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Abstract

This paperdescribegheimplementatiorof a methodto adaptmotion capturedatato follow an
arbitrarypath. The centralideais to createa pathwhich representanabstractiorof the motion.
Themotionis thenrepresentedelative to the path. Thusalteringthe pathaltersthemotion. This
methodis successfuin gettingthe avatarto follow anarbitrarypath.However, resultsusingthis
method(which doesnot incorporateconstraintsexhibit undesirableside-efectslik e footskate.
However, if the pathcorrespondsloselyto the actualmotionwe canminimizetheseeffects.
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Chapter 1

Intr oduction

1.1 Problem Statement

Gettingan avatarto follow an arbitrarypathis a trivial problemwhetherwe are using motion
capturedataor not. Gettingthe motionto look realisticaswell asfollow the pathis notatrivial
problem.

A toolfor editingthe pathof motioncapturedataneedgo bebuilt usinga suitablemethod.
Michael Gleicher[Gleicher2001] introducesa methodfor editing the path of a motion.
This methodis implemented.

The characteristic®f the original motion shouldbe presered. For examplewe do not
wantthefeetof the avatarto slidearoundin the adaptednotionif they do notslidein the
original motion. The speef the avatarshouldalsobe presered.

The tool must be programmedn Linux using C++. This is becauséhe tool must be
compatiblewith the virtual reality systemalreadybeing usedin the ComputerScience
DepartmentThis systemwashbuilt in C++ usingtheLinux ervironment.

A suitableuserinterfaceneedsto be built to allow for the easymanipulationof motion
capturedata.

1.2 Motivation

The subtledetailsof humanmotionarepresenin motion capturedata. Thesesubtledetailsare
key to therealismof the motion. Furthermorea variety of locomotionstylesmay be captured.

1



CHAPTER1. INTRODUCTION 2

Thusmotioncapturedataprovidesa goodbasisfor creatingrealisticavatarmovement.

Motion captureis an expensve andtime-consumingorocess. Therefore,it is desirableto
be ableto alter previously recordeddata. For examplewe may have motion capturedataof a
manwalking in a straightline, but we needhim to walk aroundanobstacle Insteadof spending
time andmoney on recordingmoredata,a motion capturedatamanipulationtechniquecanbe
employed.

1.3 DocumentStructure

Chapter2 dealswith relatedwork. We will look at somediffering views on how to getan
avatarto follow anarbitrarypathusingmotioncapturedata.

Chapter3 detailsthe designof the systemproposedy Gleicher
Chapterd relatesto theimplementatiorof the systemdescribedn Chapter3.
Chapters dealswith theresultsof experimentdoneto testthe system.

Chapte6 discusseghe conclusiongeachedafteranalyzingtheresultsof the experiments.



Chapter 2

RelatedWork

Therearethreemain schoolsof thoughtfor gettingan avatarto follow an arbitrary pathusing
motion capturedata:

Thedesiredpathis followedby editinga basemotion.
A new motionis synthesizedhat ts thedesiredpath.

A cyclic motionis appliedover andover againasthe avataris displacedalongthe path.

2.1 Altering a BaseMotion

Gleicher[Gleicher2001]usesa methodbasedn creatinga pathwhich representanabstraction
of themotion. The motionis thenrepresentedelative to the path. Thusalteringthe pathalters
themotion. This methodformsthe basisof this documentandwill bediscussedn detailin the
following chapters.

Themotionof anavatarcanbespeci ed by theroot nodetranslationandorientationateach
frame,aswell aseachjoint angleateachframe.Eachof thesgparameterge.g. kneejoint) canbe
representedsafunctionof time. A motioncurveis ary oneof theseparameterasa functionof
time. Witkin andPopawic [Witkin andPopwic 1995]usea techniquebasedon warpingmotion
curnves. Keyframesare usedas constraintan the motion warp. Although Witkin and Popuwic
do notdirectly addresshe problemof pathtransformationye couldwarpthe motioncurvesso
thatthe avatarfollows the desiredpathby settingcertainkeyframeswhich the avatarmustpass
through.
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Methodswhich involve alteringa basemotion only requirea single suitablemotion clip to
work with. It is still desirableto have afairly large library of motion capturedata. The desired
clip canbechoserfrom thislibrary, andthenalteredaccordingly

Blendingmay be usedto createthe basemotion by joining two or more motionstogethey
thuscreatingalongerpath. Constraintsnayberequiredto preventundesirable$ik e footskate.

2.2 Synthesis

With synthesisnethodsa sequencef motion captureclips is put togetherso asto follow the
desiredpath. Thissequences extractedrom alibrary of clips, usuallystoredn agraphstructure.

Kovar etal. [Kovar etal. 2002] constructa directedgraphfrom a library of motion capture
data.This graphconsistf nodeswvhich represenpossibletransitionsfrom onemotioncapture
clip to another Theuserspeci esthetransitionthresholdwvhich will determinethe connectvity
of thegraph. A higherthresholdeadsto a greatemumberof possibletransitions.A costvalue
is associatedvith eachpossibletransition,and motion is generatedy building walks on the
graph.A branchandboundsearchis usedto nd sequencewhich satisfyuserdemandsuchas
sketchedpaths.

An interestingfeatureof this paperis that the style of locomotioncanbe speci ed for the
sketchedpath. Thisis achiezed by labelling clips. For examplecertainclips may belabelledas
'sneak’. This allows for constraintgo be setsuchthatonly a certainlocomotive styleis usedin
certainintervals.

Leeetal. [Leeetal. 2002] usea similar techniqueto Kovar et al. They alsoconstructa
directedgraphfrom motion clips containingpossibletransitions.A costformulaincorporating
joint anglesyvelocitiesandpositionsis usedto identify the costof possibletransitionsandthis
datais storedin a matrix. The sketchedpathis consideredsa sequencef goal positionsto be
traversed.The trackingalgorithmusedby Lee et al. is basedon a best- rst searchthroughthe
directedgraph.

Motion synthesisnethodsequirea large databas®f motioncapturedataif they areto cater
for awide variety of pathswhile still maintainingthe quality of themotion. It is possibleto work
with a smallerdatabasendlower the standardor selectingtransitions. However, this will be
evidentin the quality of themotion.

Synthesisnethodsalsorequireconstraintgo avoid undesirable$ik e footskate.Blendingis
anintegral partof synthesianethodsasthe two framesassociateavith a transitionmay not be
similar enoughfor a smoothtransitionto occur
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2.3 Cyclic Motions

A commontechniqueusedby animatorsis to de ne locomotioncyclesandloop thesecycles
while thecharacters moving along. This techniquehasbeenusedsincethe earliestproductions
[Lutz 1920].

Thisideacanbeextendedo motioncapturedata.Motion capturesequenceghichtransition
ontothemselesareused. This singlecycle is appliedover andover asthe avataris displaced
alongthe path[Roseet al. 1998]. This methoddoesnot provide a way to alter an existing
comple path.

2.4 BVH Files

BioVisionHierarchy(BVH) is aformatfor storingmotioncapturedata.BVH les areseparated
into two mainsectionsHIERARCHY 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
aboveit in thehierarchyis given. A channeldescribesnaspecbf thetranslationor orientation
of abonefor eachframe. For examplethe Hips has6 channels:onefor eachof the translation
co-ordinatesaindonefor eachof therotationco-ordinates.

The secondsectionstartswith theword'MO TION' (examplein gure 2.2). The numberof
framesaswell asthetime interval betweerframesis given. Finally thevalueof eachchannekt
eachframeis given. TheBVH speci cationis givenbelow. In the speci cationpseudogmsfor
thenamesf theroot andthejoints maybe used.For exampleHips maybeknown asPelvis.

HIERARCHY
ROOT Hips
{
OFFSET Xoffset  Yoffset  Zoffset
CHANNELS6 Xposition Yposition Zposition Zrotation Xrotation
JOINT LeftHip
{
OFFSET Xoffset  Yoffset  Zoffset
CHANNELSS3 Zrotation Xrotation Yrotation
JOINT LeftKnee

Yrotatio
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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
JOINT LeftWrist
{
OFFSET Xoffset  Yoffset Zoffset
CHANNELSS3 Zrotation Xrotation
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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HIERARCHY
ROOT Hips
{
OFFSET 0.0000 0.0000 0.0000
CHANNELS 6 Xposition Yposition Zposition Zrotation Xrotation Yrotation
JOINT LeftHip
{
OFFSET 5.5118 0.0000 -0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
JOINT LeftKnee
{
OFFSET 0.0000 -17.7¥185 0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
JOINT LeftAnkle
{
OFFSET 0.0000 -16.1417 0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
End Site

OFFSET -0.0000 -4.7244 -3 9370
}
1
}
}
JOINT RightHip
{
OFFSET -5. 5118 0.0000 -0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
JOINT RightKnee
{
OFFSET 0.0000 -17.7165 0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
JOINT Rightankle
{
OFFSET 0.0000 -16.1417 -0.0000
CHANNELS 3 Zrotation Xrotation Yrotation
End Site
{

ATTSTT A AfAR A TaaA 2 o7

Figure2.1: An exampleof part1 of abvh le.

Frames: number_of frames
Frame Time: time_between_frames

framel_channell_value ... framel_channelN_value
frame2_channell_value ... frame2_channelN_value
frameN_channell_value ... frameN_channelN_value

2.5 LeastSquaresFitting

Leastsquarestting to a polynomialinvolves nding thebest tting curve to a setof n points:
(X1;¥1),(X2; ¥2),(X3; ¥3),...{Xn; Yn). Theresidualfor a pointis its vertical offsetfrom the curve:
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}
}
JOINT Neck

{
OFFSET 0.0000 16.9291 1.9685

CHANNELS 3 Zrotation Xrotation Yrotation

JOINT Head

{
OFFSET 0.0000 4.7244 0.0000

CHANNELS 3 Zrotation Xrotation Yrotation

End Site

OFFSET 0.0000 7.8740 0.0000
1
}
}
1

}
MOTION
Frames:, 307

Frame Time:, 0.033333
-0.7218 38.70158 -0.6737 0.73 -0.52 -2.05 -2 .52

0.00 2.08 -0.19 0.00 -1.45 -3.31 -0.13 -7.52 0.

0.8B1 -0.01 -15.45 7.17 0.28 7.95 -17.29 -10.02
-0.7223 38.7016 -D0.6717 0.73 -0.52 -2.09 -2.52

0.00 2.08 -0.19 0.00 -1.45 -3.31 -0.13 -7.52 0.

0.8B1 -0.01 -15.45 7.17 0.28 7.94 -17.31 -10.02
-0.6119 38 7081 -D. 6852 0.73 -0.52 -1.93 -2.52

0.00 2.08 -0.19 0.00 -1.45 -3.31 -0.13 -7.52 0.

0.8B1 -0.01 -15.45 7.17 0.28 7.91 -17.51 -10.03
-0.5866 38.7117 -0.6213 0.73 -0.52 -2.04 -2.52

1.27 -0.01 1.00 6.
81 -0.01 17.22 10.

17 .98 12.94 17 .48

0.29 -0.00 1.00 6.
81 -0.01 17.22 10.

17 .75 12 .86 17 .36

0.55 -0.00 1.00 &.
81 -0.01 17.21 10.

17 .61 12 .82 17 .22

0.55 -0.00 1.00 6.

21

-7.

a2

.55 13,

.19 13,

0.00 -
=225

ma R

0.00 -
=225

R

0.00 -
=22%
76 13.
0.00 -

ha

0.00 1.2 -0.19 -0.00 -1.45 -3.31 -0.13 -7.52 0.81 -0.01 17.21 10.03 -2.24

0.8B1 -0.01 -15.45 7.17 0.28 7.98 -17.13 -10.01 17 .20

12 B3 17 .28 -7 .62 12.¢

-0.5869 38 7117 -0.6204 0.73 -0.52 -2.06 -2.68 0.63 -D0.00 1.00 6.32 0.00 =
0.00 1.2 -0.19 -0.00 -1.29 -3.31 -0.11 -7.52 0.81 -0.01 17.21 10.03 -2.24

0.8B1 -0.01 -15.45 7.17 0.28 B8.05 -16.75 -9.99 17.20

Figure2.2: An exampleof part2 of abvh le.

12.83 17 28 -7 .54 12 8¢
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Figure2.3: Leastsquarest to apolynomialof degree2.
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Ri=vyi f(x;). Thebestt for agivenpolynomialdegreeisthe t wherethesumof thesquares
of theresiduals(P ", R?)isataminimum.

Figure2.3shavsaleastsquarest to apolynomialof degree2 usingthepointsin the gure.
Referto [Weisstein1999]for a detailedexplanationof the mathematicsnvolvedin nding the
best tting curve usingtheleastsquaresnethod.

2.6 Euler SteplIntegration

TheideabehindEuler's methodis to approximatea curve with a seriesof straightlines. Euler
stepintegration assumedhat the ratescomputedat a given time are constantthroughoutthe
timestep.Thisis why it is notvery accurate.

yier = ¥ + hg{x)) (2.1)

Equation2.1 shavs how we canapproximatethe curve g(x) usingEuler's method. In this
equationy; is thecurrenty valueandy;.; is thenext y value. Samplingoccursat time intervals
of h. Thegradientof theline (m) is calculatecatx; by nding thevalueof g4x;). Thisvalueis
thenmultiplied by thetimestep(h). Thiswill giveusthechangen y (equation2.2). Thechange
iny isthenaddedo y; to give usthenext valueof y;.; .

m = Yi+1 i
Xiv1 X
and
h= X1 X
Therefore
Yier Yi = hm (2.2)

Figure2.4usesavery largetimestepandthusgivesa poorapproximatiorof g(x). Figure2.5
usesatimestepof halfthesize. Thisgivesabetterapproximatiorof g(x). A betterapproximation
of g(x) canbeachieved by takinga smallertimestep.



CHAPTERZ2. RELATED WORK

13

9(x)

X

Figure2.4: Euler's methodusingavery largetimestep.
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9(x)

Figure2.5: Euler's methodusinga smallertimestep.
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2.7 Summary

Motion synthesianethodsrequirea larger databasef motion capturedatato work with than
methodswvhich alterabasemotion. Constraintsarerequiredin bothof thesemethodgo prevent
undesirableeffectslik e footskate.Blendingis anintegral partof synthesismethodsandis also
applicableto methodswhich alter a basemotion if a longerbasemotionis desired. Methods
which involve alteringa basemotion provide a way to alter an existing complex path,whereas
cyclic methodsdo not.

The BVH speci cationis a popularformat for storing motion capturedata. Leastsquares
tting to a polynomialprovidesuswith thebestt of a setof datapointsto a curve. Eulerstep
integrationapproximates curve with a seriesof straightlines.



Chapter 3
Design

This sectiondetailsthe designof the system.The systemmustprovide the userwith a meango
adaptmotioncapturedatato follow anarbitrarypath. Furthermorethe nev motionshouldlook
realistic. The conceptf pathsresidualsandarc-lengthreparameterizatioaswell ashow they
t togethelin thesystemis dealtwith in this chapter

3.1 Paths

Motion capturedatadoesnot explicitly containa path, but rathera seriesof translationsand
orientations.In orderto give meaningto the motionfor the user a pathis constructedasedon
thetranslationdgn the motion capturedata. The pathcanbe thoughtof asan abstractiorof the
motion,wheresmallerdetailsaredisregarded.

3.1.1 Creatingthe Original Path

The root nodetranslationdatais extractedfrom the motion capturedata. The original pathis
createdoy applyingaleastsquarest of theroot nodetranslationdatato a polynomial.

3.1.2 Representingthe Motion Relativeto the Path
3.1.2.1 Absolute Residuals

We candescribethe avatar's positionrelative to the path's position. We calculatethetranslation
transformationfrom the original path's positionat a giventime to the position of the original
motion at thattime. This is known asthe translationresidual. The direction of the pathat a

16
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tangent direction

tangent direction

Figure3.1: R representsheresidualattime t on the path. Ontheleft is the original zig-zag
motionandcorrespondingath.Ontherightis the new path.If we representheresidualsn
theabsolutesensethenwe will transformto pointB. If we representheresidualgelativeto
the path,thenwe will transformto pointC.
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(@) (b) ()

Figure3.2: Original zig-zaggingmotionandoriginal path(a). New pathandcorresponding
motion with residualsrepresentedh the absolutesensgb). New pathand corresponding
motionwith residualgepresentedelative to the path(c).

giventime is de ned asits tangentvector We can also calculatethe rotation transformation
from the original path's directionto the directionof the motion at thattime. This is known as
the orientationresidual. The pathis thenchanged.To calculatethe avatar's nen positionwe

transformontothe pathandthentransformusingtheresiduals.

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 representinghemotionis notrecommendedrigure3.1shavshow theresiduals
will be appliedif we representhemin the absolutesense.Figure 3.2b shows the undesirable
effectswhenthe directionof motionis changed.The methoddetailedin section3.1.2.2is the
preferredmethod.
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(@) (b) (©)

Figure3.3: Initially theavataris atthe origin of the moving co-ordinatesystemfacingdown
thez-axis(a). We rotatethe avatarusingthe orientationresidualfor the frame(b). Next we
translateghe avatarusingthetranslatiorresidualfor theframe(c).

3.1.2.2 ResidualsRelative to the Path

Figure 3.1 shows the resultof representinghe avatar's positionrelative to the pathasopposed
to representingt in the absolutesense We usea moving co-ordinatesystemto implementthis
techniqueThisis the preferredmethodfor representingesiduals.

We usea y-up moving co-ordinatesystem: the y-vector of the co-ordinatesystemfaces
upwards. This ensureghat the avataris will remainupright even if the altitude of the path
is changed(section3.1.3). The z-axis pointsin the direction of the tangentprojectedon the
horizontal. The x-axisis their crossproduct.

In orderto positionand orientatethe avatarcorrectlyfor a frame, rst we transformusing
theresidualgn this co-ordinatesystem( gure 3.3). Thenwe transformto placethis co-ordinate
systemin theworld co-ordinatesystem( gures 3.4,3.5and3.6).

In orderto calculatethe residualsve simply reversethis processisingthe original pathand
original motion. Assumingthe original avataris correctlypositionedandorientatedn the world
co-ordinatesystem,rst we movetheorigin of our moving co-ordinatesystembackto theorigin
of the world co-ordinatesystem(moving the avatarwith it). Thenwe rotateour moving co-
ordinatesystemso thatthe z-axisof the moving co-ordinatesystemis lined up with the z-axis
of theworld co-ordinatesystem(rotatingthe avatarwith it). Now we cancalculatetheresiduals.
Thetranslationresidualwill be the translationrequiredto getfrom the origin of the world co-
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Figure3.4: Initially the origin of our moving co-ordinatesystemis positionedat the origin
of our world co-ordinatesystem.The x-axis, y-axisandz-axisfacein the samedirectionas
thosein theworld co-ordinatesystem.The framewe aregoingto renderoccursattime t on
thepath.T representshetangentprojectedon thehorizontalattimet onthe path.

ordinatesystento thepositionof theavatar Theorientationresidualwill betherotationrequired
to getfrom the directionof the z-axisof the world co-ordinatesystemto the orientationof the
avatar

3.1.3 Altitude Adjusted Paths

If we representhe motionrelative to the tangentthenwhenwe adaptthe pathto go uphill or
downhill the postureof the avatarwill changg gure 3.7b). It now looks asif the avatarshould
fall over backwards,but hewill continueto move up the path. Thisresultsin ahighly unrealistic
looking motion. If we representhe motionrelative to the tangentprojectedon the horizontal,
theneven whenwe adaptthe pathto go uphill or downhill, the avatarwill retain his original
posture( gure 3.7c¢). Thisresultsin amorerealisticlooking motion.

This methodwill not be ableto handleanoriginal pathor annew pathwhich hassegments
wherethe tangentvectorfacesvertically upwardsor downwards. This is becausehe tangent
vectorprojectedon the horizontalwill beO.
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—=T

Figure 3.5: Next we rotateour moving co-ordinatesystemsuchthat the z-axisis facingin
the samedirectionasthetangentprojectedon the horizontalattimet onthe path.

Figure3.6: Finally wetranslateour moving co-ordinatesystensothattheoriginis positioned
onthepathattimet. Ouravataris now in the desiredpositionandorientatedcorrectly
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)

@) (b) ©

Figure3.7: Original motion andpath(a). New motion representinghe motion relative to
thetangent(b). New motionrepresentinghe motionrelative to thetangentprojectedon the
horizontal(c).

Figure3.8: Original path(left) andnew path(right) parameterizetly time.

Figure3.9: Original path(left) andnew path(right) parameterizedly arc-length.
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3.2 Arc-Length Reparameterization

Sincethe pathis parameterizetdy time, alteringthe pathmay alsoalterthe speedf the avatar
For exampleif we lengthenthe path,the speedof the avatarwill increasgFigure3.8). Thisis
generallyundesirableBy parameterizinghepathby arc-lengththeoriginal speeds maintained
(Figure3.9).

3.2.1 Calculating Arc-Length

Thearc-lengthof framef is the distancealongthe pathfrom the startof the pathto the position
onthepathatframef. We calculatethearc-lengthalongthe original pathfor eachframe.Frame
f in the new pathmusthave the samearc-lengthasframef in the original path.

3.2.2 Transformation

Theuseraltersthe original path. First we transformin the moving co-ordinatesystemusingthe
residuals.Thenwe transformin theworld co-ordinatesystem We alreadyhave thearc-lengthat
eachframeontheoriginal path.We will positionandorientatethe moving co-ordinatesystemat
the pointonthe new pathwith the samearc-length.

3.2.3 End of Path Handling

If the new pathis shorterthanthe original path,andwe areusingarc-lengthreparameterization,
theendof thenew pathwill bereachedeforeall the framesin the motionhave beenrendered.
We resetthe motionbackto the rst frameandbackto the beginning of the pathwhentheend
of the pathis reached.

3.2.4 Cycling

If the new pathis longerthanthe original path,andwe have arc-lengthreparameterizatioen-
abled,thenthe new motionmay only take up a smallportion of the new path. Cycling enables
usto repeathe motionuntil theendof the new pathis reached.
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3.3 Editing the Path

Thepathis representedsa B-splinewith anumberof control points. Theknotsaredesignedo
thatthe spline passeghroughthe rst andlastcontrol points. The userhasdirect control over
the controlpoints. This allows the userto alterthe pathquickly andeasily

3.4 Summary

Thepathis anabstractiorof themotion. The original pathis createdby applyingaleastsquares
t of theroot nodetranslationdatato a polynomial.

Themotionis representedelative to the path. Thusalteringthe pathaltersthe motion. Arc-
lengthreparameterizatiois usedto ensurethatalteringthe pathdoesnot alterthe speedof the
avatar Motionsmay be loopeduntil the endof the pathis reachedIn the following chapterthe
implementatiorof this designis detailed.



Chapter 4
Implementation

This sectionrelatesto the implementatiorof the systemspeci ed in the previous chapter The
systemwasimplementedn Linux usingC++. This chapterbeginswith the implementatiorof
the original pathandtheresiduals.Theimplementatiorof arc-lengthreparameterizatiois then
discussedWewill alsodealwith handlingnew pathswhicharelongeror shorterthantheoriginal
path.Finally we will look atissuegelatingto the userinterface.

4.1 Original Path

Codefor aleastsquarest in two dimensionsvasobtainedKavanagh2003]. However, we need
aleast-squares in threedimensionsThreeseparatéunctionsareusedfor the tting:

f(t) representsheleast-squares of theroot nodex translationvs. time datapointsto a
polynomial

g(t) representshe least-squares of theroot nodey translationvs. time datapointsto a
polynomial

h(t) representshe least-squares of theroot nodez translationvs. time datapointsto a
polynomial

Thepositionof theoriginal pathattime t is thepoint|[f (t); g(t); h(t)]. Theorientationof the
original pathattimet is takento bethedirectionof thetangentvector[f {t); gqt); hYt)].

25
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Figure4.1: Leastsquarest of x vs.t datapointsusinga polynomialof degree3.




CHAPTER4. IMPLEMENTATION 27

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 New Path

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;

~+
1

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 Arc-length Reparameterization

We calculatethe arc-lengthat eachframeontheoriginal path. Givenanew path,we can nd the
pointon the new paththatcorrespondso the arc-lengthof the sameframeon the original path.
This is the point we transformontowhentransformingontothe path.

4.3.1 Calculating Arc-Length on Original Path

We useEquation4.1 [Okikiolu 2003]to calculatethe arc-lengthbetweertime a (time 0 which
is the startof the path)andtime b (the time of the frame). We calculatethe arc-lengthat each
frameontheoriginal path.

Z
L (1) = > (dx=dt)? + (dy=dt)2 + (dz=dt)2dt (4.1)

Eulerstepintegration[Fitzpatrick2003]is usedto performtheintegrationrequiredin equa-
tion4.1.

i = i+ L) (4.2)

In equation4.2, *; representshe currentsampledarc-lengthand "+, representshe next
sampledarc-length.Samplingoccursattimeintenalsof h. The rst sample, 4, is thearc-length
fromt, tot; whichis 0. Thesecondsample, ,, is thearc-lengthfrom t; to t,, wheret, is equal
to theprevioustime (t;) plusthetimestep(h). Sample';, is thearc-lengthfrom t, to t;, wheret;
is equalto the previoustime (t; 1) plusthetimestep(h).

4.3.2 Finding the Co-Ordinates on a New Path

Givena new path,we can nd the point on the paththatcorrespondso a givenarc-length.To
nd this pointwe samplethearc-lengthalongthe pathatsmalltime intervals.
Thenew pathis aspline.l wasunableto representhesplinein theform requiredby equation
4.1. Equationd.1requires3 separatéunctionsfor representinghe x(t), y(t) andz(t). Therefore
analternatve techniqguevasemplo/edfor nding thearc-lengthalongthe new path.

q
L= (X2 X2)+(y1 Y2)+ (21 22) (4.3)

Equation4.3 givesus the distancebetweentwo points(x1;yi; ;) and(Xz;Y; z2). We can
approximatehe arc-lengthby taking the distancebetweerpointson the new pathatvery small
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intervalsand nding their sum. We canalsosamplethe arc-lengthat time intervals of h similar
to whatwe did with Eulerstepintegration.

el =it i (x(ti + h)  x(t))>+ (y(ti + h)  y(t)>+ (z(ti + h)  z(t))>  (4.4)

Thesamplingoccursin muchthesameway asequatiord.2. In equatiord.4"; representghe
currentsampledarc-lengthand " i;; representshe next sampledarc-length.Samplingoccursat
time intervalsof h. The rst sample, 1, is the arc-lengthfrom t; to t; whichis 0. The second
sample, »,, is the arc-lengthfrom t; to t,, wheret, is equalto the previoustime (t;) plusthe
timestep(h). Sample’; is the arc-lengthfrom t; to t;, wheret; is equalto the previous time
(ti 1) plusthetimestep(h).

We samplearc-lengthauntil the arc-lengthalongthe pathbecomegreaterthanthe desired
arc-length We thentake theco-ordinate®f thepathatthattime. Althoughthe nal sampledarc-
lengthis unlikely to be exactly the sameasthe desiredarc-length,a sufciently smalltimestep
providesenoughaccurag for our purposesEquation4.4is usedfor the sampling.

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 reachedis very similarto themethod
usedto nd theco-ordinateson a new path(section4.3.2). We samplethe arc-lengthat small
time intervals. If the sampledarc-lengthbecomegyreaterthanthe desiredarc-lengththenwe
have notreachedhe endof the new path. If ourvalueoft + h increasedeyondtheendof the
spline(i.e. pasttime 1.0) thenwe have reachedhe endof thenew path.
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4.5 Cycling

Equationd.5is usedto calculatethe desiredarc-lengthfor aframe.

d=f c+a (4.5)

d = desiredarc-length,

f = arc-lengthof the nal frameontheoriginal path,

¢ = currentcycle number(initially 0),

a= arc-lengthatthe currentframe.

Thecycle numberis incrementedvhene&ertheendof themotionsequences reachedWhen
the endof the new pathis reachedthenthe cycle numberwill beresetto 0. Theframenumber
will alsoberesetbackto the rst frame.

Theposeof the rst frameandthelastframeof the sequencéave to bevery similar for the
transitionfrom onecycle to the next to look authentic. Furthermorethe residualfor the rst
frameandthelastframeof the motionsequencevill have to be very similar.

4.6 Userlinterface

The userinterfaceshouldallow the userto alter the path. It shouldalsoprovide optionsto aid
theuserin the procesf alteringthe path.

4.6.1 Rendering Objects

We may not wantto renderall the objectsall thetime. For example,we maywantto view the
new motiononits own. Therenderingof ary of the objectsmaybe turnedon/off.

4.6.2 Arc-Length Reparameterization

The usermay wish to retainthe speedof the original avatarin the new motion. On the other
hand,theremaybeinstancesvherethe userwishesto increase/decreasee speedf the avatar
Arc-lengthreparameterizatiomay be enabled/disabledy theuser
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SkeletonViewer

Display |Comrcl |Cameral Camera2 |Camer33 ‘t *

Original Skeleton

Original Path

New Skeleton

New Path

Contral Points

Floor

[] Original Path Tracker

[[] New Path Tracker

PLAY ‘ | FAUSE | | RESET ‘ | Next View Camera 1 Previous View

Figure4.2: The original pathis the straightwhite path. The new pathis the curved white
path. The control pointsareall purple besideghe currently selectedcontrol point is pink.
Theoriginal skeletonis redandthe new skeletonis green.
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Figure4.3: Tabs

4.6.3 Cycling

In somecaseshe usermay wish to usecycling, in othercaseshe may not. For examplethe
usermay have afairly shortsegmentof a personskipping,but he wantsthe new motionto skip

for longer In this casehe would requirecycling. In othercaseghe original motion may be the

lengthof motionthathe desiresso he doesnot wantthe nev motionrepeatingtself if theend
of the pathhasnot beenreachedThereforecycling maybeenable/disabletly 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.
Thereforethe speedf the avatarmay be adjusted.
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4.6.5 Original Path

As alreadymentionedtheoriginal pathis createdoy applyingaleastsquarest to apolynomial
of theroot nodetranslationdataof the original motion. A higherdegreeoriginal pathgenerally
leadsto atighter t (i.e. smallerresiduals).Theusermay selectthe degreeof the original path.

4.6.6 NewPath

The new pathis represente@sa B-spline. The usermay choosehow mary control pointsare
usedto determinethe spline. Furthermorethe usermay de ne the degreeof the spline. The
userhasdirectcontrolover the control pointsandselectsandmovesthe control pointsusingthe
keyboard.Thedistancehata controlpoint moveseachtime it is movedmayalsobeset.

The control pointsareinitially setup in a straightline. A control point is put at the same
positionasthe rst point onthe original path. Anothercontrol pointis put at the sameposition
asthelastpointontheoriginal path.Furthercontrolpointsareplacedat evenintervalsbetween.
This providesa neutralstartingpoint for the userto createthe new path.

Theknotsaresetup sothatthe B-splinepasseshroughthe rst andthelastcontrol points.
The rst knot (0.0)andthelastknot (1.0) arerepeateda numberof timesequalto the degreeof
thesplineplusone. Sincethenumberof knotsmustbeequalto thenumberof controlpointsplus
thedegreeof the B-splineminusone,we Il in theremainingknotsatevenintervalsbetweerthe

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 graphicaldisplay of
the effect of theresiduals.If the avataris behaing 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. Fourcameraviews arede ned andmaybeeditedby theuser Theusercan
easily ick betweencameraviews. This allows for a quick assessmerdf the new motion after
theuseraltersthe path.
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4.7 Summary

The original pathis implementedby taking a separatdeastsquarest of the x translationvs.
time datapoints,y translationvs. time datapoints,andz translationvs. time datapoints. The
threearecombinedo give the original path.

Residualsareappliedandcalculatedusinga moving co-ordinatesystem.Eulerstepintegra-
tion is usedto calculatehearc-lengthateachframe. Thearc-lengthateachframeis requiredfor
arc-lengthreparameterization.

New pathswhich are shorterthanthe original path (whenarc-lengthreparameterizatiors
beingused)areresetwhenthe endof the pathis reachedWith new pathswhich arelongerthan
the original path (when arc-lengthreparameterizatiors beingused),we calculatethe desired
arc-lengthusingequatior4.5.

The userinterfaceallows the usera high degreeof controlover the path,aswell asdisplay
options.In the next chaptemwe will look attheresultsof testingthe system.



Chapter 5
Results

This sectiondealswith experimentalresults. Experimentsvereconductedo testthe effective-
nessof arc-lengthreparameterizatiorgndof pathhandlingandcycling. Experimentsverealso
doneusingdifferentoriginal pathdegreeson the sameoriginal motion,andobservingheresults
in thenew motion. Changedo the altitudeof a pathweretested.Furthermorea simpleoriginal
motionwasadaptedo acomple« nev motion. A comple original motionwasadaptedo a sim-
ple nev motion. A comple original motionwasadaptedo a comple< new motion. All original
motionis renderedn red,andall nev motionis renderedn green.

Arc-lengthreparameterizatiowasenabledandcycling wasdisabledfor all the experiments
aftersection5.1.

5.1 Arc-Length Reparameterization

Theresultsachievedfrom applyingarc-lengthreparameterizatiowereasexpected.Theoriginal
motionin gure 5.1wasusedfor the experimentsconductedn sectionss.1,5.2,5.3and5.8. If
thenew pathis longerthantheoriginal path,andwe arenotusingarc-lengthreparameterization,
thenthespeedf theavatarwill increasd gure 5.2). A new pathwhichis longerthattheoriginal
path(without usingarc-lengthreparameterizationesultsin footskate If the new pathis shorter
thanthe original path,andwe arenot usingarc-lengthreparameterizatiorthenthe speedof the
avatarwill decreasé gure 5.3). If thenew pathis longerthantheoriginal path,andwe areusing
arc-lengthreparameterizatiorthenthe speedof the new avatarwill bethe sameasthe original
avatar( gure 5.4).

36
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Figure5.1: Original motionandoriginal path.
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Figure5.2: New motion andnew longerpathwithout usingarc-lengthreparameterization.
This resultsin footskate Also, notehow the speedf the avatarhasincreased.
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Figure5.3: New motionandnew shorterpathwithout usingarc-lengthreparameterization.
Notehow the speedf the avatarhasdecreased.

..

Figure5.4: New motionandnew longerpathusingarc-lengthreparameterizatioNote how
thespeedf theavataris the sameastheoriginal avatarin gure 5.1.
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Figure 5.5: New motion and new shorterpath using arc-lengthreparameterization.The
motionis resetwhenwe reachthe endof the path.

5.2 End of Path Handling

The end of path handlingworked as expected. Whenthe avatar reachedthe end of the path
beforethe endof the motionsequencethe systenresetbackto the beginning of the motionand
thebeginningof the path( gure 5.5).

5.3 Cycling

The methodimplementedor cycling yieldedpoor results. As alreadydiscussedthe poseand
theresidualof the rst andlastframesneedto bevery similar for a smoothtransition(from one
cycle to the next) to occur At thevery leastwe needto incorporatesomemethodof blendingto

createa smoothetransition(from onecycle to the next) if a cycledmotionis to look authentic.
Figure5.6 shavstheresultof cycling.

5.4 Original Path Degree

The degreeof the original path effects the tightnessof the original pathto the actualmotion
(gure 5.7). Thisin turnseffectshow closelyanavatarwill follow a new path. If theresiduals
arevery small,thentheavatarwill follow the new pathvery closely

Ontheotherhand,if theresidualsarevery largethenthe avatarwill notfollow thenew path
veryclosely Thiswill make thetaskof alteringthe pathmoredif cult for theuser For example,
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Figure5.6: New motionusingarc-lengthreparameterizatioandcycling. Note how therest
of thepathis lled up by repeatinghe motion.

avery complex motionwith anoriginal pathof relatively low degreewill resultin the new path
beingvastly differentfrom the actualpathfollowed by the avatar Sincethe new pathhasvery
little correlationto the actualpathfollowed by the avatar it will be dif cult to gaugehow and
whereto changat to obtainthe desiredchangen the actualpath.

Graphswereconstructedo shov how thetranslatiorresidualdsecomesmallerasthedegree
of the original pathincreaseg gures 5.8,5.9,5.10and5.11). Thesegraphscorrespondo the
motionandoriginal pathsin gure 5.7.

5.5 Converting a Simple Path to a Complex Path

Figure5.12shavs a simplemotionwherethe avataris walking in a fairly straightline. Figures
5.13,5.14,5.15and5.16shav somenew motionsusingthe original motionfrom gure 5.12.

Thequality of the new motionsweregood,but nottotally realistic. Footskatevasnoticeable
aroundthesharpeibends.Footskatavasnotasnoticeablearoundessseverebendsandin some
casest wasnot noticeableat all. Theway the avatarmovesaroundbendsiooks contrived. The
maincauseof footskateappearedo be from therotationof the avatarwhile thefoot wasplanted
asopposedo thetranslationof the avatar althoughbothwereevident. Apart from theseissues,
themotionslookedgood.
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Figure5.7: Original motion (red) with correspondingriginal path (white). The degreeof
theoriginal pathsare(clockwisefrom top left) 2, 4, 13,45.
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Figure5.8: Theresidualsareverylarge. Thisis notsurprisingconsideringve areonly using
anoriginal pathdegreeof 2.
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Figure5.9: Theresidualsaresmallerthanthe previousgraph,but theseresultsarestill poor.
Theoriginal pathdegreeis still fartoo low.
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Figure5.10: In this graph,it is startingto look like the original pathis tting alot betterto
theoriginal motion. Thisis expectedaswe areusinga muchlargeroriginal pathdegreethan
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Figure5.11: Theseesidualsaresmall. Thepathdegreeis large (45). Thenew motionshould
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Figure5.12: Original motionwith original path.
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Figure5.13: New motionwalkingin acircle




46

CHAPTERS. RESULTS

Figure5.14: New motionzig-zagging.
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Figure5.15: New motionwalkingin a gure of eight.
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Figure5.16: New motiongoingwalkabout.
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5.6 Converting a Complex Path to a Simple Path

Figure5.17shavstheresultsof corvertingacomples pathto asimplepathwith differentoriginal
path degrees. Not surprisingly motion wherethe original path degreeis higher shawvs better
resultsin termsof the avatarfollowing the path,aswell asthe quality of the motion.

If the avatarperformsa tight turnin the original motion, andwe straighterthis motionout,
thenthe sectionwherewe performedthe turn in the original motionwill be slower in the nen
motion. This is becauseeopletake smallerstepsand move slower whenthey take a bend.
We canseetheeffectof in gure 5.17.Look closelyatthe new motionat the bottomleft of this

gure. Towardstheendof themotiontheavatarslows down. This sectionof motioncorresponds
directly to avery tight turn in the original motion. Figure5.18displaysthis nev motionfrom a
differentviewpoint.

Unsurprisingly the nev motionbasedon an original pathdegreeof 45 followed the simple
new paththe best( gure 5.18). Footskatas morerife in new simplemotionswhich have been
convertedfrom complex original motions thannew complex motionswhich have beencorverted
from original simplemotions. The mainproblemareaswveresectionsvherethe original motion
wentarounda bend,andthe new pathrequiredhim to walk straight. Footskatevasthe primary
problemin thesesections.

5.7 Converting a Complex Path to another Complex Path

Figure5.19and5.20 shows the resultsof convertinga complex pathto anothercomplec path.
Thesecornversionsfrom a complex pathto anothercomplex path posedsimilar problemsto
conversionsdrom acomple pathto a simplepath. Footskatevasmostevidenton tight turns.

5.8 Uphill and Downhill Paths

We startedwith the original motionin gure 5.1. Figure5.21 showvs the nev motionwhenthe
motionis representedelative to the tangentprojecton the horizontal. A sideeffectis thatthe
avatarslidesvertically upwardson the uphill, almostasif he werewalking up insideal lift. On
thedownhill the avatarslidesdownwards.

Figure5.22shavs the new motionwhenthe motionis representedelative to thetangent.It
is clearfrom the gure thatthis motionis highly unrealistic.It looksasif the avatarshouldfall
backwards,but he continuego move up thehill. Onthedownhill it looksasif heshouldfall at
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Figure5.17: The resultsof changinga comple original pathto a simple newv pathusing
differentoriginal pathdegrees.The original complex motionusedcanbe seenin gure 5.7.
Thedegreeof theoriginal pathsare(clockwisefrom top left) 2, 4, 13, 45.
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Figure5.18: Anotherview (correspondingo the bottomleft screenshadf gure 5.17)of the
new motionwith original pathdegreeof 45.
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Figure5.19: A new comple« motion. Theoriginal complex motioncanbeseenn gure 5.7.
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Figure 5.20: Anothernew comple« motion. The original complex motion can be seenin
gure 5.7.
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Figure5.21: Uphill/downhill pathwith motionrepresentedelative to the tangentprojected
onthehorizontal.

on hisface.

5.9 Summary

This chaptethasdealtwith theresultsachievedfrom experimentsglesignedo testcertainaspects
of the system.Arc-lengthreparameterizatiorgndof pathhandlingandcycling wereall tested.
Furtherexperimentswere performedon adaptingthe pathof the avatar The conclusiongdravn
from theseresultswill bediscussedn the next chapter
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Figure5.22: Uphill/downhill pathwith motionrepresentedelative to thetangent.




Chapter 6

Conclusion

6.1 Conclusions

A tool for editingthe pathof motioncapturedatawassuccessfullypuilt. Theuserinterface
containsnumerousoptionsto aid the userin adaptingthe motion to follow an arbitrary
path.

The methodimplementeds successfuin gettingthe avatarto follow anarbitrarypath.

Providedthe original motion correspondsightly to the original path,the new motionfol-
lowsthenew pathverywell.

Thespeedf theavatarin theoriginal motionis successfullynaintainedn thenew motion
usingarc-lengthreparameterization.

Footskatewas an issueprimarily whensharpcornerswere involved or whenarc-length
reparameterizatiowasdisabled.Footskatevasthe maincauseof unrealistidlooking mo-
tion.

Simplemotionscorvertedto complex motionslook morerealisticthancomple« motions
which have beencorvertedto follow adifferentpath.

Themethodusedfor cycling is very crude,andgenerallyproducegpoorresults.

Gleichers methodis not realisticfor pathswhich have alarge variancein altitude,unless
we aretrying to simulatemotionin anelevator.

56
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The mostsuitablemotionsfor this techniqueare motionswhich have a least-squares
thatcorrespondsery closelyto the actualpathfollowed by the avatar A tighter t may
be obtainedby adjustingthe degreeof the polynomialusedfor the least-squares.

The resultsachiezed would have beenbetterif constraintshadbeenimplementedgespe-
cially asfar asfootskatels concerned.

6.2 FutureWork

Implementconstraints.For examplea foot shouldremainstationarywhenplanted. Gle-
icher [Gleicher2001] detailsa methodfor implementingconstraintsusing inversekine-
matics.

Adaptthe motionfor avatarsof differentsize[Choi andKo 1999][Gleicher1998].

Implementmultiple avatarswhich all have pathsassignedo them. Implementcollision
detectionandresolutionfor the avatars.
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