethetaskof alteringthepathmoredif�cult for theuser. For example,
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Figure5.6: New motionusingarc-lengthreparameterizationandcycling. Notehow therest
of thepathis �lled up by repeatingthemotion.

a very complex motionwith anoriginal pathof relatively low degreewill resultin thenew path

beingvastlydifferentfrom theactualpathfollowedby theavatar. Sincethenew pathhasvery

little correlationto theactualpathfollowedby the avatar, it will be dif�cult to gaugehow and

whereto changeit to obtainthedesiredchangein theactualpath.

Graphswereconstructedto show how thetranslationresidualsbecomesmallerasthedegree

of theoriginal pathincreases(�gures 5.8, 5.9, 5.10and5.11). Thesegraphscorrespondto the

motionandoriginalpathsin �gure 5.7.

5.5 Converting a Simple Path to a ComplexPath

Figure5.12shows a simplemotionwheretheavataris walking in a fairly straightline. Figures

5.13,5.14,5.15and5.16show somenew motionsusingtheoriginalmotionfrom �gure 5.12.

Thequalityof thenew motionsweregood,but not totally realistic.Footskatewasnoticeable

aroundthesharperbends.Footskatewasnotasnoticeablearoundlessseverebends,andin some

casesit wasnot noticeableat all. Theway theavatarmovesaroundbendslookscontrived. The

maincauseof footskateappearedto befrom therotationof theavatarwhile thefoot wasplanted

asopposedto thetranslationof theavatar, althoughbothwereevident. Apart from theseissues,

themotionslookedgood.
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Figure5.7: Original motion (red) with correspondingoriginal path(white). The degreeof
theoriginalpathsare(clockwisefrom top left) 2, 4, 13,45.
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Figure5.8: Theresidualsarevery large.This is notsurprisingconsideringweareonly using
anoriginalpathdegreeof 2.

Figure5.9: Theresidualsaresmallerthanthepreviousgraph,but theseresultsarestill poor.
Theoriginalpathdegreeis still far too low.
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Figure5.10: In this graph,it is startingto look like theoriginal pathis �tting a lot betterto
theoriginalmotion.This is expectedasweareusingamuchlargeroriginalpathdegreethan
thepreviousgraph.

Figure5.11:Theseresidualsaresmall.Thepathdegreeis large(45). Thenew motionshould
follow thenew pathveryclosely.
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Figure5.12:Originalmotionwith originalpath.
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Figure5.13:New motionwalking in acircle
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Figure5.14:New motionzig-zagging.
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Figure5.15:New motionwalking in a �gure of eight.
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Figure5.16:New motiongoingwalkabout.
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5.6 Converting a ComplexPath to a Simple Path

Figure5.17showstheresultsof convertingacomplex pathto asimplepathwith differentoriginal

path degrees. Not surprisinglymotion wherethe original path degreeis highershows better

resultsin termsof theavatarfollowing thepath,aswell asthequalityof themotion.

If theavatarperformsa tight turn in theoriginal motion,andwe straightenthis motionout,

thenthesectionwherewe performedthe turn in the original motionwill be slower in the new

motion. This is becausepeopletake smallerstepsand move slower when they take a bend.

We canseetheeffect of in �gure 5.17.Look closelyat thenew motionat thebottomleft of this

�gure. Towardstheendof themotiontheavatarslowsdown. Thissectionof motioncorresponds

directly to a very tight turn in theoriginal motion. Figure5.18displaysthis new motionfrom a

differentviewpoint.

Unsurprisingly, thenew motionbasedon anoriginal pathdegreeof 45 followedthesimple

new paththebest(�gure 5.18). Footskateis morerife in new simplemotionswhich have been

convertedfrom complex originalmotions,thannew complex motionswhichhavebeenconverted

from original simplemotions.Themainproblemareasweresectionswheretheoriginal motion

wentarounda bend,andthenew pathrequiredhim to walk straight.Footskatewastheprimary

problemin thesesections.

5.7 Converting a ComplexPath to another ComplexPath

Figure5.19and5.20shows the resultsof convertinga complex pathto anothercomplex path.

Theseconversionsfrom a complex path to anothercomplex path posedsimilar problemsto

conversionsfrom acomplex pathto a simplepath.Footskatewasmostevidenton tight turns.

5.8 Uphill and Downhill Paths

We startedwith theoriginal motion in �gure 5.1. Figure5.21shows thenew motionwhenthe

motion is representedrelative to the tangentprojecton thehorizontal. A sideeffect is that the

avatarslidesvertically upwardson theuphill, almostasif hewerewalking up insidea lift. On

thedownhill theavatarslidesdownwards.

Figure5.22shows thenew motionwhenthemotionis representedrelative to thetangent.It

is clearfrom the�gure that this motionis highly unrealistic.It looksasif theavatarshouldfall

backwards,but hecontinuesto moveup thehill. On thedownhill it looksasif heshouldfall �at
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Figure5.17: The resultsof changinga complex original path to a simplenew pathusing
differentoriginal pathdegrees.Theoriginal complex motionusedcanbeseenin �gure 5.7.
Thedegreeof theoriginalpathsare(clockwisefrom top left) 2, 4, 13,45.
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Figure5.18:Anotherview (correspondingto thebottomleft screenshotof �gure 5.17)of the
new motionwith originalpathdegreeof 45.
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Figure5.19:A new complex motion.Theoriginalcomplex motioncanbeseenin �gure 5.7.
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Figure5.20: Anothernew complex motion. The original complex motion canbe seenin
�gure 5.7.
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Figure5.21: Uphill/downhill pathwith motionrepresentedrelative to thetangentprojected
on thehorizontal.

on his face.

5.9 Summary

Thischapterhasdealtwith theresultsachievedfrom experimentsdesignedto testcertainaspects

of thesystem.Arc-lengthreparameterization,endof pathhandlingandcycling wereall tested.

Furtherexperimentswereperformedon adaptingthepathof theavatar. Theconclusionsdrawn

from theseresultswill bediscussedin thenext chapter.
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Figure5.22:Uphill/downhill pathwith motionrepresentedrelative to thetangent.



Chapter 6

Conclusion

6.1 Conclusions

� A tool for editingthepathof motioncapturedatawassuccessfullybuilt. Theuserinterface

containsnumerousoptionsto aid the userin adaptingthe motion to follow an arbitrary

path.

� Themethodimplementedis successfulin gettingtheavatarto follow anarbitrarypath.

� Providedtheoriginal motioncorrespondstightly to theoriginal path,thenew motionfol-

lowsthenew pathverywell.

� Thespeedof theavatarin theoriginalmotionis successfullymaintainedin thenew motion

usingarc-lengthreparameterization.

� Footskatewasan issueprimarily whensharpcornerswere involved or whenarc-length

reparameterizationwasdisabled.Footskatewasthemaincauseof unrealisticlooking mo-

tion.

� Simplemotionsconvertedto complex motionslook morerealisticthancomplex motions

whichhavebeenconvertedto follow adifferentpath.

� Themethodusedfor cycling is verycrude,andgenerallyproducespoorresults.

� Gleicher's methodis not realisticfor pathswhich have a largevariancein altitude,unless

wearetrying to simulatemotionin anelevator.

56
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� The mostsuitablemotionsfor this techniquearemotionswhich have a least-squares�t

thatcorrespondsvery closelyto theactualpathfollowedby theavatar. A tighter �t may

beobtainedby adjustingthedegreeof thepolynomialusedfor theleast-squares�t.

� The resultsachieved would have beenbetterif constraintshadbeenimplemented,espe-

cially asfar asfootskateis concerned.

6.2 Futur eWork

� Implementconstraints.For examplea foot shouldremainstationarywhenplanted.Gle-

icher [Gleicher2001] detailsa methodfor implementingconstraintsusinginversekine-

matics.

� Adaptthemotionfor avatarsof differentsize[Choi andKo 1999][Gleicher1998].

� Implementmultiple avatarswhich all have pathsassignedto them. Implementcollision

detectionandresolutionfor theavatars.
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