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Abstra
t
This thesis proposes a new animation framework simplifying the pro
ess of 
re-ating realisti
 deformable models, and using these in intera
tive posing andanimation.Problems and short
omings with 
urrent animation methods in
ludes riggingand skinning a model, and also 
reating adaptive realisti
 animations. Re
entproposed methods to improve on this are dis
ussed and evaluated, and �nally anew animation framework is presented.The presented method is based upon Lapla
ian Editing as deformation method,and is using an example based system for animation. The user paints a handlestru
ture on the model, whi
h 
an be manipulated to 
reate new poses. Thesehandles are also used to de�ne whi
h parts of the model that are rigid, andwhi
h is soft, this then determines how the surfa
e deforms when posing. Usingthis method, the user 
an 
reate a set of poses, and save them as examples whi
hde�nes 'good' poses. These poses are to be used in the animation system.The animation system is an example based system using 
onstraints. The user
an enable and manipulate 
onstraints a�e
ting the handle stru
ture of themodel. The system will then sear
h for a blend of the examples to 
reate asuitable pose for these 
onstraints.How this blend is 
omposed, is determined by optimizing an energy fun
tion,whi
h the user 
an alter and tweak to get a desired result. An energy fun
tionhas been derived, 
onsisting of several terms whi
h 
an be used depending onwhi
h result is wanted. Several optimization methods have been implementedto optimize this energy fun
tion, and the user 
an also 
hoose between these,



iidepending on whi
h is a priority; speed or pre
ision.Finally the 
onstraints 
an be made to follow user-de�ned paths, and thereby
reate a fully moving animation, for example a walk animation or a jumpingmotion.Good results are a
hieved, both using Lapla
ian Editing to enable the user to
reate full-body deformations and also the example based animation system is
reating very believable animations. The method is relatively fast (time perframe), but unfortunately the Lapla
ian Editing is still too slow to 
ompetewith traditional skeleton animation in terms of speed.Keywords: 3D Animation, Computer graphi
s, Deformations, Lapla
ian Edit-ing, Example based animation, Constraint based animation, Skeleton-free ani-mation.



Resum�e
Denne afhandling forel�ar et nyt framework til animation, der simpli�
erer pro-
essen til at lave realistisk deformerbare modeler og bruge disse i interaktivposering og animation.Problemer og mangler indenfor nuv�rende animations metoder inkludere 'rig-ging' og 'skinning' af en model, og ogs�a at lave adaptive animationer. Metoderder er forel�aet for nyligt, som skulle forbedre p�a disse mangler, er diskuteret ogevalueret, og s�a herefter er det nye animations framework pr�senteret.Den pr�senterede metode er baseret p�a Lapla
ian Editing som deformationsmetode, og den bruger et eksempel baseret system til animation. Brugerenmaler en 'handle'-struktur p�a selve modellen, som kan manipuleres for at kon-struere nye positurer. Disse handles bliver ogs�a brugt til at de�nere hvilkedele af modellen der er rigide og hvilke der er 'bl�de', og det er med til atbestemme hvordan modellens over
ade deformere. Ved at bruge denne metodekan brugeren lave et s�t af positurer, og gemme dem som eksempler der de�nere'gode' positurer. Disse positurer skal bruges i animations systemet.Animations systemet er et eksempel baseret system der g�r brug af 
onstraints.Brugeren kan p�af�re og manipulere 
onstraints og dermed p�avirke handle struk-turen p�a modellen. Systemet vil herefter s�ge efter en blanding af eksemplernetil at skabe en ny passende positur til disse 
onstraints.Hvordan denne blanding er sammensat, bliver afgjort af en optimerings-funktion,som brugeren kan �ndre og indstille for at opn�a det �nskede resultat. En energi-funktion er blevet udviklet, best�aende af 
ere termer som kan bruges afh�ngigtaf det �nskede resultat. Flere optimerings-metoder er blevet implementeret til



ivat optimere denne energi, og brugeren kan ogs�a v�lge mellem disse, afh�ngigtaf om hastighed eller pr�
ision bliver prioriteret h�jest.Constraint'sene kan s�ttes til at f�lge en bruger-de�neret sti og derved skabeen fuldt bev�gelig animation, for eksempel en g�a-sekvens eller et hop.Gode resultater er opn�aet, b�ade ved brug af Lapla
ian Editing til at lave de-formationer og ogs�a det eksempel baserede animations system resulterer i megettrov�rdige animationer. Metoden er relativ hurtig (tid per frame), men uheldigviser Lapla
ian Editing stadig for langsomt til at konkurrere med traditionel skelet-animation p�a dette punkt.Keywords: 3D Animation, Computer gra�k, Deformationer, Lapla
ian Edit-ing, Eksempel baseret animation, Constraint baseret animation, Skeleton-frianimation.



Prefa
e
This thesis has been prepared at the Se
tion for Computer Graphi
s, Depart-ment of Mathemati
al Modelling, IMM, at The Te
hni
al University of Den-mark, DTU, in partial ful�llment of the requirements for the degree Masterof S
ien
e in Engineering, M.S
.Eng. The extent of the thesis is equivalent tothirty ETCS points.The thesis proposes a new method for skeleton-free deformation of models, foruse in an example based animation system.It is assumed that the reader has a basi
 knowledge in the areas of ComputerGraphi
s, 
omputer animation, linear algebra and ve
tor 
al
ulations.The poster shown at the end in the appendix won the Visionday 2006 posterprize, sponsored by NVidia. Also a pri
e was won at a 
ompetition arranged byDansk Virtual Reality Selskab, based on an abstra
t written in the beginningof the proje
t1. Lyngby, August 31, 2006Kristian Evers Hansen1This abstra
t 
an be found on the a

ompanying CD



vi



A
knowledgements
I would like to thank my supervisors, Asso
iate Professor Niels J�rgen Chris-tensen and Assistant Professor Ja
ob Andreas B�rentzen, for their help through-out the proje
t.Further I would like to thank the following list of people:� Assistant Professor Kenny Erleben, DIKU, for given his view of the methodand having a good dis
ussion about the possibilities.� Te
hni
al Assistant Thomas Nissen for helping with the s
anning of theBoba Fett model.� Asso
iate Professor Thomas Stidsen for a very ni
e dis
ussion about sear
halgorithms.� CTO Ste�en Toksvig, Lead Animator Karsten Lund and Lead Artist TomIsaksen at IO Intera
tive for taking their time to give their views on themethods, and their appli
ations.� Last but not least, Eigil Jensen for his help, motivation and 
ompanythroughout the proje
t and other people at IMM who found time to dis
ussand help with my proje
t.



viii



Contents
Abstra
t iResum�e iiiPrefa
e vA
knowledgements viiI Introdu
tion 11 Introdu
tion 31.1 Brief introdu
tion to 
omputer animation . . . . . . . . . . . . . 31.2 Chara
ter animation te
hniques . . . . . . . . . . . . . . . . . . . 51.3 Useful Terms and words . . . . . . . . . . . . . . . . . . . . . . . 61.4 Models used in the thesis . . . . . . . . . . . . . . . . . . . . . . 91.5 Thesis overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11



x CONTENTS1.6 Reader requirements . . . . . . . . . . . . . . . . . . . . . . . . . 112 Motivation and goals 132.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132.2 Proje
t goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142.3 Editing and animation metaphors . . . . . . . . . . . . . . . . . . 162.4 How to test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19II Previous Work 213 Animation Methods 233.1 Skeleton based animation . . . . . . . . . . . . . . . . . . . . . . 233.2 Example based systems . . . . . . . . . . . . . . . . . . . . . . . 253.3 Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263.4 Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274 Shape Deformation Methods 294.1 Lapla
ian Editing . . . . . . . . . . . . . . . . . . . . . . . . . . . 294.2 Other editing methods . . . . . . . . . . . . . . . . . . . . . . . . 42III Proposed Method 475 The idea 495.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



CONTENTS xi5.2 Setup of handle stru
ture . . . . . . . . . . . . . . . . . . . . . . 505.3 Create poses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505.4 Animation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516 Shape Deformation System 536.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 536.2 Handle Stru
ture . . . . . . . . . . . . . . . . . . . . . . . . . . . 546.3 Deforming soft surfa
e . . . . . . . . . . . . . . . . . . . . . . . . 586.4 Deformations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 606.5 Performan
e optimizations . . . . . . . . . . . . . . . . . . . . . . 647 Animation System 697.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 707.2 Blending poses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 737.3 Example based animation . . . . . . . . . . . . . . . . . . . . . . 777.4 Obje
tive fun
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 787.5 Sear
hing the pose spa
e . . . . . . . . . . . . . . . . . . . . . . . 847.6 Animation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94IV Results 998 Implementation 1018.1 System overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 1018.2 Pa
kages used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



xii CONTENTS8.3 Basi
 implementation details . . . . . . . . . . . . . . . . . . . . 1039 Results 1079.1 Creating poses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1089.2 Intera
tive pose interpolator . . . . . . . . . . . . . . . . . . . . . 1149.3 Animation system . . . . . . . . . . . . . . . . . . . . . . . . . . 1229.4 Performan
e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124V Dis
ussion 12910 Dis
ussion 13110.1 Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13110.2 Quality of method . . . . . . . . . . . . . . . . . . . . . . . . . . 13210.3 Performan
e of method . . . . . . . . . . . . . . . . . . . . . . . 13610.4 Appli
ations of method . . . . . . . . . . . . . . . . . . . . . . . 13710.5 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13711 Con
lusion 139VI Appendix 151A Dis
rete Lapla
ian Operator 153B Energy plots 157C 3D s
anning 161



CONTENTS xiiiD Blender Work
ow 165E Meeting with IO Intera
tive 167F Animation examples 169F.1 Walking Boba Fett . . . . . . . . . . . . . . . . . . . . . . . . . . 169F.2 Jumping or
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172G Users Guide 173G.1 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173G.2 General options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174G.3 Creating handle stru
ture . . . . . . . . . . . . . . . . . . . . . . 175G.4 Create an example . . . . . . . . . . . . . . . . . . . . . . . . . . 176G.5 Keyframe animation . . . . . . . . . . . . . . . . . . . . . . . . . 176G.6 Intera
tive Pose Interpolator . . . . . . . . . . . . . . . . . . . . 177G.7 Animation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178H Poster for Vision Day 2006 179I CD-Rom 
ontent 181Bibliography 183



xiv CONTENTS



Part I
Introdu
tion





Chapter 1 Introdu
tion
1.1 Brief introdu
tion to 
omputer animationThe history of animation begins in the early 20th 
entury, as hand drawn 
ar-toons are made as animations by showing individual frames fast after ea
h other.This new way of bringing images to life, was made possible due to new medias;the 
inema and later the television.

Figure 1.1: Steamboat Willie by Disney, 1928.Around 1980 
omputers revolutionized animation, as they gave animators 
om-



4 Introdu
tionpletely new possibilities. First of all the traditional 2D animation was aidedgreatly by this new tool, but also the development within 3D 
omputer graph-i
s 
reated a hole new bran
h of animation: 3D animation. It was now possibleto 
reate 
omplete �gures and s
enes in 3D, not just as seen from a spe
i�
point of view in 2D. These �gures 
ould be viewed from any dire
tion and beused in any situation, enabling the 
onstru
tion of 
omplex s
enes.
Figure 1.2: Luxo Jr. by Pixar, 1986.Computer animation also began to a�e
t movies. First a few spe
ial e�e
tswere added, but re
ently full 
hara
ters and s
enes have been 
reated with avery lifelike appearan
e using 3D 
omputer animation, repla
ing sets and realmodels.The advan
es within 
omputer te
hnology has also lead to the introdu
tion of
omputer games, where animation plays a 
entral role. But here the animationsbe
omes intera
tive, responding to a users input. This means that the animationmust be 
onstru
ted and rendered instantly.

Figure 1.3: Hitman: Blood Money, by IO Intera
tive, 2005.But unfortunately it is still a very diÆ
ult task to 
reate animations, requir-ing spe
ialized programs and skills. This thesis is presenting a 3D animation



1.2 Chara
ter animation te
hniques 5method, whi
h makes the pro
ess less 
umbersome.1.2 Chara
ter animation te
hniquesIn 
omputer games and movies, the most important and also most 
hallenginganimations, are those of 
hara
ters, espe
ially human beings.When 
onstru
ting a 
hara
ter animation, for instan
e a walking person, everyframe shown 
ould essentially be 
reated by hand by an animator moving everyvertex of the model. This would be a very time 
onsuming pro
ess though,espe
ially if it is an animation more than a few frames long. To avoid this, ananimation is usually 
reated using interpolation, so the animator only needs to
reate a subset of the poses, 
alled keyframes, and then the system interpolatesbetween these, 
reating a 
uid motion.These keyframes and the interpolation 
an be 
reated using several di�erentte
hniques:The simplest interpolation is to interpolate vertex positions of a model in di�er-ent poses, 
alled morphing. This is a simple and highly eÆ
ient method, usuallydone dire
tly on the graphi
s 
ards. But as this interpolation is usually linear,
(I)

(II)

(III)

Figure 1.4: (I) and (III) are poseswhi
h are interpolated, the resulting(II) is noti
eable distorted.
the animation is not good, distort-ing the overall shape between thekeyframes.To 
reate better animations, skeletonbased systems are 
ommonly used.Skeleton based animation imitates areal body, by having the polygonmesh a
t as the skin, and a simple in-ner stru
ture fun
tion as a skeleton.The animator �rst manipulates theskeleton to de�ne the keyframes. Thesystem 
an then interpolate the jointparameters in the keyframes, to 
re-ate a ni
e motion. This animates theskeleton alone, and for every frame, the system 
al
ulates the appearan
e of theskin, whi
h is the visual produ
t seen by the viewer.Unfortunately 
reating animations using this method has some drawba
ks, for
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tion

Figure 1.5: A usual bone stru
ture for a 
hara
ter.example it is a long and diÆ
ult pro
ess to rig and skin a model, and the ani-mation from keyframe interpolation is not very adaptable. These short
omingswill be dis
ussed more in se
tion 2.1. The method presented in this thesis ismeant to improve on these two topi
s and others.1.3 Useful Terms and wordsAdaptive animation An animation whi
h is 
onstru
ted on the 
y, taking all
hanges of the environment into 
onsiderations. The animation systemproposed in this thesis is adaptive.AÆne invariant AÆne transformation invariant; when something looks thesame independently of any aÆne transformations applied to it.AÆne transformation Group of transformations 
ontaining rotation, s
aling,translation.Animator The person who 
reates an animation.Boundary The band of �xed verti
es between the region of interest and therest of the mesh.Constraint A 
onstraint is atta
hed to a handle. It is a
ting like a target forthis handle, so the system will try to keep the handle at this position.



1.3 Useful Terms and words 7Example A pose whi
h the animator has 
reated and therefore marked as agood pose.Forward kinemati
s Using this te
hnique, the animator alters ea
h joint onebye one to get to a wanted pose.Free verti
es All verti
es in the ROI not in
luded in a handle (or boundary)is free verti
es.GPU Graphi
s Pro
essing Unit, a pro
essor on the graphi
s 
ard.Handle A 
olle
tion of verti
es whi
h 
an be manipulated as one. Usually allverti
es in a handle will be treated as rigid.Inverse kinemati
s This is the opposite of forward kinemati
s. The animatorde�nes a target for a given point on the model, and the inverse kinemati
ssystem �nds the best parameters for all joints for this target to be rea
hed.For example the animator sets a target for the hand of a model, and thenthe system �nds the rotation of the shoulder, elbow and wrist to �t thistarget.Keyframe Keyframes are poses 
reated by the animator, whi
h are used bythe animation system to 
reate a full animation by interpolating betweenthese.Lapla
ian Editing Using the Lapla
ian 
oordinates of a mesh to edit it.Lapla
ian Re
onstru
tion Term used in this thesis to indi
ate the re
on-stru
tion of the soft surfa
e, given the handle-verti
es' positions and theLapla
ian 
oordinates.Main handle If several handles are sele
ted, one is the main handle. It is themain handle's rotation 
enter whi
h is used for all handles in the parti
ulartransformation.Morphing Making a linear per vertex interpolation between two poses.Motion Capture Obtaining motion data frommotion 
apturing devi
es. Mark-ers are pla
ed on an a
tor, who performs a task, like walking. The positionof the markers are then re
orded and mapped to a skeleton of a 3D model.This allows for far more 
omplex and realisti
 animations than an anima-tor 
ould 
reate by hand.Pose A spe
i�
 
ombination of joint parameters, de�ning a models stan
e.RHS Right Hand Side, the part of an equation whi
h is to the right of theequality sign. The b in Ax = b.Rigging Setting up a skeleton on a model.



8 Introdu
tionROI Region of interest, part of the mesh whi
h the user sele
ts. Only this partis subje
t to the deformation.Rotation Center A point in spa
e where a handle should be rotated around.Se
ondary handle If several handles are sele
ted, the handles whi
h are notthe main handle, are referred to as se
ondary handles.Skinning The pro
ess of 
onne
ting surfa
e verti
es to an underlying bonestru
ture.Soft surfa
e Non-rigid surfa
e that bends under deformation.Sparse matrix A matrix where the number of zeroes per row greatly outnum-bers the number of non-zeroes.1.3.1 Mathemati
al notationS
alar x, lower-
ase itali
 letters.Ve
tor v = [x; y; z℄, lower-
ase bold non-itali
 letters.Matrix M = � a b
 d �, Upper-
ase bold non-itali
 letters.Set E = fa; b; 
; : : :g, Upper-
ase itali
 letters.



1.4 Models used in the thesis 91.4 Models used in the thesis

Figure 1.6: S
annedBoba Fett, 94938 fa
es(47477 verti
es). Figure 1.7: S
annedBoba Fett, redu
ed to4250 fa
es (2138 ver-ti
es).

Figure 1.8: Man,101856 fa
es (51061 ver-ti
es). Curtesy CGSo
i-ety.
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Figure 1.9: S
anned Ar-madillo, redu
ed to 35286fa
es (17645 verti
es). Cur-tesy Stanford S
an Reposi-tory. Figure 1.10: S
anned Ar-madillo, arms lowered, re-du
ed to 17296 fa
es (8650verti
es). Curtesy StanfordS
an Repository.

Figure 1.11: Or
, 11234fa
es (5631 verti
es). Cur-tesy CGSo
iety. Figure 1.12: Satyr, 25472fa
es (12770 verti
es). Cur-tesy CGSo
iety.



1.5 Thesis overview 111.5 Thesis overviewThe thesis is split up into �ve parts:Part I - Introdu
tion Introdu
tion to animation, and to this thesis, with mo-tivation and goals.Part II - Previous work Presenting all the previous work, whi
h this thesisis based upon, split into two topi
s: Animation methods and deformationmethods.Part III - Proposed method Presenting the proposed method for deforma-tion and animation.Part IV - Results Summing up on the results a
hieved with this method.Part V - Dis
ussion Dis
ussion of the 
urrent results and future possibilitiesof the methods, ending with a 
on
lusion to the proje
t.1.6 Reader requirementsTo read and understand this thesis, the reader must have a good understandingof 
omputer graphi
s and 
omputer animation.A good knowledge of linear algebra and ve
tor 
al
ulations is also an advantage.
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Chapter 2 Motivation and goals
2.1 MotivationCreating a good and realisti
 animation 
an unfortunately be both diÆ
ult andtime 
onsuming. Also it usually requires a skilled animator and/or expensiveequipment like motion 
apturing devi
es, whi
h few people have a

ess to.The most 
ommonly used animation method, keyframe animation using skele-tons, is dis
ussed in the next se
tion.2.1.1 Keyframe animation using skeletonsThe animation method most 
ommonly used, is keyframe animation using askeleton rigged model. The keyframes are 
reated by an animator using forexample inverse kinemati
s.It is an intuitive setup and is very 
ost eÆ
ient, and you 
an usually get theresults you want, but unfortunately the method has some drawba
ks:First of all it is a very 
omplex and time 
onsuming pro
ess to setup a skeleton



14 Motivation and goalsin a mesh; �rst the skeleton must be 
onstru
ted using some primitives, andthen relations between the verti
es of the mesh and the bones of the skeletonmust be 
reated. It is the latter step, 
alled skinning, whi
h is the 
riti
al part,requiring many iterations of setup and testing to get a

eptable results [MG03℄.Also skeleton based systems are not useful when animating non rigid obje
tslike a fa
e. So in animations where you have both a 
hara
ter that moves, and
hanges his fa
ial expression, a 
ombination of skeleton and another type ofanimation must be used (usually morphing) [LCF00℄.Finally animating using keyframes gives a very non-
exible animation. Theanimations 
overs some general 
ases, and does not adapt to minor 
hanges inthe environment. Larger 
hanges, like walking onto a stair
ase, requires a swit
hto a new animation sequen
e.A more thorough des
ription of the work
ow when making a keyframe animationwith bones is found in appendix D.2.1.2 Better solutionsThere have been attempts to improve on these short
omings, but no methodhas had a real breakthrough. New methods are either slow, requires to mu
hpreliminary work or simply produ
es bad results. The methods whi
h worksbest are mostly extended skeleton systems. In 
hapter 7 many proposals aredis
ussed.There is the need for systems where a user, not ne
essarily skilled in the artof animation, 
an import a polygonal mesh, and without mu
h prepro
essingqui
kly and easy 
reate some ni
e dynami
 animations.2.2 Proje
t goalsThe goal of this proje
t is to 
reate an example based animation system usinga mesh-based skeleton.It should not be based on traditional skeletons, due to their long setup time andlimitations, but should be using some sort of pseudo skeleton stru
ture basedon handles on the surfa
e.



2.2 Proje
t goals 15The main animation method should not be using keyframes, but rather usingposes as examples in a 
onstraint based system.The system should be relatively easy to use. A person with little animationexperien
e should be able to edit and animate after only minutes of introdu
-tion. Of 
ourse 
reating animations true to real life will always require a lot ofexperien
e.The method should be able to handle di�erent types of animation, both larges
ale 
hara
ter animation like a walk 
y
le, but also smaller features like fa
ialexpressions.The �nal system should be able to handle relatively large meshes with intera
tiveframe rates. A number like 20.000 verti
es should be doable.The goal of the proje
t 
an be split into three steps:1. Pose 
reator: Develop method to deform a model, without the use of atraditional skinned skeleton. These deformations, poses, 
an be used askeyframes or 'good' poses, examples in the animation system.2. Intera
tive Pose Interpolator: Create a system, that is able to blend 
re-ated poses, and use this to 
onstru
t new poses, from a pose spa
e, bysetting one or more handle 
onstraints. The system must �nd weights forpose-blending to 
reate a new pose satisfying the 
onstraints given. Thepose spa
e is de�ned by the examples of 'good' poses, whi
h the user has
reated.3. Animation system: For demonstration and testing purposes, 
reate a smallworld for an animation to work within. The animation 
an be 
reated withthe interpolation system above, or a simpler keyframe system.The method should be easy to expand and use with other methods, so forexample it 
ould be atta
hed to and work together with a known method likemotion 
apture. It should be noted though, that it is not a goal to implementexpansions and integrations, but it should be taken into 
onsiderations whendesigning the method.2.2.1 LimitationsThe animation method proposed in this thesis are not meant to be anatomi
ally
orre
t, or to simulate 
orre
t physi
s. They are just meant to 
reate ni
e looking



16 Motivation and goalsmovement, whi
h the viewer per
eives as plausible.The thought was that the proposed method would be ideal for laser s
annedmodels. But these are normally in a very high resolution, and it is not theobje
tive of this proje
t, to be able to edit these huge meshes dire
tly. As longas the systems runs in intera
tive frame rates with around 20k verti
es, it isa

eptable.The model to be animated should be manifold. That is it should not 
ontainholes, open edges, or 
onsist of several meshes1.The �nal program should be user friendly, but the graphi
al look is not impor-tant. It should fun
tion as a demo and a test-ben
h, so it is not ne
essary forthe program to 
reate output whi
h 
an a
tually be used in other programs.2.3 Editing and animation metaphorsThis se
tion explains some important terms and metaphors whi
h will be usedthroughout the thesis.There are two main metaphors in this report. The �rst one is for shape editingand the se
ond one is regarding skeleton based animation systems.2.3.1 Editing metaphorThe editing systems 
onsidered in this report 
onsists of three parts; free ver-ti
es, handles and boundaries. Together this is referred to as the Region OfInterest, ROI.Editing 
onsists of the user dragging a handle, the boundary is kept in pla
e,and then the free verti
es are deformed depending on the method used.The user starts by sele
ting a ROI, whi
h is the part of the mesh he wants todeform. Then he sele
ts a handle (one or more verti
es depending on methodand the wished deformation) within this ROI, whi
h he uses to de�ne deforma-tions with. Additionally a band of some width is automati
ally de�ned as theboundary, between the ROI and the rest of the mesh. This boundary is usuallyseveral verti
es wide, to 
reate a more smooth transition. On �gure 2.1 the1This is possible though in the �nal implementation, to some extend.
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Figure 2.1: Editing metaphor. Orange area = handle. Green area = boundary.Yellow area = free verti
es (support). The ROI is all three parts together.di�erent areas are illustrated. The boundary width, and handle size 
an vary,depending on the method used, and the wished deformation. For example inspa
e deformation methods, the handle tends to be quite large, up to half thetotal ROI.There are two reasons why a ROI is a good idea; �rst, the user has 
omplete
ontrol over, whi
h part of the model the editing will a�e
t. Se
ond, the 
om-putation needed to do the editing, 
an be limited to 
ontain the data for theROI. This means that the speed of the editing program, is not dependent onthe size of the model, but on the size of the ROI. When the ROI and handleis sele
ted, the user 
an move the handle, rotate it, s
ale it and so forth, theseoperations will then a�e
t the whole ROI, and hopefully 
hange the surfa
e ina realisti
 way.Unfortunately de�ning a ROI, whi
h is a subset of the mesh (for example anarm), is not possible when the obje
tive is full-body animation, as the wholemodel should be able to be deformed at on
e. So in this proje
t the ROI willbe extended to 
over the 
omplete model. Some parts 
an be left out though,namely the inner parts of the handles. This topi
 will be dis
ussed in se
tion6.5.1.Also in the method of this thesis, the ROI will 
onsist of many handles and noboundary. You 
ould say that some of the handles are a
ting as boundary, butthey are still referred to as handles. A rotation 
enter (a joint) is de�ned forea
h handle. Around these, the handles 
an be rotated, and thereby 
reate newposes. These poses 
an be saved as examples, whi
h is used to 
reate animations.
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Figure 2.2: Extended editing metaphor for use in the proposed method. Orangearea = handles. Yellow area = free verti
es (support). The ROI is the 
ompletemodel.2.3.2 Animation metaphorThe referen
e system in this thesis is skeleton-based systems. The system 
on-sists of bones in a hierar
hy forming a skeleton, and is in
uen
ing a mesh 
alledthe skin.The method for 
reating the in
uen
e from bone to skin is usually referred toas skinning.In these systems, the editing of a model usually 
onsists of the user rotatingthe bones around a joint (forward kinemati
s) or the user spe
ifying a wantedposition for a bone, and then the system �nds all the joint parameters needed(inverse kinemati
s).Manipulating the bones 
reates new poses of the model. A set of parametersdes
ribing all the joints positions, de�nes a pose.For some animation methods 
ontrol verti
es or handles must be de�ned, whi
hare then given a target position, a 
onstraint. The system must then �nd apose or animation to rea
h this target position, using kinemati
s either applieddire
tly to the bone stru
ture or by using some predesigned example poses.In the method proposed in this thesis, the animation metaphor is an extensionto the editing metaphor des
ribed above, as it uses this to deform the model.The animation itself is a 
onstraint based system using example poses.



2.4 How to test 19A 
onstraint is a positional target of a vertex or handle on the model, whi
hthe pose should satisfy, and an example pose is a user-de�ned pose, whi
h ismarked as a 'good' pose. The animation system then 'learns' from these goodposes, when 
reating 
ompletely new poses.2.4 How to testTesting the method is very important. In this se
tion, it is des
ribed how theresulting method should be tested, to see if the goals of this proje
t has beenrea
hed.The system should in
lude a test ben
h, where an animation 
an be tested fora number of parameters and methods. So it is important to have 
onsisten
y inthe following areas:� Model� Handle stru
ture� Pose spa
e (examples)� ConstraintsThis will help evaluate di�erent methods and parameters to see whi
h is goodand whi
h is not, as the results 
an only be evaluated using visual inspe
tion.The performan
e of the method should also be tested, by timing di�erent partsof the program, and also the s
alability, how well it handles larger models.A 
omparison with a traditional skeleton based animation should be made, bothin terms of setup time, skinning quality and animation output.
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Chapter 3 Animation Methods
In this 
hapter di�erent ways of 
reating animations are des
ribed. Traditionalmethods are brie
y des
ribed, but fo
us is kept on newer methods trying tosolve some of the diÆ
ulties from the traditional methods.If an animation is done by morphing a mesh in di�erent poses (keyframes),these poses 
an be made with any system 
apable of deforming a mesh; bothtraditional editors like Maya, Max and so on and also editing methods des
ribedin 
hapter 4. Then the animation itself is usually a very simple operation 
arriedout on the graphi
s hardware.When 
reating more advan
ed animation, for example with bones, programswhi
h supports these methods must be used. Programs like Maya, Max andBlender all have this fun
tionality. This will brie
y be dis
ussed in the nextse
tion.3.1 Skeleton based animation3Ds max, Maya and more. In traditional 
ommer
ial tools like 3Ds maxand Maya animation is done using skeletons. The mesh is �rst 
onstru
ted, andthen the bones are 
reated inside the mesh. The mesh verti
es are set up to be
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(a) (b)Figure 3.1: (a) Verti
es atta
hed to the upper arm is highlighted. (b) Theskeleton stru
ture is shown.under the in
uen
e of one or more bones, and ea
h joint between two bones isgiven some parameters de�ning its possible movements.When the whole bone stru
ture is �nished, the user 
an grab a bone and moveit. These systems usually uses inverse kinemati
s for determining other bonesmovement, due to the movement of a spe
i�
 bone. For example how the kneeand hip is rotated if the foot is moved.The user then de�nes keyframes, using this method, and an animation 
an thenbe 
reated by interpolating the angles in these keyframes. In pra
ti
e this isdone on the graphi
s hardware, and is very fast.For a more detailed walk through of setting up a bone stru
ture see appendixD.A New Automated Work
ow For 3D Chara
ter Creation Based On3D S
anned Data [SJN03℄ This is a auto skinning algorithm, whi
h usess
ans of a model in several poses, mapping a generi
 model to these poses, andthen to �nd the appropriate weights for ea
h vertex using the s
ans.This is a good idea to avoid the 
umbersome skinning pro
ess, but it still requireshaving several s
ans in di�erent poses available.Building EÆ
ient A

urate Chara
ter Skins from Examples [MG03℄The basi
 skeleton method has been extended several times, a resent attemptis Mohr and Glei
hers method [MG03℄. It uses some mesh based examples, toautomati
ally 
reate some additional joints in the skeleton. These joints are
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aling joints that allows for ri
her transformation of the mesh than normalbones. This is espe
ially useful for mus
le bulges and the like.This method 
an 
reate some impressive results, and is very eÆ
ient as it usesexisting bone fun
tionality. But it still su�ers from the setup of the skeleton andskinning whi
h is very time 
onsuming. Additionally it also requires a modelerto be able to 
reate some good mesh poses, using an editing tool.3.2 Example based systemsMesh-Based Inverse Kinemati
s [SZGP05℄ Mesh-Based Inverse Kinemat-i
s, MeshIK, is a new method to 
reate mesh animations, without the use of askeleton. It is based on having several good poses, examples, of a mesh. Thennew good poses 
an be 
onstru
ted by a nonlinear blend of these examples. Thetransformation of ea
h triangle is found, and these are used for a feature ve
tor.A linear system 
reated from the feature ve
tors and some 
onstraints. Whenthis is solved the blend weight for ea
h example is found.This method's major strength is to allow the user to 
reate realisti
 animationswithout the use of a skeleton. It requires, though, a skillful modeler/animatorto 
reate the needed poses in the �rst pla
e, using some other tool.The downside of this method, is that you have no way of de�ning the transfor-mation or path of a part of the mesh. That is the look of the mesh in betweendi�erent example poses, so the animation 
an easily be distorted (see �gure 3.2).
Figure 3.2: (left) Leg straight. (right) Leg bend. (middle) distorted leg between(left) and (right). Images 
aptured from MeshIK demonstration video.Style-Based Inverse Kinemati
s [GMHP04℄ This method uses exampleposes as training data to 
reate an inverse kinemati
s system. The examplesare 
reated using some input data, for example motion 
apture, and not in thesystem itself.



26 Animation MethodsGiven these examples, a pose spa
e is 
al
ulated, where every pose exist, butposes 
lose to the examples are preferred.To fun
tion optimal a ri
h example spa
e is needed, so data from a motion
apture session is vital.The system does not handle the issue about skinning, and so is only working ona skeleton.3.3 OtherBoneless Motion Re
onstru
tion [KS05℄ This is a method whi
h dire
tlyuses a form of Lapla
ian Editing (will be des
ribed in 
hapter 4), to transforma mesh a

ordingly to motion 
aptured data.Several 
ontrol verti
es s
attered over the model are linked with markers in amotion 
apturing system. When these markers are moved, the 
ontrol verti
esare moved as well, and by re
onstru
ting the surfa
e using Lapla
ian Editing,the model is deformed to follow the motion 
apture data.The major downside with this method is that you will need a 
omplete motion
apturing system. These are very expensive, and is not available for every-one. But the idea of using Lapla
ian Editing to deform the model seems verypromising.Pose Spa
e Deformation [LCF00℄ This is a method dealing with the issueof having separate methods for animating large s
ale parts like limbs and smalls
ale features like fa
ial expressions. The method is 
laimed to 
ombine the ad-vantages of shape interpolation and skeleton driven animation, into one unformmethod.It is based upon a traditional skeleton system, but the animator has the possi-bility to s
ulpt individual poses, making it possible to 
reate far more realisti
animations.It looks like a great method, but it is still based on the skeleton system, withthe diÆ
ult skinning.Animatable Human Body model Re
onstru
tion from 3D S
an Datausing Templates [MFT04℄ This paper des
ribes a 
omplete system to an-imate a s
anned human model. It 
overs the 
omplete work
ow, from �lling
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lusion 27holes in the s
anned data, to animation.The system �ts a s
anned model to a template skeleton, by having the userpinpoint several landmarks on the model.How the skinning at the joints is handled is not mentioned in the paper. Other-wise the idea seems good, but it requires to have a suitable template skeleton.After having 
onstru
ted one for a human, it 
an probably be used for a largevariety of human 
hara
ters, but not for other obje
ts like animals, where a newtemplate must �rst be 
onstru
ted.Skinning Mesh Animations [JT05℄ Another new system, by James andTwigg [JT05℄, is based on having an existing mesh animation. Ea
h triangle'stransformations are then analyzed throughout the animation sequen
e, this en-ables the program to group triangles with equal transformation into a bone likerigid stru
ture.These 'mesh bones', 
an now be used to transform the mesh animation intoa bone animation, whi
h is mu
h more memory eÆ
ient, and 
an easily bemodi�ed.This system is great if you already have an animation, but 
an not be used to
reate one from s
rat
h.3.4 Con
lusionThe methods whi
h are expansions to a traditional skeleton system, are notvery interesting in this thesis, as an alternative to this method is sought. Thisis mainly due to the skinning problems, but also the diÆ
ulty in 
ontrollingsmaller and se
ondary deformations.Methods to autoskin models using several di�erent poses is not good either, asthey requires having a

ess to the model in many poses, or even an existinganimation of the model. The system should not be dependant on other fa
tors.Example based animation ([GMHP04℄ and [SZGP05℄) seems like a very inter-esting way of 
ontrolling the style of the animation. The animator 
an fairlyqui
kly de�ne good poses by modeling or obtain them from motion 
apturing,and then the system 
ontrols the animation, keeping it faithful to the examples,but still allows a 
ertain 
exibility. Be
ause of this, it is what the proposedmethod in this thesis will use.



28 Animation MethodsAlso using Lapla
ian Editing to deform the surfa
e as in [KS05℄ is a very goodidea, as it is a way of a

omplishing deformations without the use of a traditionalskeleton stru
ture. This is exa
tly what is wanted in this proje
t, so this is alsoused in this proposed method.In the next 
hapter Lapla
ian Editing and similar methods are des
ribed indetail.



Chapter 4Shape Deformation Methods
The primary shape editing method used in this proje
t is Lapla
ian Editing[Ale03℄, [LSCO04℄ and [SLCO04℄.Lapla
ian Editing is based on the Lapla
ian operator, whi
h is an operatorrepresenting a vertex from its neighbors. If for example the lapla
ian of a vertexis 0, it means that the vertex lies in the plane de�ned by the neighbors. If thelapla
ian grows, the vertex is then elevated above this plane. This property 
anbe used to represent details on a surfa
e, whi
h is exa
tly what it is used for inLapla
ian Editing. In se
tion 4.1 a thorough des
ription of Lapla
ian Editingis given.In se
tion 4.2 other methods whi
h essentially 
ould do the same job as Lapla
ianEditing is mentioned.4.1 Lapla
ian EditingThe Lapla
ian operator is 
ommonly known as a smoothing operator, used invarious smoothing s
hemes for meshes. In this 
hapter it is explained how thisoperator 
an instead be used for mesh deformations. First a brief introdu
tionto the Lapla
ian operator is given.



30 Shape Deformation Methods4.1.1 De�nitionsLet the mesh M = (V;E; F ) be a given triangular mesh with n verti
es. V isthe set of verti
es, E is the set of edges and F is the set of fa
es. Ea
h vertexvi in V is represented in absolute Cartesian 
oordinates [x; y; z℄.4.1.2 Lapla
ian operatorThe Lapla
ian operator is a se
ond order di�erential operator in the n-dimensionalEu
lidean spa
e, de�ned as the divergen
e of the gradient. It 
an be expressedas the sum of the se
ond partial derivatives:� = �2�x2 + �2�y2 + �2�z2When working on grids or meshes the above 
an not be dire
tly used, as aparametrization of the surfa
e is assumed in the above, and on a mesh it isla
king. Instead the Dis
rete Lapla
ian, also known as the umbrella operator[DMS99℄, is used. A full derivation of this operator is found in appendix A.It is a linear approximation of the Lapla
ian operator, to be used on meshesand grids. On a 3D mesh it is de�ned at vertex vi as:Æi = vi � 1di Xj2N(i)vj (4.1)where N(i) is the indi
es of the verti
es that shares an edge with vi so N(i) =fjj(i; j) 2 Eg. di = jN(i)j is the number of these neighbors (the valen
y).This means that on a mesh the Lapla
ian is a
tually a ve
tor from a vertexto the the 
enter of its neighbors, and 
an thereby be seen as a detail ve
tor,representing a vertex from its neighborhood.4.1.3 Variants of the Lapla
ianIf one 
hanges the length of the lapla
ian ve
tor, as is done in smoothing, usingthe above de�nition introdu
es tangential drifting of the vertex. This means
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Neighborhood vertex

Given vertex

Centroid of neighbors

Laplacian vectorFigure 4.1: Visualization of the Lapla
ian ve
torthat the vertex is moving tangential to the plane de�ned by the neighbors, andthis 
an result in 
hanges in the surfa
e's geometry whi
h is not wanted.In [Tau95℄, Taubin proposes a variant of the dis
rete Lapla
ian, whi
h takesthe edge lengths into 
onsideration. This redu
es tangential drifting of theLapla
ian:Æi = vi � 1Pj2N(i) ej Xj2N(i) vjej ; where ej = jvj � vij (4.2)On irregular meshes a further advantage 
an be gained using 
otangent weights,as proposed by Desbrun et al. in [DMS99℄:Æi = vi � Pj2N(i) wj � vjPj2N(i) wj ; where wj = 
ot(�j) + 
ot(�j) (4.3)This is 
alled the 
urvature operator, and is based on the gradient of the areaof the 1-ring neighborhood. This operator also 
ompensates for unequal fa
eangles, and further redu
es tangential drift (see �gure 4.2).Redu
ing tangential drift makes the Lapla
ian more stable, espe
ially in 
aseswhere it is used for smoothing.Another useful variant is the squared Lapla
ian, whi
h is a�e
ted by a larger lo-
al region, and thereby usually gives better results than the Lapla
ian [DMS99℄.
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a) b)Figure 4.2: (a) The angles used in 
otangent weights. (b) Top: Normal Lapla-
ian. Bottom: Using 
otangent weights.But it is also more expensive to 
al
ulate.Æ2i = Æi � 1di Xj2N(i) Æj (4.4)These variants of the Lapla
ian is of most use when doing a thing like smoothing,where the Lapla
ians 
hange. In this thesis only the normal Lapla
ian and the
urvature operator has been used, giving the same result.4.1.4 The Lapla
ian MatrixThe Æ-
oordinates of a mesh, 
an be expressed in matrix form, so for example,the Lapla
ian 
an be 
al
ulated for all verti
es at on
e.In the following, the standard Lapla
ian is used, but the matrix 
an be easilyextended to support the other variants des
ribed in se
tion 4.1.3.First we need to 
onstru
t the topologi
al Lapla
ian of the mesh, L (see also �g-ure 4.3), by using the following rules, whi
h is derived dire
tly from equation 4.1:
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Lij = 8<: 1; i = j�1=di; j 2 N(i)(i:e:share an edge)0; otherwiseThen this matrix L 
an be used in this system:Æ = Lpwhere L is the matrix above, and p is a ve
tor with the verti
es global positions.The result of this multipli
ation gives a ve
tor Æ, whi
h 
ontains the lapla
iansof all verti
es.4.1.5 Re
onstru
tion using Æ-
oordinatesThe above Lapla
ian operator is 
ommonly known in smoothing, where the Æve
tors are minimized, whi
h means that you are minimizing the details, andthereby smoothing the mesh. Using the Lapla
ian Matrix the following system
an be used for smoothing: Lp = 0 (4.5)where p is the unknown ve
tor of vertex positions.Like this, the system 
an not be dire
tly used, as all verti
es will 
ollapse intoa single point. It must either be solved iteratively or some 
onstraints must beadded as will be shown later.In re
onstru
tion, the same te
hnique is used, but instead of minimizing thedetails, a system is set up that tries to preserve them. Again the the L matrixis a great help.To re
onstru
t it, basi
ally the following system must be solved:Lp = Æ (4.6)where p is the unknown ve
tor of vertex positions.The system will try to preserve the Æ's, and thereby the details of the model.



34 Shape Deformation MethodsBut L has the rank n�1 (n = number of rows/
olumns in L), and 
an thereforenot be solved dire
tly. The position of at least one vertex must be known, to�x the model's position in global spa
e. So to re
onstru
t the mesh from theLapla
ians, some verti
es need to be spe
i�ed or 
onstrained. These known po-sitions are then added as 
onstraints to the above system:� LIn�m �p = � Æ
1:m � (4.7)where m is the number of 
onstrained verti
es, I 
ontains 1's at the positionsof the 
onstrained verti
es, the Æ is the di�erential 
oordinates, and the 
 is thepositions of the 
onstrained verti
es.This is of 
ourse also true for smoothing a mesh, so equation 4.5 is extended tothe following: � LIn�m �p = � 0
1:m � (4.8)When adding the 
onstraints to the system, it gets over-determined, and has tobe solved in a least squares sense: LTLx = LTb.4.1.6 Deformations using Æ-
oordinatesLooking at �gure 4.3, it is easy to see how this system 
an be used for deforminga model: If one of the red 
onstrained verti
es is moved, and it thereby 
hangesits value on the right hand side of the system, the solution will try to interpolatethis 
hanged 
onstraint, as well as the un
hanged 
onstraints. And when thesystem is still trying to preserve the Æ 
oordinates of the mesh, and therebypreserving the details, you a
hieve a deformation of the mesh, as 
lose to theoriginal as possible, but ful�lling the new 
onstraint, and thereby deforming themesh.This leads to an extension of equation 4.8:



4.1 Lapla
ian Editing 35
1

2

3

4

5

6

7

8

1 -1/3 -1/3 -1/3

-1/3

-1/4

-1/5

1 -1/3 -1/3

-1/5

-1/5

1 -1/4 -1/4-1/4

-1/5

-1/5

-1/3

1 -1/5 -1/5

-1/4

-1/5

1 -1/4 -1/4-1/4

-1/3

1 -1/5 -1/5

-1/3

-1/3

1

-1/3

-1/3

1

1

1

L matrix, with 2 constrained verticesFigure 4.3: Simple Lapla
ian Matrix. Two red verti
es are 
onstrained.24 LIn�m1In�m2 35p = 24 Æ
1:m1e1:m2 35 (4.9)where m1 is the number of 
onstrained verti
es, m2 number of edited verti
esand the e is the positions of the edited verti
es.Moving verti
es from their original positions, will of 
ourse indu
e errors intothe system, but as a least squares solution is found, it help spread this errora
ross the surfa
e.4.1.7 Detail 
orre
tion methodsThe one major problem with this method for deformations, is that the detailve
tors, Æ, are represented in global 
oordinates, and are therefore not by de-fault, invariant to rotation and s
aling as 
an be seen on �gure 4.4. Some
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e rotations of the mesh, whi
h is not handled by thedefault Lapla
ian re
onstru
tion (see �gure 4.5).
(a) (b) (c)Figure 4.4: (a) A spike (blue detail). (b) The spike has the same global orienta-tion as in (a), and thus is not transformed 
orre
tly, when the surfa
e is rotated.The 
orre
t result is seen in (
).

(a) (b) (c)Figure 4.5: (a) A spike (blue detail). The red point is translated up. (b)The spike has the same global orientation as in (a), and thus is not transformed
orre
tly, when the surfa
e is rotated. The 
orre
t result is seen in (
).The solution to this problem is to somehow rotate the lapla
ian ve
tors a

ordingto the base surfa
e. How this should be done, is still an open resear
h topi
,and below is �rst des
ribed the method used in this proje
t, and then severalother proposals.4.1.7.1 Lipman 04 [LSCO04℄This is the method used in this proje
t. It is a good and simple approa
h,where the detail ve
tors are rotated expli
itly. When edited, the surfa
e is thenre
onstru
ted from these rotated di�erential 
oordinates.The rotations of the di�erential 
oordinates, are done by estimating the rotationsof lo
al frames on a smooth version of the mesh.
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(a) (b)Figure 4.6: (a) Frame at a vertex. (b) Rotated surfa
e, with rotated frame.The lo
al frame at vertex vi is de�ned as fni;uij ;ni � uijg where uij is a unitve
tor obtained by proje
ting one of the edges from vi onto the plane orthogonalto ni (the vertex normal).The simplest way of a

omplishing this following method: Solve the Lapla
iansystem with 0's instead of the Æ 
oordinates in the b ve
tor. This 
reates asmooth surfa
e between the handle and the boundary. The normals are now
al
ulated, and the lo
al frames are 
onstru
ted from these.The Lapla
ian of the given vertex, vi , is now proje
ted onto the three axes of theframe, and these proje
tions are stored. This way the Lapla
ian is representedin a lo
al frame.Now the position of the handle is 
hanged, and by solving the system again withthe right hand side set to 0's, the new orientation of the lo
al frames 
an befound, and thereby the rotated lapla
ians, by using the lengths that were storedbefore.1. Solve with RHS set to 0.2. Cal
ulate original lapla
ians in respe
t to the lo
al frames of the smoothedmesh.3. Move the handle.4. Solve with RHS set to 0.5. Cal
ulate the lo
al frames at ea
h vertex.6. From the lo
al frames of the transformed smoothed mesh, 
al
ulate therotated lapla
ians.



38 Shape Deformation Methods7. Solve using the rotated lapla
ians on the RHS.The above method requires both an extra solve of the system, and then 
on-stru
tion of the frames, whi
h involves 
al
ulation of the smooth normals. So itis a
tually quite 
ostly to do.Another method is to estimate the smooth normals, from the original surfa
e.This is done by averaging the normals of the original surfa
e in some neigh-borhood of around vertex vi. Also the neighborhood normals are weighted bysome weighting s
heme, where Lipman et al propose the polynomial p(t) =2r3 t3� 3r2 t2+1, where r is the radius of the support of the averaging and t is thedistan
e from vi to a vertex vj . This distan
e should be the geodesi
 distan
e,but as this is 
ostly to 
ompute, Dijkstra's algorithm whi
h �nds the shortestpath along the mesh edges 
an be used.
Figure 4.7: A 2D example of smooth surfa
e normals estimation. (a) and (
)show the surfa
e with details and the estimated normals of the underlying smoothsurfa
e. In (a) a naive averaging of the detailed surfa
e normals was used. (b)shows the same normal ve
tors as in (a), but the y 
oordinate of the origin pointof ea
h normal is set to zero. This visualizes the problem of the naive estimationthe resulting normals do not vary smoothly. In (
) we show the result of normalsestimation using weighted average. As demonstrated in (d), su
h estimation leadsto more smoothly varying normals whi
h are 
loser to the real smooth surfa
enormals. (�gure borrowed from [LSCO04℄)When the smooth normals are estimated, they 
an be used to �nd the rotations,and these 
an be applied to the lapla
ian 
oordinates1.4.1.7.2 Other methodsSeveral people has proposed other solutions to this problem, below is a des
rip-tion of the most prominent ones.1This method has not been implemented.



4.1 Lapla
ian Editing 39Yu et al 04 [YZX04℄ It works by applying a transformation to the gradientsof ea
h triangle in the ROI, based on its geodesi
 distan
e from the handle.So 
lose to the handle, the surfa
e re
eives about the same transformationas the handle. The farther away, the smaller part of the transformationis applied to the surfa
e, until it rea
hes the boundary, where no transfor-mation is applied. This su�ers from needing expli
itly de�ned rotations ofthe handle, as it 
an not �nd rotations from a translation (see �gure 4.5).Sorkine 04 [SLCO04℄ Here the basi
 idea is to 
ompute an appropriate trans-formation Ti for ea
h vertex vi based on the unknown deformed surfa
e.These transformations are 
al
ulated together with the new vertex po-sitions in a system of linear equations. This method is reportedly verygood, but is a bit slower than [LSCO04℄ and from the paper it is diÆ
ultto understand all details, and thereby diÆ
ult to implement it.Lipman 05 [LSLCO05℄ is based on a new di�erential 
oordinate represen-tation, and should give totally aÆne invariant 
oordinates. This shouldgive the best possible preservation of details, even under large transfor-mations. It 
onsists of two dis
rete forms; one that is represented by theedge lengths and the angles between the edges of the one-ring, proje
tedonto the tangent plane, the se
ond is the signed distan
e from the one-ringverti
es to the tangent plane. This is a bit 
ompli
ated, but basi
ally it isa better way of representing a vertex from it s neighbors, without the useof global 
oordinates at all. When re
onstru
ting the mesh after a editinga
tion, two system of linear equations is solved: One that re
onstru
tsthe lo
al frames of ea
h vertex, and then one to re
onstru
t the a
tualvertex position from this lo
al frame. This method has one big 
aw; Itrequires the handle to be rotated expli
itly, it 
an not �nd rotations froma translation (see �gure 4.5)Whi
h method is best is debatable, and it is highly dependent on the mannerthe system should be used in. The simplest method is undoubtedly the methodfrom Lipman 04 [LSCO04℄. It is easy to implement, reasonably fast and deliversgood results as long as the deformations are kept relatively simple. For thesereasons it is this method whi
h has been 
hosen for this proje
t, but there is noproblem in repla
ing the method in future works.4.1.8 Solving the Lapla
ian SystemThe re
onstru
tion of the mesh surfa
e using Lapla
ian Editing by solving theLapla
ian system, relies heavily on linear algebra.



40 Shape Deformation MethodsWhen working with the Lapla
ian system des
ribed in the previous 
hapter, it isthe system Lp = b that has to be solved. But when the 
onstraints are added,the system be
omes over determined, and thus has no exa
t solution, and a leastsquares solution must be found. So the least squares system is LTLp = LTb.4.1.8.1 Solving by fa
torizing and ba
k substitutionSystems based on solving the Lapla
ian system, are usually using fa
torizationand ba
k substitution as solving method, as it is by far the fastest method forthis parti
ular problem [BBK℄.Fa
torization and ba
k substitution is a dire
t solving method, where the Lmatrix of a Lp = b system is �rst fa
torized into triangular matri
es, F1 andF2, whi
h 
an be used to solve the system very fast. (see equation 4.10 belowfor an example of a system using a lower-triangular matrix.)In Lapla
ian Editing the handle and boundary is usually de�ned on
e, and thena lot of editing is done using these. This means that as long as the handle andboundary is not re-de�ned, the L matrix is the same. So while editing with agiven handle and boundary, the fa
torization of L 
an be reused, and only thehighly e�e
tive ba
k substitution is performed at ea
h editing step.2664 f11 0 0 0f21 f22 0 0f31 f32 f33 0f41 f42 f43 f44 37752664 y1y2y3y4 3775 = 2664 b1b2b3b4 3775 (4.10)With LU fa
torization for example, the fa
tors FL (lower-triangular matrix)and FU (upper-triangular matrix) is 
al
ulated so that FLFU = L.Then it is the system FLFUx = b that has to solved. This 
an be done in twosteps:1. FLy = b2. FUx = yEa
h of these steps 
an be performed very fast, be
ause in ea
h matrix, FL andFU , there is a row with only one non-zero element. This 'row-equation' 
an besolved as a simple equation with only one variable. This solution 
an then be



4.1 Lapla
ian Editing 41used to 
al
ulate a solution for a row with two elements in the fa
tor, and soforth. This is 
alled solving by ba
k substitution.There exists several of these fa
torization algorithms, but for these kinds ofproblems, LU (L = FLFU ), Cholesky (L = FLFTL) and QR (L = FQFR) arethe most useful.QR is slowest but most numeri
ally stable, and Cholesky is the fastest, but leaststable [BBK℄. Due to its speed Cholesky is used in this proje
t.
4.1.8.2 SparsityA sparse matrix is one where the number of non-zeroes is a lot less than thenumber of zeroes. When a matrix is sparse, it is possible to do some extremelyeÆ
ient 
al
ulations on it.In the Lapla
ian system, when the number of verti
es in the mesh is large, theL matrix be
omes very sparse. An element Lij is only non-zero if vertex vi isa neighbor of vj or that i = j.For example if the mesh has 10.000 verti
es with an average valen
y of 6, Lhas 10.000 rows and 
olumns, with only 7 non-zeroes in ea
h row and in ea
h
olumn, so only 70.000 non-zeroes out of a total of 100 million positions. Noti
ethat in �gure 4.3, the matrix is not sparse, due to the small number of verti
es.Even when solving LTLx = LTb, the matrix L is still sparse. An element LTLijis only non-zero if the two verti
es vi and vj share a neighbor. This is not assparse as before, but still sparse with approximately 19 non-zeroes per row.Also in this form of Lapla
ian Editing we have extended the L matrix to in
ludeinformation about the 
onstraints. This is an additional row per 
onstrainedvertex, where the 
orresponding position of the vertex 
ontains a weighted 
on-stant. But even with this extension, both L and LTL are sparse.The sparsity of the system 
an be utilized. There are several software pa
k-ages available, whi
h are optimized for sparse systems, and they 
an performfa
torizations and ba
k substitutions very fast.



42 Shape Deformation Methods4.1.8.3 Other methods - multigrid algorithmsIn [SYBF06℄ Shi et al. proposes a multigrid algorithm to solve large systems oflinear systems, instead of a dire
t fa
torization.The methods main for
es, are that it does not require the long fa
torizationtime, as the dire
t solvers, and it is also a lot more memory 
onserving. It isstill slower than a dire
t fa
torization if solving several times though, due to thefa
t that in these types of problems, you 
an reuse the fa
torization, and onlydo the ba
k substitution at ea
h step. Also it should be mentioned that, at thisyears Siggraph 
onferen
e the appli
ability of this method was questioned byothers, due to a problem with 
onvergen
e.The reason it is mentioned here, is that it is possible with a multigrid solver,to turn down pre
ision and gain speed in return. This sounds as an interestingpossibility, and should be examined in future works.4.1.8.4 Con
lusionIn this proje
t the fa
torization and solving by ba
k substitution is used, asit �ts the problem really well; the system is fa
torized on
e, and then in ea
hediting frame only ba
k substitution is done. Cholesky is 
hosen as method asit is the fastest and it does not seem to have stability issues in this type ofproblem.When solving by ba
k substitution, ea
h axis is solved separately, so the ba
ksubstitution is performed 3 times with di�erent ve
tors on the RHS. At ea
hediting frame, the ba
k substitution is a
tually performed 6 times; 3 times forthe smoothing step, and 3 times for the re
onstru
tion.This is a
hieved by using a solver pa
kage, TAUCS [TAUCS℄, available on theinternet. It is a sparse solver, and it is very fast.4.2 Other editing methodsIn this se
tion a brief introdu
tion to alternative editing methods is given.Multiresolution editing
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Figure 4.8: Multiresolution: Computes a low-frequen
y base (bottom left) forthe input surfa
e (top left). After sele
ting ROI and handle on the originalsurfa
e (top 
enter), these regions are mapped to the base surfa
e and high-frequen
y details are en
oded (bottom 
enter). Moving the handle 
hanges thebase surfa
e (bottom right), adding the detail information ba
k, results in a
orre
t deformation (top right). (�gure borrowed from [BK04b℄)The basi
 idea, is to 
onstru
t a smooth base mesh from the original mesh, andthen add the details as o�sets ve
tors.The base mesh is 
reated by smoothing the original mesh, to a point where itdoes not 
ontain any details. The lost details are then en
oded in the 
orre-sponding positions on the base mesh.Usually this en
oding of details is done in frames, de�ned lo
ally at ea
h ver-tex. This means that the details are not represented in global 
oordinates, butsolely in relation to the base mesh. This makes it straightforward in regards ofpreserving details, and it is invariant under rotation and translation by nature,be
ause if the surfa
e rotates, the lo
al frames rotate, and then the detail-ve
torsfollows, being en
oded in these frames.Editing is done on the smooth base mesh, where a handle is moved a�e
tingthe ROI. To deform the ROI a

ordingly to the transformation of the handle,an optimization problem is solved, satisfying the �xed verti
es (handle andboundary) and keeping the surfa
e of the base mesh smooth. Now, on thedeformed mesh, the lo
al frames are re
omputed, and the details, representedin these, are added to the base mesh.



44 Shape Deformation MethodsThe disadvantage of this method is that the details have to be de�ned expli
itly;the mesh has to be smoothed, and then the 
onne
tion between the removeddetails and the base mesh has to be made. And sometimes many levels of detailmay be required, to get a proper result in meshes with 
omplex details. That isif the di�eren
e between the original and the base mesh is more than just o�setsof the verti
es, then several levels are required.This type of editing is mainly developed by Leif Kobbelt, who in [Kob98℄ and[Kob99℄ des
ribes a te
hnique to perform multi-resolution editing, using smooth-ing to 
reate the base mesh, and en
ode the detail levels lo
ally in fa
e-basedframes.In [BK04a℄ and [BK04b℄, Bots
h and Kobbelt brings multi-resolution editingup to date. First by in
luding a freeform modeling metaphor as des
ribed inse
tion 2.3.1, and then by making the method even faster by �rst remeshing thebase-mesh, and then by using some of the newest Linear Algebra pa
kages (likeTAUCS) to solve their systems.Realtime editing using Radial basis fun
tions Bots
h and Kobbelt presents

Figure 4.9: Spa
e deformation: Opening and 
losing the mouth of the Dragon.This model 
ontains holes and degenerate triangles. (�gure borrowed from[BK05℄)a method in [BK05℄, that uses radial basis fun
tions to make spa
e deformations.The idea is to move a handle, 
onstrain a boundary, and then let all verti
es be-tween these to areas, be transformed by a fun
tion that interpolates the transfor-mations of the handle and the stationary boundary. This interpolation fun
tionis 
reated using radial basis fun
tions.This has been done before, but one of the main improvements over earlier works,
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h & Kobbelt uses r3 as basis fun
tion. Using this global fun
tion,gives a mu
h ni
er result, but it also slows down the 
al
ulations a lot 
omparedto simpler fun
tions. To 
ompensate they present several optimizations, andwith these they have been able to greatly improve the speed of their system:They use an in
remental QR (IQR) solver, to get an approximating solution,instead of the interpolating you would get by solving it dire
tly. It speeds upthe 
al
ulations hugely, with almost no visual eviden
e.They also found a method to pre-
ompute the basis fun
tion, by utilizing thatit is known, that only the handle is transformed, and the boundary is �xed.With the IQR solver and the pre-
omputed basis fun
tion, the bottle ne
k endedup being updating the mesh; re
al
ulating the normals or tangent axes (for pointbased models). So they implemented these fun
tions for mesh updating, on theGPU.When the above improvements is implemented, their results and timings, showsan extremely fast system, 
apable of deforming several hundred thousands ver-ti
es at intera
tive frame rates. For example it should be able to pre-
ompute aROI of 880k verti
es in 16s and ea
h editing a
tion in 0.030s ([BK05℄ table 1).The speed of this method is making it very interesting, but it has big problemswith the orientation of the details in some 
ases. Also how it will handle a more
omplex region of interest with many handles is an open question.Dual Lapla
ian Editing for Meshes [ATLF06℄ This is yet another new pro-posal to solve the orientation problem for the detail ve
tors. Their 
ontribution
onsists of two parts; The �rst is the realization that using a dire
t solver tore
onstru
t the surfa
e in a single step is not going to produ
e the best results,as the orientation of the detail ve
tors are dependent on the resulting underlyingsurfa
e and vi
e versa. So they propose an iterative method to approa
h the�nal solution in smaller steps. Their se
ond 
ontribution is to perform all thison the dual mesh ([Tau01℄). This gives a mesh stru
ture whi
h is mu
h moreuniform, where all verti
es have a valen
y of 3, and should therefore give mu
hmore stable results.This of 
ourse sounds very good, espe
ially the idea about using the dual mesh to
orre
t bad meshes, but their problem lies in the iterative solver. It is probablygood to 
reate poses, but in intera
tive appli
ations using large meshes, a singlestep of a dire
t solver is slow enough already. Iterating between 10 and 50 timeswill make the system just as many times slower, so unless working with smallermeshes it is not an option.



46 Shape Deformation MethodsPriMo: Coupled Prisms for Intuitive Surfa
e Modeling [BPGK06℄ A

Figure 4.10: Height of the prisms 
ontrols surfa
e sti�ness and thereby thebending of the model. (�gure borrowed from [BPGK06℄)new and very interesting method for 3D shape modeling that 
laims to a
hieveintuitive and robust deformations.It emulates physi
ally plausible surfa
e behavior inspired by thin shells andplates, by extending the surfa
e to volumetri
 prisms, whi
h are 
oupled throughnon-linear, elasti
 for
es.To deform the mesh, prisms are rigidly transformed to satisfy user 
onstraintswhile minimizing the elasti
 energy. The rigidity of the prisms will preventdegenerations even under very large deformations.The parameters of the elasti
 energy 
an be 
ontrolled by the user, who thereby
an 
ontrol how the surfa
e should deform.It is a mu
h more 
omputational demanding method than the other works,but it o�ers an improved robustness and the ability to handle very 
omplexdeformations.
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Chapter 5 The idea
In this thesis a new animation framework is proposed.To deform meshes, a handle stru
ture is used as a form of mesh-based skeletonand Lapla
ian Editing is used as a skinning method.This setup 
an be used to obtain di�erent poses of a model, whi
h 
an beexported, used in keyframe animation or used in the animation system proposedhere.The animation is done by using an example based inverse kinemati
s method,whi
h 'learns' good poses from prede�ned example poses 
reated by the user.5.1 OverviewThe very �rst step in the pipeline is to 
reate the model, whi
h is to be animated.This 
ould either be done by using a traditional modeling tool like 3D Max, butthe main for
e of this method is dense plain models obtained from a 3D s
anner.When having s
anned the model, holes must be �lled and errors 
orre
ted. Thisis usually a

omplished using software bundled with the s
anner.



50 The ideaThis thesis will not 
over this pro
ess other than a des
ription of a s
an work
owin appendix C.The main work
ow an animator goes through after having obtained the modelis: 1. Setup of the handle stru
ture2. Create the example poses3. Animating / posing5.2 Setup of handle stru
tureThe handle stru
ture is the ba
kbone of the system. It is a
ting as a mesh-basedskeleton, whi
h the user 
an manipulate. The stru
ture 
onsists of handlespainted onto the surfa
e of the model, ea
h with a user-de�ned rotation 
en-ter. The handles are 
reated individually, with no expli
it 
onne
tivity betweenthem.After the model is loaded, the �rst step, is for the user to 
reate this stru
ture.Ea
h handle should be 
reated so it 
ontains all verti
es in a rigid area. Thenthe rotation 
enter is positioned. It is around this that all rotations of thishandle is 
entered, so it is working as a joint.This will be explained in detail in se
tion 6.2.5.3 Create posesThe user 
an manipulate the handles using forward kinemati
s, either one atthe time, or bundle them together, to 
reate the desired pose.Also the user has the option of using a developed feature 
alled Detail Deforma-tion Layer, whi
h enables details like mus
le bulges and wrinkles, to be s
ulptedfor a given pose.Several of these poses should be 
reated as examples to be used in the animationstep.



5.4 Animation 51This editing pro
ess will be explained in se
tion 6.3 and 6.4.5.4 AnimationThere are two di�erent animation systems implemented in this method: A sim-ple keyframe animation and the main method using examples and 
onstraintsto 
reate a sort of inverse kinemati
s system.The keyframe system is using a simple animation s
heme to interpolate fromone example pose to the next. This is useful to test a 
reated pose sequen
e, orif the goal is simply a keyframe animation.As dis
ussed before, keyframe animation is not 
exible. If for example you havea keyframe animation to enable a 
hara
ter to walk straight, you would need to
reate a totally di�erent animation if it should walk up a stair, and then swit
hbetween these.To 
reate a more 
exible system, another type of animation must be used. Anexample based dynami
 animation system is a good alternative, as it avoidsphysi
ally based 
onstraints by letting the animator de�ne a spa
e of goodposes.In the example based system, the user adds some positional 
onstraints to oneor more of the handles of the model. The system then uses the examples 
reatedby the animator, to 
reate a new pose whi
h �ts the 
onstraints best possible.The example system also 
ontains fun
tionality to add paths to the 
onstraints.This way their positions be
omes time dependent and thereby it is possible to
reate a moving real time animation.How these systems are 
onstru
ted is explained in 
hapter 7.
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Chapter 6Shape Deformation System
6.1 Introdu
tionFirst step towards animation, is to be able to deform a mesh. In this 
hapter,the shape editing system whi
h is responsible for this, is explained.Lapla
ian Editing as des
ribed in se
tion 4.1, is a simple but powerful way ofdeforming arbitrary meshes, and therefore it is the method 
hosen to be one ofthe 
ore elements in the proposed method.The way Lapla
ian Editing is used however, is slightly altered. In previousworks, the handle and boundary is relatively far apart, and the larger innerarea is then deformed. But when deforming for example a 
hara
ter, large partsof the model should remain rigid, and only parts around the joints are usuallydeformed.So here the usual Lapla
ian Editing metaphor is extended, to in
lude severalhandles, 
overing the rigid parts of the model as des
ribed in se
tion 2.3.1.These 
an then be manipulated, either one at the time, or in groups, to a
hievethe desired pose.The next se
tion will 
over the aspe
ts of the handle stru
ture, and then the
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Rigid areas

Deformable areasFigure 6.1: Only blue part around the joint needs to be deformed. The red isrigid.deformations using Lapla
ian Editing is explained. After this, exa
tly how thedeformations of the handles are done is explained, and �nally a se
tion 
ontain-ing performan
e 
onsiderations is presented.6.2 Handle Stru
tureThe idea behind the handles in this proje
t, is that the user 
an manipulatethem to 
ontrol the deformation of the model. So a handle for ea
h deformablepart must be 
reated. As des
ribed in the previous se
tion, the handles should
over the large rigid areas of a model (as seen on �gure 6.1). So the handles area
tually used to de�ne whi
h parts of the mesh is rigid and whi
h is not, andthereby determines how the mesh deforms.There are several other important 
onsiderations regarding the handle stru
tureand the handles themselves: They should be easy to 
reate, easy to manipulate,but they should at the same time 
ontain and store enough information to 
reategood animations in the end.6.2.1 A Mesh-based SkeletonThe handle stru
ture used in this proposed method, as a repla
ement of a tra-ditional skeleton, is represented dire
tly on the surfa
e. This means that there



6.2 Handle Stru
ture 55is no need of an extra geometri
 stru
ture to represent any bones.The user simply sele
ts the verti
es to be part of a rigid handle by paintingdire
tly on the surfa
e. This makes a very user friendly and fast setup pro
ess.The only thing needed for ea
h handle is a rotation 
enter, a joint, whi
h theuser must pla
e. When the handle is a�e
ted with a rotation, its rotation 
enteris used to de�ne a rotation axis for the rotation1.
Rotation Center

Handle surface

Handle Bounding Box

Free vertices

Figure 6.2: An example of a handle stru
ture set up on a regular 
hara
termodel.When the handles are de�ned for the rigid parts, and the rotation 
enters arefun
tioning as joints, the stru
ture is beginning to resemble a traditional skeletonstru
ture. Although a traditional skeleton was not wanted, they still have somegood features like being able to imitate a real body, and therefore is very intuitiveto use.But 
ompared to skeleton based systems, this method has one huge advantage;there is no need for skinning. This 'mesh-based skeleton', the handle stru
ture,is painted dire
tly on the surfa
e, and thereby there is no need of a 
onne
tionbetween a skeleton and a mesh. When skinning in a traditional system, therelies a huge amount of work in 
onne
ting all the verti
es with the 
orre
t bones,to make them deform in a natural fashion.1Unless several handles are sele
ted, will be explained in se
tion 6.4



56 Shape Deformation SystemThe handles are also more 
exible than a skeleton, as they are not dire
tly
onne
ted, they 
an be 
reated wherever there is a need for one, and they 
anbe a�e
ted one by one or in a group.6.2.2 Flexible handle hierar
hyIf a human model is rigged with a handle stru
ture in the traditional bonesfashion, then it should not be possible to edit the upper arm without the lowerarm follows. This problem 
an be solved using a handle hierar
hy, de�ning aset of se
ondary handles for ea
h handle.But su
h a �xed hierar
hy is perhaps not always wanted. For example if thehandles are setup to make animations like fa
ial expressions, it should be possibleto edit the handles one by one.The 
hosen solution is to have the user de�ne a hierar
hy at ea
h deformation.So the user sele
ts a main handle, then he sele
t the se
ondary handles whi
hshould be subje
ted to the same transformation. When doing a deformation,the transformation is added to ea
h handle.To gain the advantage of a �xed hierar
hy (a faster sele
tion pro
ess), the useris given the possibility to save a set of se
ondary handles for ea
h handle. Sowhen the user sele
ts a handle, he 
an 
hoose to sele
t just that handle or toalso sele
t all stored se
ondary handles. This speeds up the pro
ess of sele
ting,espe
ially if a deformation requiring many handles are wanted.When editing multiple handles at on
e, it is important that things like rotation
enters, and rotation axis, are transformed along with the handles. This topi
of rotating parts will be dis
ussed more in se
tion 6.4.6.2.3 Size of handlesThe user is left with a 
hoi
e on how large the handles should be. Larger handlesis in
reasing the frame rate as the surfa
e that needs to be re
onstru
ted byLapla
ian Re
onstru
tion is redu
ed (this will be explained in se
tion 6.5.1).Also with large handles like in �gure 6.2, the user has better 
ontrol of wherethe deformation should o

ur. Still there must be enough spa
e between thehandles to ensure a de
ent transition (see se
tion 6.3).If a smaller handle is 
hosen, only just marking the rigid areas, more of the
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ture 57surfa
e is de�ned by the Lapla
ian Editing, and is then not rigid. Also thespeed of the system will be a�e
ted negatively as the Lapla
ian system grows.Using small handles has the advantage of 
reating a more smooth transitionbetween the handle and the free parts, as there is more surfa
e to work withso to speak. But this also requires a lot of the model whi
h is being edited; itmust 
ontain some natural bending pla
es in the joints. If these areas are notwell de�ned, the deformation will be spread a
ross a larger area, resulting in aless realisti
 deformation. This is illustrated on �gure 6.3.
Figure 6.3: Left: Large handles. Right: Small handles. It 
an be seen that withwell-de�ned large handles results are better than when using small, even thoughthis model has well de�ned deformation zones (narrow at joints).6.2.4 Weighted handle verti
esThe method also supports assignment of weights to individual handle verti
es.So that a weight of 0 makes the vertex a
t as if it was not part of a handle,when the weight is in
reased the vertex be
omes more and more rigid until itrea
hes 1 whi
h is the default; totally rigid. This gives the user possibility to�ne-tune the deformation in a 
ertain area.It is not ne
essary for the user to use this feature, as the results will usuallybe �ne without, but it gives the user more possibilities if needed to a
hieve adesired e�e
t.
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(a) (c)(b)

WEIGHT

1.0

0.0Figure 6.4: From left to right: 1. After box sele
tion 2. Fine painting thehandle 3. Changing weights of handle verti
es (yellow is less than 1.0).6.3 Deforming soft surfa
eOne of the main obje
tives in this proje
t was to avoid the diÆ
ult skinningpro
ess present in traditional skeleton based animation. But still, the transitionareas between the handles, the soft surfa
e, have to deform in a realisti
 fashion.The verti
es, whi
h are part of a handle, are deformed by any transformationmade to the handle stru
ture, so this part of the surfa
e is de�ned dire
tly bythe transformation. But the handle stru
ture does not o�er a solution to thefree verti
es between the handles.A simple solution would be to make all the verti
es part of a rigid handle, butthis would give some very bad stret
hing and self-interse
tions around the joints(�gure 6.5a).So a band of free verti
es are needed between the handles, whi
h is responsiblefor 
reating a smooth transition between the handles (�gure 6.5b).In a skeleton based system these verti
es would be given weights by the user,to several bones to make a realisti
 smooth blend. But by using the Lapla
ianEditing framework this 
an be managed automati
ally.As explained in se
tion 4.1.2, re
onstru
tion using the Lapla
ian 
oordinates,
an deform the free verti
es of a region, given the positions of some boundaryverti
es and the edited positions of handle verti
es.This 
onforms with the handle stru
ture of this method, using the transformed
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(a) (b)Figure 6.5: (a) Surfa
e only 
onsists of handles (red part). (b) A band of freeverti
es (blue part) are pla
ed between the handles. (b) gives a mu
h betterdeformation (right)handles as handle, stationary handles as boundary 2, and all non-handle verti
esas free verti
es in the lapla
ian system.The Lapla
ian system is 
reated using this setup, and when solved the resultgives the deformed positions of the free verti
es. This method gives a realisti
transition between the handles, where details on this surfa
e is preserved bestpossible when deformed.

Figure 6.6: Details present in the free region, is preserved under deformation.In this proje
t Lapla
ian Editing as proposed in [LSCO04℄ is used (as 
on
ludedin se
tion 4.1.7). Several other methods 
ould have been used, but this parti
ularmethod o�ers a simple solution, whi
h performs well and is relatively fast toimplement.This method to re
onstru
t the free verti
es from the position of the handles,will be referred to as Lapla
ian Re
onstru
tion in the following 
hapters.2In pra
ti
e there is no di�eren
e between boundary and handle verti
es, so the handlesare treated the same, no matter if they are transformed or not. Their indi
es are used in theLapla
ian matrix, and their positions are used in the right hand side ve
tor.



60 Shape Deformation System6.4 DeformationsIn the above se
tion it was explained that by transforming the handles andthereby the verti
es in the handles, and thereafter using Lapla
ian Re
onstru
-tion to deform the free verti
es, it is possible to 
reate a new pose for a model.In this se
tion it is de�ned how the deformations are done.The user must �rst a
tivate the handles he wants to manipulate, by �rst sele
tinga main handle, and then some optional se
ondary handles3. For example if thewhole arm should be raised, the main handle should be the upper arm, and these
ondary handles would be the lower arm and the hand.
Main handle

Secondary handles

Figure 6.7: Example of main and se
ondary handles.When the handles have been a
tivated, they 
an now be manipulated by drag-ging them. All a
tions take pla
e in a plane parallel to the s
reen. Possiblea
tions are translation and rotation.Rotations are done using an axis orthogonal to the s
reen, going through therotational joint of the main handle. It is visualized in �gure 6.8 and the methodis des
ribed in detail in algorithm 1.3This is due to the la
k of a �xed handle hierar
hy, see se
tion 6.2.2



6.4 Deformations 61Translation is simply moving the handle in the plane parallel to the s
reen in adire
tion 
orresponding to the input of the user.The verti
es in the handles are a�e
ted dire
tly by the transformation 
reated,and then the soft surfa
e is re
onstru
ted using Lapla
ian Re
onstru
tion, end-ing up with a new pose with ni
e and smooth transitions between the handles.
Rotation Joint

Original mouse position

New mouse position

V1

V2

α

Figure 6.8: The ve
tors v1 and v2 is found and the rotation is 
reated fromthese.
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al
 rotationRequire: mousePos;mainHandleIdoldPos = getHandleCenter(mainHandleId)rotationCenter = getHandleRotation
enter(mainHandleId)
onverttoS
reenCoords(oldPos)oldPos:z = getS
reenZ(rotationCenter)
onverttoWorldCoords(oldPos)newPos = mousePosnewPos:z = getS
reenZ(rotationCenter)
onverttoWorldCoords(newPos)v1 = oldPos� rotationCenterv2 = newPos� rotationCenterQ = makeRotation(v1; v2)rotateA
tiveHandles(Q;mainHandleId) // fun
tion rotating handles usinga Quaternion.6.4.1 Detail Deformation LayerInspired by Pose Spa
e Deformation [LCF00℄, a fun
tionality to s
ulpt the sur-fa
e of the individual poses has been in
luded in this method.It has not been not fully implemented, as it was not the main obje
tive of thethesis, but a proof a 
on
ept method has been made to test the possibilities.The Detail Deformation Layer is an extra layer of information in ea
h pose,giving the user an additional possibility for editing smaller details. It allowsthe user to add an o�set in the normal dire
tion for ea
h vertex on the surfa
e.This is useful for mus
le bulges, wrinkles and other surfa
e artifa
ts whi
h 
anbe en
ountered when animating.These o�sets a
ts as an independent layer, and is not a�e
ting the 
al
ulationson the handle stru
ture, or the Lapla
ian Re
onstru
tion. It 
ould probably bemore eÆ
ient if in
orporated better into these systems, but as it is a proof of
on
ept method, it was a priority, that it did not alter the results of the originalmethod.A
ting as a separate layer, it requires attention regarding the normals, as thelayer will a�e
t the way the model should be lighted. This means that theoptimizations regarding lighting normals (
oming in se
tion 6.5.2) 
an no longerbe applied, and the normals must 
al
ulated from s
rat
h. Maybe a solution for
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an be found in future work.This method requires though, that the surfa
e is relatively detailed, as it is notpossible to add additional verti
es.6.4.2 Saving the transformationsThe poses the user 
reates must be saved as example poses for use in the ani-mation or later retrieval. This se
tion is about what should be saved.First question is: Should the parameters of the transformation be saved, or isit enough to save the spe
i�
 transformation matrix?Just saving the transformation matrix would sure be ni
e, as it is 
ompa
tand simple. But this will make it diÆ
ult to interpolate between poses lateras it is not easy to linear 
ombine transformation matri
es, though it 
an bedone. Usually it is done using spheri
al linear interpolation of quaternions(SLERP) or linear interpolation (LERP), but they are not perfe
t: SLERPis la
king 
ommutative abilities, and LERP does not ensure 
onstant angularvelo
ity (meaning that 0.5*Rotation is not a
tually half of the rotation) [BBM℄.In [Ale02℄ Alexa proposes a new method to 
ombine transformations using anexponential map whi
h looks promising, but is relatively slow.Fortunately the problem 
an be simpli�ed, as we know exa
tly what the user did,transformation-wise, to 
reate a given pose. This means that there is no need forspending time �nding the rotation between two positions, as it is already given.So instead of interpolating matri
es, the spe
i�
 rotation angles and translationdistan
es 
an be interpolated. This means that all the steps the user took shouldbe saved as transformation parameters, to 
reate a transformation history, whi
hwill help give a very eÆ
ient interpolation later (will be dis
ussed in se
tion 7.2),with the same qualities as SLERP; 
onstant angular velo
ity and following thebest path. Unfortunately, like SLERP, the method is not 
ommutative, meaningthe order of rotations 
an in
uen
e the out
ome (more on this in se
tion 7.2.2and 7.5.6).When a handle is rotated or translated, the parameters of this transformationare saved. For rotation the parameters stored are:� Rotation axis� Rotation angle
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enter used� List of handles a�e
tedand for translation:� Translation ve
tor (dire
tion and distan
e)� List of handles a�e
tedThe spe
i�
 
oordinates of the rotation 
enter for the given transformation 
annot be saved as it is dependent on any transformation applied before. Instead theid of the rotation 
enter is saved, this makes it invariant to other transformationsapplied.The rotation axis is also dependent on previous transformations, so it is de�nedrelatively to the handle, by representing it in a lo
al frame 
reated at ea
hhandle.It should be noted that these stored transformations are not spe
i�
 for thegiven model, but 
an be applied to any model, as long as it is using an equalhandle stru
ture, and the models global orientation is the same. This is veryuseful for transferring animations from one model to another.When storing the parameters themselves and not just the transformation ma-tri
es, it be
omes very easy to blend examples. This is the topi
 of se
tion7.2.6.5 Performan
e optimizationsAlthough performan
e has not been the main obje
tive in this proje
t, severalsolutions have been 
onsidered or implemented to improve on this area.6.5.1 Lapla
ian Re
onstru
tionOne of the main problems in using Lapla
ian Re
onstru
tion as skinning, is thetime it takes to solve the huge systems of linear equations. It is relatively fast,but it is still the bottlene
k of the system by a large margin. Several solutionshas been 
onsidered to optimize this part.



6.5 Performan
e optimizations 65One 
onsideration was that during editing, the quality of the mesh should notbe of high priority. It 
ould be a

eptable to work on a de
imated mesh, or onlysolve the system for a subset of verti
es, and re
onstru
t the rest using a moreeÆ
ient method.But at the moment the system 
an handle more than 20k verti
es in an a

ept-able frame rate, so it was not a priority to implement su
h a multi-resolutionsystem, as it would 
ompli
ate the system further.Another optimization idea has been su

essfully implemented; the position ofthe verti
es, whi
h are part of a handle, is a
tually 
al
ulated twi
e: Firsttime when the handle is transformed, and the se
ond time when the surfa
eis re
onstru
ted using Lapla
ian Re
onstru
tion. This is not optimal, but thehandle verti
es 
an not be taken 
ompletely out of the equations, as they helpsolve the Lapla
ian system (se
tion 4.1.5).But at least the number of handle verti
es used in the system 
an be greatlyredu
ed. The redu
tion should not be random, but should leave a band ofverti
es at the handle edge, 
onne
ted to the free verti
es. This will remove allthe verti
es in the inner handles, and leave the edges, whi
h should be enoughto solve the system. See �gure 6.9 for illustration.This redu
tion is done in the prepro
essing step, all handle verti
es are exam-ined, and a narrow band of handle verti
es are found at the edge of ea
h handle.
Free vertices

Inner handle vertices

Border handle vertices

Figure 6.9: The green part of the surfa
e 
an be left out of the 
al
ulations.First a width of one vertex was tried, but it made the surfa
e very unstable, and



66 Shape Deformation Systemresulted in a malformed obje
t as shown in �gure 6.10. When in
reasing thewidth to two verti
es, the stability was immediately restored, and the result wasas good as when using all verti
es. In 
ertain 
ases, a wider band of verti
es areneeded to avoid unwished deformations of the mesh, but when using a standardhandle setup as in �gure 6.10 2 is usually enough. Note that if weights smaller
(a) (d)(c)(b)Figure 6.10: (a) Original method. All handle verti
es used. (b) 1 vertex widthband. Noti
e the shrinkage of the blue surfa
e. (
) 2 vertex width, almost nodi�eren
e. (d) 3 vertex width, no di�eren
e.than 1 are used on handle verti
es, these verti
es must be in
luded in the systemas well. So it is an advantage having large totally rigid areas in the inner partsof the handles.The redu
tion in number of handle verti
es used, has two advantages; First theLp = b system is redu
ed a

ordingly, whi
h 
an be as mu
h as a fa
tor 4, andse
ond the time 
onsuming pro
ess of 
al
ulating the smooth frames (se
tion4.1.7) of ea
h vertex, need only to be run on the used verti
es. For example,using a model with 12770 verti
es, with the normal method we would get a frametime of approximately 0.25s and when using a 2-vertex boundary as handle, thiswas redu
ed to around 0.084s (table 6.1). A redu
tion of almost 70%.NR Des
ription Matrix size Frame time1 All 12770x22925 0.244s2 Band 3 verti
es 4803x6991 0.095s3 Band 2 verti
es 4197x5779 0.084s4 Band 1 verti
es 3465x4315 0.069sTable 6.1: Frame times for di�erent band-widths (12770 verti
es in model)6.5.2 NormalsWhen deforming a model, the normals of the surfa
e 
hanges. These must beupdated to provide the user with an a

eptable view of the deformation, as these
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e optimizations 67Des
ription Frame time Cal
ulate normals1 No normal updating 0.088s -2 Cal
ulate all normals 0.193s 0.105s3 Rotate ROI normals 0.157s 0.069s4 Rotate all normals 0.095s 0.005sTable 6.2: Timings on normal updating (12770 verti
es in model, 4197 in ROI)are used to 
al
ulate the lighting of the model.A straightforward solution is of 
ourse to 
al
ulate the normals at ea
h 
hange,but this is unfortunately very slow, as it �rst must �nd all neighboring fa
es,
al
ulate these fa
e normals, and then average these into a vertex normal.An idea for optimization was to use the newly rotated Lapla
ian ve
tor, as itapproximates the normal dire
tion. A problem with this is that it is unknownwether the lapla
ian is pointing inwards or outwards, and also it is not alwaysa good enough approximation.A better solution, whi
h has been implemented, is that the normals for theROI verti
es (free verti
es and the handle verti
es used in the 
al
ulations,see se
tion 6.5.1), are not re
al
ulated dire
tly, but are rotated using the lo
alsmooth frames, together with the Lapla
ians as des
ribed in se
tion 4.1.7.1.Noti
e that the smooth normals for the lo
al frames must still be 
al
ulated,the optimization is only valid for the detailed surfa
e normals used for lighting.A further improvement is to improve the updating of the normals of the innerhandle verti
es, whi
h is not in
luded in the ROI verti
es, as well. But as theseare not in
luded in the linear system, a smooth frame 
annot be found easily.The best idea for these verti
es, is to use the transformations applied to thehandle, to transform4 the normals as well. This has also been implemented; itis very fast, and works well.In table 6.2 the progress in the 
ost of updating normals are presented. Itshows a huge performan
e boost, by rotating the normals together with thelo
al frames and the handles. The 
ost is redu
ed to under 5% of the 
ost to
al
ulate them, and is only taking around 5% of the total frame time.
4Only rotation is applied to the normals, as translation does not a�e
t them and s
alinghas not been implemented.
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Chapter 7 Animation System
In the previous 
hapter, it was explained how the proposed method handlesdeformations of a model. Using this method, example poses should be made,and these 
an now be used to 
reate animation. How the examples are used isthe topi
 of this 
hapter. It 
onsists of six se
tions:Introdu
tion This se
tion 
ontains a list of de�nitions, and explanation ofimportant terms.Blending A se
tion on how blending of poses is a
hieved.Example based animation A des
ription of the example based animationsystem proposed here.Obje
tive fun
tion Dis
ussion on what obje
tive fun
tion des
ribe a goodpose.Optimization method Dis
ussion on how to 
reate a fun
tion for optimiza-tion of the obje
tive fun
tion.Animation How it is put together to 
reate animation.



70 Animation System7.1 Introdu
tionThe overall idea is that the example poses 
reated by the suer, a
ts as 'good'poses, whi
h the system 
an learn from, to 
reate a larger pose spa
e. Theposes in this new pose spa
e is all possible blends of the example poses, whereea
h pose 
an have a weight between 0 and 1. An obje
tive fun
tion is then
onstru
ted to be able to evaluate a pose, obtaining a value for how good it is,
ompared to the initial examples.When the pose spa
e is 
reated, the user 
an add positional 
onstraints to thehandles, and then the system will sear
h the pose spa
e for the best suitablepose, to satisfy these 
onstraints.The main inspiration for this method is Mesh-based Inverse Kinemati
s,MeshIK[SZGP05℄, where example poses 
an be interpolated and 
ombined. MeshIK hastwo main disadvantages both originating from working on individual triangles:It is slow, and blended poses 
an appear very distorted as shown on �gure 3.2.But as explained in 
hapter 6, the proposed method in this proje
t is based onhandles, whi
h ea
h 
onsist of a bundle of rigid verti
es. The handle stru
ture
an then be seen as a graph, where ea
h handle is a node, 
ontaining a part ofthe mesh. This 
an be used to improve on the short
omings of MeshIK.In MeshIK the poses are de�ned by the transformation of individual triangles,but if the poses instead was de�ned by the transformation of the nodes in agraph like the handle stru
ture, a pose will have a mu
h smaller dimension.This will lead to a simpler pose spa
e, and a sear
h in this pose spa
e will bemany times faster than presented in MeshIK.Using the handle stru
ture will also help 
reate more realisti
 deformations,when blending poses (in 
ontrary to MeshIK, see �gure 3.2), as it de�nes therigid and soft areas, and thereby the deformation zones.So this idea has been utilized to 
reate an example-based animation systemwithout the downsides of MeshIK.



7.1 Introdu
tion 717.1.1 De�nitionsSymbol Des
riptionp Pose.P The pose spa
e, poses de�ned using the examples E.e Example pose. Consisting of a list of transformations.E Set of example poses. All examples the user has 
reated.h Handle. A 
olle
tion of verti
es, with a rotation 
enter.H Set of handles on the model.
 Constraint. Target 
onstraint for a handle. A position in spa
e.C Set of a
tive 
onstraints.w Weight of an example.W Set of weights, usually one for ea
h example.t Transformation de�ned by parameters and a�e
ted handles.k Weighting 
onstant, used to apply weighting to an energy term.Table 7.1: De�nitions for use in this 
hapter7.1.2 Set of examplesAs the method is example based, an animation needs a 
olle
tion of examplesto work. These are 
reated using the editing method des
ribed in 
hapter 6.Whi
h examples and how many should be 
reated, depends on what kind ofanimation is wanted.If for example a walk animation is needed, it is best to 
reate the examples tode�ne the usual walk 
y
le on �gure 7.1, [WALK1℄ and [WALK2℄. Su
h a set
an be extended though, for example with poses de�ning how to walk on stairs.It is best not to add examples whi
h 
ould 
on
i
t with the others, as this 
anlead to unwanted animation results.
Figure 7.1: Walk 
y
le, �gure borrowed from [WALK1℄.



72 Animation SystemIf one wants a more general animation, with possibilities to 
reate all kinds ofanimations, another possibility is to 
reate examples of the extreme poses of thedi�erent limbs. For example; Leg all forward, leg all ba
k, leg to the side, legbent at knee. These 4 examples should be enough to de�ne all positions a leggenerally 
an have. So for all 4 limbs (arms and legs) this means 16 examples,plus eventual examples to 
ontrol the head, torso, feet and hands.This pro
edure is mu
h more general than the walk 
y
le above, and as su
hrequires more examples, whi
h means longer setup time and longer sear
h time.Also it 
an be mu
h more diÆ
ult to a
hieve ni
e results, be
ause the goodposes are not 
learly de�ned. This problem will also be mentioned in the nextse
tion Constraints.Examples of the two types of example sets 
an be seen on �gure 9.10 (set A, asequen
e) and �gure 9.11 (set B, extremes).
7.1.3 ConstraintsThe animation system is using 
onstraints on some of the handles, a
ting astarget positions. The user a
tivates 
onstraints on a handle and move the target.The system will then update the pose of the model, to �t this 
onstraint as goodas possible.A 
onstraint for ea
h handle 
an be set, but the strength of this proposed methodis that it is not needed for all handles. Using the examples and some obje
tivefun
tion des
ribed in the se
tion 7.4, one or two 
onstrained handles 
an manytimes be enough to de�ne the spe
i�
 pose.If the examples are 
reated as extreme poses (see the previous se
tion), it takesmore 
onstraints to rea
h a wanted pose, due to the examples de�ning extremeposes rather than good poses (see �gure 7.2). When the number of 
onstraintsin
reases, the 
omplexity and requirements for the user inputs grows as well. Inthis 
ase, data like motion 
aptured data, would be a great help.In general it be
omes more diÆ
ult, requiring more 
onstraints, to 
reate arealisti
 animation, the more general the examples are made.
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(a) Set A (b) Set B (c) Set BFigure 7.2: (a) With set A (examples of walk poses) it is possible to get a goodwalk pose using only 1 
onstraint. (b) This is not possible with set B (examplesof limb extreme extends). (
) For set B it takes 4 
onstraints to get the sameresult. The example sets A and B 
an be found in se
tion 9.2.1
7.2 Blending posesThe �rst requirement to the animation system, is to be able to blend two ormore pose examples, to form a new pose.A simple linear blend between vertex positions is possible, but unless the poseexamples are 
losely related, the overall shape of the mesh 
an be heavily dis-torted during rotations, as shown on �gure 7.3. As the method should be ableto blend arbitrary poses, with no pre
onditions, a linear vertex blend is not ad-equate. It would have been suÆ
ient if the only transformation was translation,but in animation rotations are most 
ommonly used.When interpolating rotations, interpolation of the angles of the rotations iswanted. So additional information besides positions of the verti
es, are neededfor ea
h example. As the user de�nes a pose by transforming the handles, it isobvious to store these transformations as the examples as dis
ussed in se
tion6.4.2.
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(a) (b)Figure 7.3: (a) Vertex morphing using linear interpolation. (b) Angle interpo-lation7.2.1 Loading an example poseWhen having all the transformation parameters, it is easy to load an example,and also for example, to load 'half of' of the example, by applying a weight of0.5. 'Half of' an example is de�ned with a 
onstant velo
ity in mind, so half ofa translation, is simply half of the translation distan
e, and half of a rotation,is half of the angle around the same axis.It is a

omplished as shown in algorithm 2 loadExample1.Ea
h handle has a transformation matrix,M, stored, whi
h initially is an iden-tity matrix, meaning no transformation. When an example is loaded, all itstransformations are 
onverted to transformation matri
es, and multiplied withthe matri
es of the handles they a�e
t.The resulting M matrix in ea
h handle, 
an be applied to all verti
es in thehandles. The rest of the surfa
e 
an then be re
onstru
ted using the Lapla
ianRe
onstru
tion method as when 
onstru
ting poses in the previous 
hapter.1This 
ode written here, is only for the 
ase of rotation, but translation is pretty mu
h thesame.



7.2 Blending poses 75Algorithm 2 loadExample - only for rotationsRequire: weight w; example e; handleset Hfor ea
h transformation t in e do//extra
t parameters from t:angle = w � t:angleaxis = toGlobalCoords(t:axis)rotation 
enter = H(t:rotation id):rotation 
enter// 
reate matrix M:R = make rotation matrix(angle; axis)T1 = translation matrix(rotation 
enter)T2 = translation matrix(�rotation 
enter)M = T1 �R �T2for ea
h handle h in t doh:M =M � h:Mend forend forTranslation is dealt with in the same fashion as rotation above, only di�eren
eis that M is a translation matrix 
reated from the translation ve
tor instead ofa rotation matrix.7.2.2 Loading multiple example posesWith the loadExample fun
tion above, blending is straightforward: By load-ing several examples, E, after ea
h other, with some weights, W , the result isblending between these examples. This is done in algorithm blendExamples.Algorithm 3 blendExamplesRequire: weights W; examples E; handleset Hfor ea
h e in E doweight =W (e)loadExample(e; weight)end forfor ea
h h in H doh:apply(h:M)end forIn blendExamples, the loadExample fun
tion is 
alled for ea
h example in theset E.



76 Animation System

(a) (b) (c)Figure 7.4: (a) Example 1. (b) Example 2. (
) Blending of example 1 and 2When all examples have been loaded, ea
h handle's transformation matrix isapplied to all verti
es in the handle, by simply multiplying the matrix with thevertex. Finally the free verti
es are re
onstru
ted using Lapla
ian Re
onstru
-tion.One thing to be 
areful with, is that the order in whi
h the examples areloaded 
an have a huge a�e
t on the result, as the interpolation method isnon-
ommutative. Loading the examples e1,e2 is not ne
essary the same asloading examples e2,e1. This will be dis
ussed more in se
tion 7.5.6.
(a) Example 1 (b) Example 2 (c) Example 1 +

   example 2

(d) Example 2 + 

     example 1Figure 7.5: (a) Example 1. (b) Example 2. (
) Blending of example 1 and 2(d) Blending of example 2 and 1, very di�erent from (
).



7.3 Example based animation 777.2.3 Detail Deformation LayerThe Detail Deformation Layer as des
ribed in se
tion 6.4.1, 
onsist of an o�setfor ea
h vertex. When loading a example e with a weight w, the o�sets in thelayer asso
iated with this pose is also applied with the weight w.
(a) (b) (c)Figure 7.6: Exaggerated example of detail deformation layer: (a) Pose loadedwith weight 0.0. (b) Pose loaded with weight 0.5. (
) Pose loaded with weight1.0.7.3 Example based animationInstead of having a traditional keyframe system, whi
h delivers ni
e but notadaptive animations, it was 
hosen to develop an example based system.The animator 
reates poses, like he would do to a keyframe system, but theseposes are not used as keyframes but examples. They de�ne a pose spa
e of goodposes, whi
h the system must 'learn' from. This pose spa
e then 
onsist of allpossible blends of examples in E.The proposed method is basi
ally about the system �nding a 
ombination of the
reated example poses, whi
h results in a new pose satisfying some 
onstraints.These 
onstraints 
an either be intera
tively set by the user, or by some pathsystem.The system has two types of parameters to optimize when sear
hing for a 
om-bination of examples; weights of the individual examples, W , and the order theexamples are loaded (The order is not optimized dire
tly, the reason why isdis
ussed in se
tion 7.5.6).



78 Animation SystemAn e�e
tive sear
h algorithm must be derived to sear
h through these parame-ters, to �nd the best possible pose, whi
h minimizes an obje
tive fun
tion.But �rst it must be de�ned what a good pose is, this means that the obje
tivefun
tion must be de�ned. This will be dis
ussed next.7.4 Obje
tive fun
tionHow to de�ne a good pose is very dependent on how the examples are 
reated;they 
ould be the extreme extends of the limbs, but they 
ould also be more
losely related, to 
reate a more 
ompa
t pose spa
e, all to be used in a walkanimation for example.An obje
tive fun
tion has been derived to express an energy as a value for howgood a pose is. This fun
tion 
an 
onsist of several terms, these are dis
ussedbelow.The main obje
tive is how well the 
onstraints are satis�ed, but several otherobje
tive terms have been found useful. These 
an all be part of the energyfun
tion, all targeted at 
reating poses true to the examples 
reated by theuser. Seven terms have been found, whi
h 
an be 
ombined or used alone2:� Minimize distan
e from target (
onstraints).� Control the number of examples used.� Minimize di�eren
e from last pose.� Minimize the sum of the weights.� Minimize 1 minus the sum of the weights.� Minimize number of weights over a threshold weights.� Minimize di�eren
e from examples.7.4.1 Minimize distan
e from target (DtT)The 
ombined distan
e from the 
onstrained handles to their 
onstraints is themost straightforward term in the energy fun
tion. It is 
lear that the model2The �rst 'Pose distan
e from target' should always be part of the fun
tion though.
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Figure 7.7: Energy: Distan
e from targetshould interpolate, or try to interpolate, the 
onstraints that are set up for oneor more handles.The 
onstraints 
an easily be set up so that a solution whi
h interpolates allof them is impossible. So instead of sele
ting solutions whi
h interpolates, thesolutions are penalized for moving away from the 
onstraints. This is also knownas soft 
onstraints.This energy term is the most important one in the energy fun
tion, and 
an notbe left out. It is de�ned by:argminp2P kk � Xh2H
(k
h � h:positionk)k (7.1)where p is a pose in the pose spa
e P , k is a weighting 
onstant, h is a handle inthe set of 
onstrained handles H
 and �nally 
h is the position of the 
onstraintof h.7.4.2 Control the number of examples used (NEU)If the examples are 
reated to form a sequen
e, it 
an be desirable to limit thenumber of examples used for a pose. When doing a sequen
e, whi
h shouldperform like a keyframe animation, a
tually only 2 examples should be in use atany time. This gives a very stri
t animation, with almost no variation possible.



80 Animation SystemUnfortunately this also often indu
e some jumpiness into the animation, andin
rease the possibility to get stu
k in a bad energy minimum. So a highervalue is usually better.The fun
tion to 
ontrol the number of examples used are �nding the numberof weights ex
eeding a 
ertain threshold ". This number is then 
ompared tothe desired number, and poses 
onsisting of more than the desired number ofexamples are penalized.This term is expressed as:argminp2P kk � (max(0; (USED(W )� nrdesired))2k (7.2)where nrdesired is a user spe
i�ed number of examples used, and the fun
tionUSED(W ) is returning the number of weights in W whi
h has a value largerthan a threshold �.7.4.3 Minimize di�eren
e from last pose (DtL)An animation whi
h jumps and twit
hes is not wanted, and therefore it 
an bea good thing to limit the variation from one frame to the next.A 
ombined distan
e, handle-wise, from the last pose to the new is 
al
ulated,and the those poses whi
h does not 
hange mu
h is favored.An alternative to this energy term, is to in
orporate this obje
tive into thesear
h fun
tion, and only sear
h in a lo
al area of the parameter spa
e, insteadof a global sear
h. This will also limit the di�eren
e from one pose to the next.This will be dis
ussed in se
tion 7.5.3.argminp2P k(k � Xh2Hp(�h:position))2k (7.3)where Hp is the total set of handles in the handle stru
ture, transformed to thepose p.
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tion 817.4.4 Minimize the sum of the weights (SoW)Two di�erent methods to 
ontrol the sum of the weights have been examined.The �rst try was simply to minimize the sum of all weights. This had the desirede�e
t of eliminating the poses 
onsisting of several large weighted examples,whi
h a
tually just opposed ea
h other. But it also had some unwanted e�e
ts,be
ause it favored the zero weights, and therefor 
an get stu
k at the initial poseof the model. argminp2P kk � Xw2W wk (7.4)where w is a weight of an example pose, W is the set of weights, one for ea
hexample.7.4.5 Minimize 1 minus the sum of the weights (OMSoW)A revision of the above method meant that instead of just minimizing theweights, a pose is penalized when the sum of weights moves away from 1. Theidea behind this energy term, is to minimize the weights, but at the same timefavor 
ombinations whi
h is 
lose to the examples or in between.argminp2P kk � j1� Xw2W wjk (7.5)7.4.6 Minimize number of weights (NoW)One problem was found in the above method; a 
ombination of poses summingto 1 was just as favored as a single pose with the weight 1. The goal should be,that if some 
onstraints 
an be ful�lled by a single example, this should be thebest solution. An extra term was derived to a
hieve this, namely minimizingthe sum of the square roots of the weights. This will make the energy fun
tionprefer one weight of 1 over two weights of 0.5.



82 Animation Systemargminp2P kk � Xw2W pw � 1Pw2W wk (7.6)This term 
an be added to the term above (equation 7.5) to help keeping theposes good.7.4.7 Minimize di�eren
e from examples (DfE)Another approa
h to mat
h the examples, is to take a more geometri
 approa
h,by looking at the handle's geometri
 positions, instead of the weights of theexamples. So this energy term tries to minimize the sum of the squared distan
efrom the tested pose to the example poses. This is done using a gaussian fun
tionto evaluate the distan
e from the handle positions in the tested solution to allexamples (their handle positions as well):G(x) = e�x2�2 (7.7)Then summing over all examples in the set:argminp2P kk �Xe2E j(1�G(dist(p; e)))jk (7.8)where e is an example in the example set E and dist is a 
al
ulated per handledistan
e.This method is e�e
tive when the examples is more of a sequen
e, and not justextreme 
ases, where you rarely want them to resemble the spe
i�
 poses, butrather a blend with small weights.7.4.8 Con
lusionAll the above energy terms have their use, but usually only 2 or 3 terms shouldbe used at one time. Whi
h terms to use is dependent on whi
h animation is
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tion 83wanted, how the examples are set up and how the 
onstraints are used. Thefewer 
onstraints are used, the more important the obje
tive fun
tion be
omes,as the resulting pose is de�ned less by the 
onstraints.In general the examined terms 
an be split into three groups:A Mandatory term. This must be in
luded.B Important term. At least one term from this group should be in
luded.C Optional term. This group is not always useful.Obje
tive fun
tion Group Uses kDistan
e to target A Mandatory, 
an not bespared. 1:0Sum of weights B Simplify weights. Improvesquality by keeping the poseas 
lose to the original aspossible. 0:1Di�eren
e from examples B Ensures resulting poses
lose to the examples, andthereby improves quality. � 0:21 - sum of weights B Pursues weights summingto 1. Improves quality asthe pose is kept 
lose to theexamples. � 0:2Number of weights C Ensures that 1 example isbetter than 2, if giving thesame pose. � 0:1Distan
e to previous pose C Ensures a smooth anima-tion. � 0:1Number of examples in use C Controls number of exam-ples a
tive. � 0:1Table 7.2: Uses for di�erent terms.
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hing the pose spa
e7.5.1 Introdu
tionIn the previous se
tion, the blending of poses and 
onstru
tion of an obje
tivefun
tion was dis
ussed. In this se
tion it will be explained how to sear
h throughthe pose spa
e, �nding a pose minimizing the obje
tive fun
tion.It involves six parts des
ribed in the next se
tions: How to test a pose, whatminimum to sear
h for, des
riptions of di�erent optimization methods, limits ofweights, example load order and a 
on
lusion to this topi
.7.5.2 Testing a poseA pose is de�ned by a set of weights W , one for ea
h example. These weightshave a lower and upper boundary, where 0.0 and 1.0 is usually suitable. In
ertain 
ases weights whi
h ex
eeds the examples, like -0.2 and 1.3, 
an beuseful, but most of the time they result in unwanted deformations, like selfinterse
tions. More of this in se
tion 7.5.5.When testing a new pose with weights W , all examples are loaded with theirrespe
tive weights as explained in the blendExamples algorithm 3, ex
ept theM matrix is not applied to the verti
es in the end.When the examples have been loaded, all handles will have an 
orrespondingtransformation matrix, M, whi
h does not need to be applied to all verti
es inthe handles, as we do not want to a
tually 
reate the pose. As we just needthe pose for testing, only the 
enter point of ea
h handle is multiplied with M.This way the 
enter points of all handles of a pose is known, and 
an be usedto evaluate the obje
tive fun
tion.7.5.3 Global or lo
al minimum?When the obje
tive fun
tion has been spe
i�ed a new question arises; shouldthe algorithm sear
h for a global or lo
al minimum of this fun
tion?In usual sear
h and optimization problems, you wish to �nd the global minimum,and use a lot of e�ort not getting stu
k in lo
al minima.
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hing the pose spa
e 85But in this parti
ular problem, of �nding weights for the examples, a globalminimum does not seem suitable, depending on the energy 
riteria.One of the main goals of an animation system, is a smooth and 
ontinuallyanimation, that is the 
urrent frame-pose must not be totally di�erent fromthe previous pose, and so on. If the poses of two 
onse
utive frames are toodissimilar, the animation will look jumpy and unrealisti
.So what we a
tually want in our system, is a minimum, not far from the previous
ombination, to get a smooth transition. This will many times a
tually be theglobal minimum, but in some areas, it is not. This is where a global optimizations
heme will fail, and 
reate a jumpy animation.When sear
hing globally, the jumpiness 
an be avoided by using the energyterm Di�eren
e from last pose, whi
h punishes solutions whi
h alters the posetoo mu
h. This should give some good results, but it is probably not the mosteÆ
ient method. So a lo
al sear
h, without the Di�eren
e from last pose term,should be able to give approximately the same result, and be a lot more eÆ
ient.7.5.3.1 Analysis using MatlabIt is impossible to visualize the pose spa
e if there are more than two examplesinvolved, as the dimension of the system be
omes to large. Some plots 
anbe made though, providing a general idea about the behavior of the energyfun
tion.(a) All examples.
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Figure 7.8: Using example set A. In (a) all examples are tested with di�erentweights, and in (b) two examples are sele
ted, and plotted together, to test theirdependen
ies. A lot of these plots have been made, a sele
tion of them 
an beseen in appendix B.



86 Animation SystemThese plots gives the impression that the energy fun
tion is smooth 
urve withonly one minimum when looking at a single example, and a smooth surfa
e alsowith a single minimum when looking at two examples.These plots reinfor
es the believe that a simple lo
al sear
h will be suÆ
ient.7.5.4 Optimization MethodsTwo lo
al optimization method, Hill Climbing [YM93℄ and Hooke and Jeeves[HJ61℄, and a global optimization s
heme, Simulated Annealing [Trss01℄, havebeen looked at. Also a straight forward exhaustive sear
h has been implementedfor testing.An important thing to note is that all fun
tions here, assume that the deriva-tives of the energy fun
tion are not known, as it is a highly 
omplex fun
tion.Numeri
al di�erentiation 
ould have been used, but was regarded too 
ostly andalso outside the s
ope of this proje
t.7.5.4.1 Hill ClimbingHill Climbing is an optimization fun
tion, where the latest optimum is used asa starting point, and then an improvement is sought by moving out from that,one step at the time.This is a very simple optimization fun
tion, whi
h 
omes in two variants; SimpleHill Climbing and Steepest As
ent/Des
ent Hill Climbing.Simple Hill Climbing is sele
ting the �rst better solution it �nds, and theniterates.Steepest Des
ent Hill Climbing is 
omparing all possible dire
tions, and 
hoosesthe best of these, and iterates. Usually the gradient is used as the value to befound, but here it is simpli�ed to evaluate the energy fun
tion per step, and
hoose the one giving the best energy.Both types of Hill Climbing has been implemented and tested.Simple Hill Climbing: This is a des
ription of the implemented method ofthe type Simple Hill 
limbing.



7.5 Sear
hing the pose spa
e 87The algorithm goes through the examples one at the time, and tweak its weight.Starting at previous best, it tries to in
rease the weight, if no gain is found, ittries to lower the weight.If a better weight is found, it keeps going in this dire
tion until no gain or aboundary is found. The boundaries are narrowed 
onsiderable to for
e a lo
alsear
h. It is only allowed to move 10% of the available span in one step.The Simple Hill Climbing implemented 
an be seen in algorithm 4.Algorithm 4 simpleHillClimbRequire: examples E; previous weight webestEnergy = findEnergyfor ea
h e in E dogoLeft = true //de
rease weightgoRight = true //in
rease weightwhile goLeft AND we > limitLow dowe� = steppingenergy = findEnergyif energy < bestEnergy thenbestEnergy = energywbest = wegoRight = falseelsegoLeft = falseend ifend whilewhile goRight AND we < limitHeigh dowe+ = steppingenergy = findEnergyif energy < bestEnergy thenbestEnergy = energywbest = weelsegoRight = falseend ifend whileend forSteepest Des
ent Hill Climbing: This is a slower but more a

urate versionof the above. Before a weight of an example is tweaked, all weights are examined,and the one giving the best result is sele
ted. When this weight has beentweaked, the method iterates.



88 Animation SystemWhere the Simple Hill Climbing only optimizes ea
h weight one time, thismethod iterates until no improvement 
an be found. This means we are sure toend in a minimum, possible a lo
al. This also makes the 
ost of the optimizationless predi
table, whi
h is not good. To avoid too big frame-times, the numberof iterations 
an be limited. A limit equal to the number of examples was foundsuitable during testing. This also makes this method s
alable, as this limit 
anbe made time dependent, and thereby run for an equal amount of time on di�er-ent problems and hardware. Fewer iterations is of 
ourse having an a�e
t on thepre
ision, but in pra
tise this is not noti
eable unless the number of iterationsis very low.For more details about this fun
tion, please look in the sour
e 
ode on thea

ompanying CD.7.5.4.2 Hooke and JeevesHooke and Jeeves Dire
t Sear
h Method is an interesting method for this par-ti
ular problem. It is a simple dire
t sear
h method whi
h given an obje
tivefun
tion with n arguments, sear
hes for a lo
al minimum from a given initialguess. There is no requirements that the obje
tive fun
tion must be di�eren-tiable or 
ontinues.The method starts at the initial values, it tests all dire
tions for an improvementin the obje
tive fun
tion. If it �nds an improvement, it moves its best guess tothis position, and iterates. It 
onstantly redu
es the step size to in
rease thea

ura
y of the sear
h of the minimum.The method is very e�e
tive, but 
an be ina

urate be
ause it gets stu
k atlo
al minima. This 
an normally be avoided by sele
ting an initial step sizebig enough to es
ape lo
al minima. But as dis
ussed in se
tion 7.5.3, it notne
essarily a bad feature.These properties makes it very interesting for this parti
ular sear
h problem.As initial guess, the last best solution is used, and it will then adjust all weightsto optimize the energy fun
tion best possible.A problem with the Hooke and Jeeves algorithm is that it is not stable. Some-times it runs loose, spending mu
h more time than its average. This makes itjumpy and annoying for the user.To 
orre
t this, a simpli�ed version has also been implemented. The maindi�eren
e is that it does not try all dire
tions, but it sele
ts the �rst better
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hing the pose spa
e 89solution found, like the Simple Hill Climbing method does.The algorithm goes through the examples one at the time, and tweak its weight.Starting at previous best with a large stepping, it tries to in
rease the weight,if no gain is found, it redu
es the stepping by a fa
tor 2, and tries again.If the high boundary for the weight is found without any gain, it then tries tolower the weight in the same manner.If a better weight is found, it keeps going in this dire
tion until no gain or aboundary is found.
7.5.4.3 Simulated AnnealingSimulated Annealing is an algorithm for the global optimization problem, wherewe want to �nd the global optimum of a fun
tion in a large sear
h spa
e.Annealing is the method in metallurgy where one heats up the metal, and thelet 
ool slowly down again, to make the metal stronger. Simulated Annealingworks by the same prin
iples and is therefor named after this old method.It starts by 
hoosing some random start solution and a temperature. A valuefor how good this solution is, is found. For ea
h step of the algorithm we moveto a new solution, whi
h solution is dependent on how good the solution is andthe temperature of the algorithm. In the beginning, with a high temperature,both better and worse solutions 
an be 
hosen, but when the temperature islowered, as the algorithm progresses, it is less likely to 
hoose a worse solution.Being able to move to a worse solution, is what makes this algorithm spe
ial, itprevents it from getting stu
k in lo
al minima.Unfortunately this also makes the method slow, as it needs to sear
h a largepart of the spa
e, and does not use the fa
t that the previous best solution isknown.This method has not been implemented and tested due to its apparent high
ost.



90 Animation SystemAlgorithm 5 simple Hooke and JeevesRequire: examples E; previous weight webestEnergy = findEnergyfor ea
h e in E dogoLeft = true //de
rease weightgoRight = true //in
rease weightwhile goLeft AND we > limitLow dowe� = steppingenergy = findEnergyif energy < bestEnergy thenbestEnergy = energywbest = weelseif stepping < " thenwe+ = stepping // GO BACKstepping = stepping=2:0 // REDUCE STEPPINGelsegoLeft = falseend ifend ifend whileresetSteppingwhile goRight AND we < limitHeigh dowe+ = steppingenergy = findEnergyif energy < bestEnergy thenbestEnergy = energywbest = weelseif stepping < " thenwe� = stepping // GO BACKstepping = stepping=2:0 // REDUCE STEPPINGelsegoRight = falseend ifend ifend whileend for
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hing the pose spa
e 917.5.4.4 Exhaustive sear
hAll other implemented methods have the feature that they �nd a lo
al minima.As dis
ussed in se
tion 7.5.3, it appeared that a lo
al minima would a
tuallysuit the proposed method best. To test this a global exhaustive sear
h methodwas implemented. This sear
h method is not meant to be fast, but simply existsto 
ompare the results from the lo
al sear
h methods to a global result.Algorithm 6 Exhaustive sear
hRequire: examples EbestEnergy = INFfor ea
h e in E dowe = wlowwhile we < whigh doenergy = findEnergy()if energy < bestEnergy thenbestEnergy = energywbest = weend ifwe+ = steppingend whileend for



92 Animation System7.5.5 Limits for weightsThe system 
ontains some limits for weights of the examples. Several settingshas been tested, but keeping the weights between 0.0 and 1.0 produ
es the bestresults.Letting the weights es
ape these traditional values, extrapolating the examples,sounds very interesting, but in pra
ti
e it leads to self interse
tions and limbsbent in wrong dire
tions, whi
h pra
ti
ally ruins the animation.When using the simple Hill Climbing method, the weight limits are adjustedea
h step, to for
e a lo
al sear
h. These limits are set at +/- 0.15 from the pre-vious best weights. This enables some very smooth animations, but sometimesrequires several iterations to 
onverge on a �nal solution.7.5.6 Example orderIn se
tion 7.3 it is stated that there is two types of parameters to optimize;weights and the order of the examples.So far the order has not been mentioned mu
h, so in this se
tion this parameterwill be dis
ussed.As shown in se
tion 7.2.2 the order in whi
h the examples are loaded 
an havea big in
uen
e on the result. Be
ause of this, it is obvious to think that theoptimization fun
tion should try to reorder the examples to give the best pose.But in fa
t a reordering 
an 
hange the result so mu
h, from one frame to thenext, su
h that the resulting animation be
omes bad and jumpy.Another issue with the load order, is apparent when using an optimizationmethod whi
h tweaks the examples one by one, in the initial order3; the weightsassigned to the examples depends on the order of tweaking. A 'wrong' pose
ould be given higher weight than a 'better' pose, just be
ause it was tweaked�rst.Using Hooke and Jeeves or the Steepest des
ent Hill Climbing though, redu
esthis problem greatly, as they already test for di�erent orders by the way thealgorithms are build. But to test the e�e
t on the simple s
hemes, two re-ordering fun
tions have been implemented: One whi
h reorders based on theexamples distan
e from the 
onstraints, and one whi
h reorders by the weights3Simple methods: Simple Hill Climbing and simple Hooke and Jeeves.
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hing the pose spa
e 93the examples were given in the last frame.Reordering by example distan
e Ea
h example's distan
e to the target ismeasured in the same manner as des
ribed in se
tion 7.4.1. The orderin whi
h the examples are loaded are then 
hanged, so that the example
losest to the target is loaded �rst, and so on.Reordering by weights The order in whi
h the examples are loaded are 
hangedby looking at whi
h weight the example was given last frame. Exampleswith larger weights are loaded �rst, and so on.The reordering by weights, is not a good approa
h, as it 
hanges the order toomu
h and to the worse, and this makes the animation look bad.Reordering by distan
e on the other hand, 
an a
tually be quite helpful, espe-
ially regarding issue number 2 above, it really saves the simple optimizationmethods from following a wrong tweaking order. This is visible in the walkexample, where the motion using one leg is the �rst 4 examples, and the otherleg is the next 4 (see set A on �gure 9.10). Using a simple method and noreordering, will lead to the 
hara
ter dragging the se
ond leg a bit while the�rst looks better. Introdu
ing reordering drasti
ally redu
es this e�e
t.7.5.7 Con
lusionWhen �nding single poses using the Pose Interpolator, all implemented opti-mization algorithms produ
es approximately the same result. So it is possibleto sele
t the least 
ostly algorithm, namely the Simple Hill Climbing.If 
reating a smooth moving animation, the Simple Hill Climbing might be tolikely to get stu
k in lo
al minima. S.D. Hill Climbing or the simple Hooke andJeeves performs better, but at a little more 
ost per frame.It should be mentioned that Geneti
 Algorithms were also 
onsidered and ex-amined, but as Simulated Annealing they do a global sear
h and they are notparti
ular fast, so they were left out from this proje
t, but in future worksit might be interesting to see if ideas 
ould be borrowed from these types ofoptimization s
hemes.



94 Animation System7.6 AnimationIn this se
tion it is explained how the previous parts; blending, obje
tive fun
-tions and optimization fun
tions, are used for a
tual animation.7.6.1 Intera
tive Pose InterpolatorThis is a system whi
h allows the user to pla
e 
onstraints on some handles, andmanipulate these. The system then uses the method des
ribed in this 
hapterto 
reate the best suited pose: It uses the optimization fun
tion to optimize theobje
tive fun
tion. The resulting pose is then loaded as des
ribed in se
tion 7.2and displayed.The user 
an 
hange the optimization fun
tion, and 
an sele
t whi
h terms theobje
tive fun
tion should use, to tune the resulting pose.The work
ow 
an be des
ribed as:1. The user adds 
onstraints to some handles.2. The user drags a 
onstraint to a new position.3. The system sear
hes the pose spa
e using the sele
ted optimization methodand obje
tive fun
tion.4. When the optimal weights are found for ea
h example, these are loadedusing the blendExamples fun
tion.5. Finally the free verti
es are deformed using Lapla
ian Re
onstru
tion.
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(a) (d)(c)(b)Figure 7.9: Intera
tive Pose Interpolator: Manipulating 4 
onstraints.7.6.2 Path Animation SystemThis is a more 
omplete animation system, enabling the model to a
tually per-form a moving dynami
 animation.It is based on the Intera
tive Pose Interpolator from above, but in addition it
ontains a system for 
reating paths for the 
onstraints.The user must, for ea
h 
onstraint, de�ne a path 
onsisting of a number of pointsin spa
e. When the animation is started the system will move the 
onstraintsalong the paths, and after ea
h move, �nd the best suited pose to �t this new
onstraint set.7.6.2.1 Global positioningWhen the model should follow a path, a problem not yet dis
ussed be
omesapparent: Global movement.To 
reate a fully fun
tional global animation s
heme is not in the s
ope of thisproje
t, but a simple global movement method has been developed, as a proposalto how it 
an be done when using this animation te
hnique.A te
hnique where the global position was optimized as a part of the energyfun
tion was 
onsidered, but this resulted in too unstable animations. Insteadit is up to the user to de�ne a handle from whi
h the global position should bede�ned. This works very well, but for a walk, the part of the model de�ningits global position, shifts between the two feet. To 
ope with this, it is possible
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t several handles to de�ne the position. Whi
h of these are used in agiven frame is determined by its 
hange in target; the stationary foot (
onta
twith the ground) will have little or no 
hange in its target, so this is used. Thisapproa
h works out very well.The work
ow 
an be des
ribed as:1. The user adds 
onstraints to some handles.2. The user sele
ts the handle(s) whi
h should de�ne the global position.3. The user 
reates a path for ea
h of the 
onstrained handles.4. The user a
tivates the animation.5. The system �nds the points on the paths 
orresponding to the giventimestep.6. The global movement is found using the te
hnique des
ribed above.7. The system sear
hes the pose spa
e using the sele
ted optimization fun
-tion and obje
tive fun
tion, taking the global movement into a

ount.8. When the optimal weights are found for ea
h example, these are loadedusing the blendExamples fun
tion.9. The free verti
es are deformed using Lapla
ian Re
onstru
tion.10. Finally the model is translated a

ording to the global movement found.
(a) (b) (c)Figure 7.10: Using 2 
onstraints with paths (hand and foot) to 
reate a jump.The foot is sele
ted as global position referen
e.



7.6 Animation 977.6.3 Keyframe animationThe system also 
ontains a standard keyframe animation system. It uses theexamples 
reated by the user, in an order spe
i�ed by the user, as keyframes. It

Figure 7.11: Walk 
y
le (example set A) as keyframe animation (Also see a
-
ompanying video).does not use 
onstraints, the optimization fun
tion or the obje
tive fun
tion. Itsimply makes a linear interpolation of the weights of two examples at the time.This 
an be used for testing examples for a spe
i�
 animation, as it 
an be runwhile the examples are 
reated. examplesStep 1 2 3 41 1.0 0.0 0.0 0.02 0.5 0.5 0.0 0.03 0.0 1.0 0.0 0.04 0.0 0.5 0.5 0.05 0.0 0.0 1.0 0.06 0.0 0.0 0.5 0.57 0.0 0.0 0.0 1.0Table 7.3: Example of keyframe weights. Stepping = 0.5
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Chapter 8 Implementation
8.1 System overview

System


GUI


UTILS


Renderer

Timer


FPS


Examples


Example


meshExt


Selector


TriMesh


Editor


LaplacianEdit


Animation
ROI


Handles
 Tracks


World
 Terrain


Figure 8.1: Class diagram.System Main 
lass, also 
ontains user input fun
tions.GUI Graphi
al User Interfa
e.
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lass, responsible for all openGL 
alls.UTILS Container 
lass for di�erent utilities.FPS For measuring frame times.Timer A timer.MeshExt Extended TriMesh 
lass.TriMesh TriMesh 
lass from GEL [GEL℄.Sele
tor* Controls sele
tion spe
i�
 fun
tions.ROI* Region of Interest 
lass. Keeps tra
k on whi
h verti
es goes where.Handle* A handle 
lass, 
ontains all ne
essary information and fun
tions re-garding a handle.Editor Class to 
ontrol the Lapla
ian Editing system.Lapla
ianEdit* Lapla
ian Editing 
lass.Examples Class whi
h 
ontains any number of examples, and fun
tions tomanipulate these.Example Example 
lass.Animation* All animation related fun
tions.Tra
ks The 
lass to 
reate and maintain the paths the 
onstraints 
an follow.World Class to 
ontrol the world (terrain, skybox et
).Terrain Terrain 
lass.* The sour
e 
ode of these 
lasses 
an be found as printouts after this report.The rest 
an be found on the a

ompanying CD.8.2 Pa
kages usedGEL Is used for loading and saving model, and storing the mesh in an indexedfa
e set.TAUCS Used for Lapla
ian Editing, to solve linear systems.OpenGL As 3D renderer.GLUT As utility pa
kage for OpenGL.GLUI As Graphi
al user interfa
e.



8.3 Basi
 implementation details 1038.3 Basi
 implementation detailsThe program has been developed in Visual Studio 2003, on a Pentium 4 3.4GHzwith 512mb Ram and a GeFor
e 6600GT running Windows XP. All timings inthis thesis is also from this setup. The program is approximately 9.000 lines ofC++ 
ode.8.3.1 Loading the modelLoading the model into the system is done using GEL. But a auxiliary datastru
ture is wrapped around GEL's indexed fa
e set, 
ontaining useful data andfun
tions as neighborhood 
onne
tivity, normal 
al
ulation and 
al
ulation ofthe Lapla
ian.8.3.2 Geometry representationAs the program work with one model, whi
h does not 
hange in regards of
onne
tivity, Vertex Bu�er Obje
ts (VBOs) has been 
hosen as store vertexdata during visualization.8.3.3 Sele
tionSele
tion was a huge 
on
ern in the design of the program. It should enable theuser to easily 
hoose his handles, and manipulate them, and at the same timeit should be fast.The main sele
tion tool, was 
hosen to be a box sele
tion. The user presses themouse button, and drags it to 
reate a box. When the button is released, allverti
es within this box, will be part of a new handle. In pra
ti
e all verti
es areproje
ted onto the s
reen, and tested against the box borders. This is extremelyfast, and is many times more e�e
tive than OpenGL's render to sele
tion. One
on
ern though is that all verti
es in this box is sele
ted, and sometimes theuser might just want to sele
t the visible verti
es. A solution is to do a normal
he
k, to �nd out if the normal of a vertex is pointing towards the s
reen ornot. But this will also sele
t any surfa
e behind the visible surfa
e as shown on�gure 8.2.
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(a) (b) (c)Figure 8.2: Sele
ting all verti
es within the box.To solve this, a single fa
e is sele
ted at the 
enter of the box, and then a
ooding algorithm is �nding all verti
es 
onne
ted to this vertex and still insidethe sele
tion box and having its normal pointing towards the s
reen.A version of this method was also implemented, where the normal 
he
k isskipped. This makes a very useful tool for sele
ting spe
i�
 parts, with othervisible parts behind it (�gure 8.3).

(a) (b) (c)Figure 8.3: Sele
ting verti
es only on the arm, though the box 
overs the bodyas well.When the main sele
tion is done, it is possible for the user to add to or subtra
tfrom a handle using either the sele
tion box, or a more simple paint fun
tionworking on single fa
es.



8.3 Basi
 implementation details 1058.3.4 Handle visualizationHow the handles should be visualized, was a question not easily answered. The�rst try, was to make an axis aligned bounding box around the handle verti
es,and show this as handle. This was 
hosen due to the low 
ost and easy imple-mentation, but it has been proven inadequate, making it too 
ompli
ated forthe user as no 
lear distin
tion between handle verti
es and free verti
es areshown.This bounding box idea was then extended by 
oloring the fa
es on the mesh aspe
i�
 
olor depending on if they are part of a handle or not. This 
ombinationworks great; The 
oloring of verti
es visualize the handle itself, and the boundingbox is helping making sele
ting handles more easy.Alternatively another primitive like a 
ylinder or sphere 
ould be used in steadof the box. It should not be axis aligned though, and the handle primitiveshould then be subje
ted to the same transformations as the handle verti
es.Then it would �t the model better, even when deformed. But to keep it simple,the axis aligned bounding box was used.
8.3.5 System limitationsMany of the models that 
an be found on the internet and the like, is notmanifold, i.e. they a
tually 
onsist of several joined models. If this is the 
ase,and there is no 
onne
tion between these di�erent parts, there is no guaranteethat the system will work. But as the system is meant to use laser s
annedmodels it is not 
onsidered a huge issue.Be
ause of the method for rotating the di�erential 
oordinates, by using smooth-ing, it is 
riti
al that the extremities of the model is part of a handle. A ni
e
ase is portrayed in �gure 8.4, but for some models the surfa
e is smoothed toomu
h, the solver fails and the surfa
e is lost.Another issue en
ountered in models, is 
oating verti
es. The Stanford Bunnymodel seems to have verti
es not belonging to a fa
e, and the system fails whenthese are en
ountered, it need at least 1 neighbor.
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(a)

(b)

(c)Figure 8.4: (a) Original. (b) Only two handles. (
) Three handles.8.3.6 System 
owIn this implementation, the user goes through following steps:1. First step is to de�ne the handles.2. De�ne their rotation 
enters.3. Edit the handles and save them as examples.4. The �nal step is to animate, either using the pose interpolator or the pathsystem.8.3.7 User GuideA short user guide 
an be found in appendix G.



Chapter 9 Results
In this 
hapter the results of the implemented method is shown.The 
hapter is split in 4 parts:Creating poses Results of the pose 
reation system.Intera
tive pose interpolator Pi
tures of poses 
reated using di�erent ob-je
tive fun
tions and optimization methods.Animation system Pi
tures from some animations.Performan
e Timings and disse
tion of both the deformation pro
edure andthe animation system.The results 
onsists mostly of models in di�erent poses. Two models are mainlyused: The satyr to demonstrate 
reation of poses, and the simplest Boba Fettmodel to demonstrate the pose interpolator and the animation system.The models are either shown in the standard greenish 
olor, or in the red andblue 
olors de�ning the handle stru
ture. Whi
h is shown for the spe
i�
 pi
ture,is based on what was thought to provide the best illustration.



108 Results9.1 Creating poses9.1.1 The handle stru
tureIllustrations on how the handles 
an be 
reated and edited.
Figure 9.1: From left to right: 1. Initial model 2. Sele
tion box 3. Aftersele
tion 4. Final stru
ture.

(a) (c)(b)

WEIGHT

1.0

0.0Figure 9.2: From left to right: 1. After box sele
tion 2. Fine painting thehandle 3. Changing weights of handle verti
es (yellow is less than 1.0).



9.1 Creating poses 1099.1.2 DeformationsUsing the handle stru
ture from above, the following poses are 
reated:

(a) (c)(b)Figure 9.3: From left to right: (a) Example pose Looking up. (b) Examplepose Stret
hing up. (
) Example pose Crou
hing.The handle stru
ture is extended to be more detailed on the hands. This leadsto the possibility of deforming the hand and �ngers:
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Figure 9.4: Top row: Initial hand. Bottom row: Bending the �ngers to form a�st, ending in a thumbs-up gesture.



9.1 Creating poses 111The fa
e is also made more detailed. Using many small handles, fa
ial expression
an be 
reated:

Figure 9.5: Top row: Initial fa
e. Bottom row: Di�erent fa
ial expressions.Closeups on detail areas and transition areas after deformation are shown here:
(a) (d)(c)(b)Figure 9.6: (a) Raised arm, bending the elbow, turned head. (b)-(d) Close-ups to illustrate the quality of the skinning method. Noti
e all the details arepreserved.



112 ResultsTo demonstrate the methods ability to deform the mesh naturally, a 
loseup ofa high-resolution mesh is shown here:
(a) (c)(b)Figure 9.7: Closeup on the mesh deformation o

uring.Although the Deformation Detail Layer fun
tionality is not a dire
t part of thismethod, a result of the usage is illustrated:

(a) Original arm (b) Bent arm (c) using Deformation Detail LayerFigure 9.8: Illustrating the possibilities of using the Deformation Detail Layer.The model to the right (
), is deformed in a more vivid way, as the mus
les bulges.



9.1 Creating poses 113A 'wrong' bending of an arm demonstrates the ability to 
hange the surfa
e'sappearan
e during deformations using handle weights.

(a) (b)

(c) (d)Figure 9.9: (a) Fully rigid handles. (b) 2/3 rigid handles. (
) 1/3 rigid handles.(d) non-rigid handles.



114 Results9.2 Intera
tive pose interpolatorThis system is where the user manipulates some 
onstraints and then the systemadapts the pose to �t these.9.2.1 Example setsUsing the pose 
reator two example set are 
reated. One to be used in ananimation sequen
e, de�ning good poses (Set A), and one better suited for thepose interpolator, by de�ning extreme limb positions (Set B).
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tive pose interpolator 115

Figure 9.10: Example set A. 6 �rst is the walk 
y
le. 2 next is to walk up ordown. Last two examples, spreading the legs and arms, are in
luded to add some
exibility in these dimensions.
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Figure 9.11: 16 examples of set B. De�ning the extreme positions of the limbs.



9.2 Intera
tive pose interpolator 1179.2.2 ConstraintsHere are shown examples of four di�erent 
onstraint settings, for both set Aand set B.
EXAMPLE  SET  A

EXAMPLE  SET  BFigure 9.12: 4 di�erent sets of 
onstraint targets. Using set B results in thebest interpolation of the 
onstraints, be
ause set A is solely 
onstru
ted as a walk
y
le.



118 Results9.2.3 Obje
tive fun
tionsHere results 
on
erning the obje
tive fun
tion, and the di�erent terms whi
hwas tested, is presented.
(a) (d)(c)(b)Figure 9.13: Using 1 
onstraint and example set A. (a) Obje
tive fun
tion
onsist of distan
e to target (DtT) only. (b) DtT + minimize sum of weights.(
) DtT plus Minimize One minus sum of weights. (d) DtT + Di�eren
e fromexamples. From these it 
an be seen that any expansion of the DtT energy is animprovement. Whi
h of these is the best, is hard to tell from a single pose.

(a) (b)Figure 9.14: Using 1 
onstraint and example set B. (a) Obje
tive fun
tion
onsisting of distan
e to target (DtT) only. (b) DtT + any other. With onlyDtT energy, the result is a very strange mixture. But with the addition of anyother term, it is 
orre
ted.



9.2 Intera
tive pose interpolator 119

(a) (d)(c)(b)Figure 9.15: 4 
onstraints, example set B. (a) Obje
tive fun
tion 
onsist ofdistan
e to target (DtT) only. (b) DtT + minimize sum of weights. (
) DtTplus Minimize One minus sum of weights. (d) DtT + Di�eren
e from examples.All is a
tually good, but (b) and (
) is less a

urate than the simple DtT (Canbe seen looking at the left arm).Next is demonstrated what happens if the number of examples wanted a
tive islimited:
(a) (c)(b)Figure 9.16: 4 
onstraint, example set B. (a) Obje
tive fun
tion 
ontains Num-ber of examples = 2. (b) Obje
tive fun
tion 
ontains Number of examples = 2,with less weight. (
) Obje
tive fun
tion 
ontains Number of examples = 4It takes 8 examples to mat
h the pose on �gure 9.15 
ompletely.



120 ResultsIn table 9.1, the observations made during testing is given for ea
h obje
tivefun
tion.Obje
tivefun
tion Pros ConsDistan
eto target Always needed, making sure thepose follows the 
onstraints. Does not 
ontrol the pose style.Sum ofweights Keeps the weights as simple aspossible. Prefers the original pose de�nedby weights being all zeroes.Di�eren
efrom ex-amples Favors poses whi
h resemblesthe examples. Can 
reate 'energy holes'around the examples, whi
h
an be hard to get out of.1 - sum ofweights Controlling the weights, makingthem sum to 1, leads to sim-ple weights without favoring theoriginal pose. Sometimes weights not sum-ming to 1 is wanted.Numberofweights Favors poses 
onstru
ted by us-ing fewer weights (keeping itsimple). Should not have too large aweight, as it will easily limit thepose to 
onsist of only 1 exam-ple.Distan
eto previ-ous Makes the animation moresmooth. Produ
es an 'energy hole'around last pose, whi
h 
an behard to get out of.Numberof exam-ples inuse Keeps the poses simple, by re-moving less important exam-ples, so it uses a user-de�nednumber of examples. Details 
an be lost, if too fewexamples are used.Table 9.1: Terms in the obje
tive fun
tion. Pros and Cons.



9.2 Intera
tive pose interpolator 1219.2.4 Optimization fun
tionsIn table 9.2 the optimization fun
tions are 
ommented.Method Pros ConsS.D. Hill Climb-ing Iterative method, whi
hthereby is s
alable. Unpredi
table runningtimes unless 
ontrolled.Simple HillClimbing Very fast and produ
e avery smooth animation. Can get too atta
hed to alo
al minima.Hooke & Jeeves Wide sear
h, 
an es
ape lo-
al minima. Very unpredi
table runningtimes, and slow in general.Simple Hooke &Jeeves Fast and produ
es a smoothanimation. -Global exhaus-tive Does not get stu
k in lo
alminima. Slow and 
an be jumpy.Table 9.2: Optimization fun
tions. Pros and Cons.



122 Results9.3 Animation systemHere paths are setup for the 
onstraints, whi
h the system then adapts the poseto, 
reating a 
ontinues motion. Videos for the results presented here, 
an befound on the a

ompanying CD.
Figure 9.17: Walk path 
reated over 
at terrain. Example set A is used. Onlytwo handles needs to b 
onstrained, namely the feet. (Running at around 20fps)

Figure 9.18: Walk path 
reated over 
at terrain. Example set B is used. Notethat 5 handles are 
onstrained; the feet, the hands and the 
hest to de�ne theglobal movement. (Running at just under 20fps)Results of the animation performed using a walk path with di�erent obje
tivefun
tions, and di�erent optimization fun
tions 
an be found in appendix F.
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Figure 9.19: Walk path 
reated over terrain with hills. Example set A is used.

(a) (b) (c)Figure 9.20: A jumping or
, 
reated from 2 examples. More pi
tures 
an befound in appendix F.2. It is running at around 15 fps.



124 Results9.4 Performan
e9.4.1 DeformationThe performan
e of the deformation system used to 
reate poses, is almost solelydependent on the speed of the Lapla
ian Re
onstru
tion. Rotating the handlesand the rigid verti
es in these handles, only takes a fra
tion of the time.Below the Lapla
ian Re
onstru
tion system is examined and timed.Main test 
ase:� 4250 fa
es / 2138 verti
es (Boba Fett 2k verti
es)� 18 handles� 1635 verti
es in ROI (free verti
es + edge of handles)This gives a Lapla
ian matrix, L, with the size of 1635x2511 (M �N).9.4.1.1 Pre-
omputationAs des
ribed in se
tion 4.1, the Lapla
ian system is solved using fa
torizationand ba
k substitution. This fa
torization 
an be quite time 
onsuming, so thisstep has been disse
ted and timed below.Step TimeCreate L (Lapla
ian matrix) 0.0097sTranspose L 0.001sMultiply L and LT 0.021sFa
torize matrix 0.025sPrepare Lapla
ians 0.033sPrepare in all 0.090sTable 9.3: Timings for the steps in 
reating the Lapla
ian system and Choleskyfa
torization (in se
onds). Prepare Lapla
ians means to 
al
ulate the lo
al framesand represent the Lapla
ians in these (used when rotated, as des
ribed in se
tion4.1.7.1).



9.4 Performan
e 125For this parti
ular example, the preparation time is so low, that the user willnot noti
e any delay. And as the preparation of the system is done only on
e,and in the transition from one step to the next, a delay of up to a 
ouple ofse
onds would a
tually be a

eptable. As 
an be seen in table 9.4, this meansthat when looking at preparation time alone, a model with 40.000 ROI verti
es(model size between 45.000 and 90.000 verti
es depending on setup of the handlestru
ture), is quite doable, as it takes less than 4 se
onds.Model (verti
es) M N TimeBoba Fett (2138) 1635 2511 0.09Boba Fett (10600) 8800 9648 0.52sArmadillo (17300) 13160 14019 1.041sBoba Fett (45000) 37874 38985 3.45sTable 9.4: Timings for the preparation for di�erent sizes of models (in se
onds).M and N are the size of the matrix L.9.4.1.2 Per frame performan
eSo pre-
omputational time is not an issue even with large models, but the perframe 
ost is the real fa
tor de�ning how big models 
an be worked with. Intable 9.5 timings for di�erent models are given.The timings are disse
ted into rotating the Lapla
ian 
oordinates, solving thesystem (three times, one time for ea
h axis), and the total frame-time.Model (verti
es) Rotate Æ [s℄ Solve x 3 [s℄ Frame-time [s℄Boba Fett (2138) 0.021 0.0075 0.040Boba Fett (10600) 0.120 0.050 0.183Armadillo (17300) 0.200 0.084 0.30Boba Fett (45000) 0.55 0.26 0.826Table 9.5: Timings for one deformation a
tion (in se
onds).As seen in the above table, the biggest 
ost is to rotate the Lapla
ian 
oordinates,so this will be disse
ted further.The pro
edure involves:1. Solving the linear system for the 3 axis, with 0's on the RHS
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ulating the smooth normals3. Creating the lo
al frames4. Representing the lapla
ian ve
tors in the lo
al framesFrom table 9.5 it is known that step number 1 takes less than half of the time(0.0075s out of 0.021s). Of the remaining three steps, 
al
ulating the smoothnormals are by far the biggest 
ost, using nearly the rest of the time spent.9.4.2 AnimationTest 
ase:� 4250 fa
es / 2138 verti
es� 18 handles� 10 examplesTimings on the optimization fun
tions and the di�erent energy terms are listedbelow.Method # obje
tive evaluations Average timeSimple Hill Climbing 20-30 0.005sS.D. Hill Climbing1 60-800 0.018sSimple Hooke & Jeeves 40-70 0.013sHooke & Jeeves 150-20000 0.4sGlobal exhaustive 560 0.11sTable 9.6: Timings on di�erent optimization fun
tions. Middle 
olumn is howmany times the obje
tive fun
tion is evaluated. Last 
olumn is a mean timingin se
onds for the optimization fun
tion. Obje
tive fun
tion used: 'Distan
e totarget' + 'Sum to 1'The 
ost of the individual 
all of the obje
tive fun
tion is not as 
riti
al, as theoverall 
ost of the optimization fun
tions. Changing optimization fun
tion hasa big e�e
t on the performan
e, as the number of evaluations of the obje
tivefun
tion varies a lot.1Can be limited to a spe
i�
 number of iterations, whi
h eliminates the randomness.
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e 127Obje
tive fun
tion Mean timeDistan
e to target 2.0e-06sSum of weights 6.0e-06sDi�eren
e from examples 2.9e-05s1 - sum of weights 2.3e-06Number of weights 1.9e-06sDistan
e to previous 5.4e-06sNumber of examples used 1.7e-06sTable 9.7: Timings on one evaluation of the di�erent obje
tive terms in se
onds.To test the e�e
t of the number of handles and number of examples used in ananimation, some tests were performed and the results shown in table 9.8.Nr examplesNr handles 8 12 2018 17.4 fps 15.4 fps 12.4 fps24 17.2 fps 14.9 fps 11.7 fpsTable 9.8: Frames per se
ond, dependen
ies with number of examples and num-ber of handles. These timings are using the small Boba Fett model, simple Hookeand Jeeves and an obje
tive fun
tion 
onsisting of DtT + Sum to One + Distan
eto Pose
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Chapter 10 Dis
ussion
In this 
hapter the results are dis
ussed, and a more general dis
ussion regardingthe proposed method is presented.10.1 AdvantagesOther methods rely on data from motion 
apture, several s
ans of a model indi�erent poses, or a skilled animator using a lot of time.This proposed method 
an work from a very simple foundation. Just a singlemodel obtained by a 3D s
an or from a modeling program, and then a relatively
omplex animation 
an fairly qui
kly be 
reated.The surfa
e-based handle stru
ture a
ting as skeleton, is simplifying the pro
essfor the user. Painting on the surfa
e, to de�ne the rigid areas, is simpler thansetting up a skeleton stru
ture. This also avoids the manual skinning pro
ess.The animation is not based on dire
t interpolation between su

essive keyframesbut is using these as examples of 'good' poses, whi
h 
an be blended arbitrarily,in numbers and weights, to obtain a totally new pose. This makes it an adaptivemethod, whi
h 
an be used in intera
tive animation. When an animation needs
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ussionto be able to adapt to a 
ertain situation, all that is needed, is some additionalexamples 
overing this movement. Using the best suited examples the system
an adapt to 
hanging environment at run-time.The proposed method also over
omes the problem of having to use two di�erentanimation methods for for example animating limbs and fa
es. Using the handlestru
ture both large s
ale deformations like a walk animation 
an be 
reated,but it 
an just as easily be used to 
hange a 
hara
ters fa
ial expression.
10.2 Quality of methodWhen talking about quality of the method, two di�erent topi
s should be lookedat: The surfa
e quality under deformation, and the methods ability to dynami-
ally 
onstru
t poses when animating.
10.2.1 DeformationThe quality of the deformations, is a dire
t result of the quality of the Lapla
ianEditing used and the setup of the handles.The Lapla
ian Editing used is a straightforward and fast method, but for largerotations it may not o�er the best results, as it does not in
lude good volumepreservation. Other types of Lapla
ian Editing might do a better job, but thatwould more than likely be a tradeo� with performan
e.With the simple approa
h 
hosen, fairly good quality deformations 
an bea
hieved, but still artifa
ts like '
andy-wrapping' 
an be visible at larger de-formations. Espe
ially when thinking on the time used to setup the handlestru
ture, the resulting deformation quality is impressive.As an addition, using the Detail Deformation Layer is enabling the user to getjust the kind of surfa
e at a given pose as he wants. This is a powerful feature,whi
h 
an result in some very realisti
 deformations 
ontaining mus
le bulgeswrinkles and so on.



10.2 Quality of method 13310.2.2 AnimationUnder the assumption that the examples are well 
reated and suited for theanimation wanted, the quality of the animations is dire
tly related to the opti-mization and obje
tive fun
tion, and also how the 
onstraints are set up.The optimization fun
tion is mainly responsible for 
reating a smooth and non-jumpy animation, and the obje
tive fun
tion is responsible for keeping the re-sulting poses 
lose to the examples, but still be 
exible.In this dis
ussion, two di�erent types of example sets are looked at: Sets de�ningthe extends of limbs, and more targeted sets de�ning a sequen
e.10.2.2.1 Examples de�ning limitsExamples de�ning the extends of the limbs, is best suited to be used in the poseinterpolator. They 
an also, to some extend, be used in the example animationsystem, but a keyframe animation is impossible to 
reate from these, as theposes are extremes and not the a
tual wanted poses.If used in the animation system, many 
onstraints are usually needed, one forea
h moveable part, to 
reate lifelike animations. This 
ompli
ates the userintera
tion a great deal, so in these 
ases, input from motion 
apture would
ertainly be preferred.Whi
h obje
tive fun
tion is used is not 
riti
al, as long as the Distan
e to Targetterm is used along with one of the following terms:� Distan
e to pose� Minimize sum of weights� Minimize one minus sum of weightsWhi
h optimization fun
tion is used, is of less importan
e here, so one of thefaster is preferred, simple Hill Climbing or simple Hooke and Jeeves.Using this types of examples is a
tually making the pose interpolator a
t prettymu
h as a traditional inverse kinemati
s system: It gives a lot of freedom, butbe
ause of this it also requires a lot of 
ontrol to a
hieve a wanted result.
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ussion10.2.2.2 Examples de�ning good posesIf the examples is de�ning good poses, like all being part of the walk 
y
le, theanimation system be
omes mu
h more interesting. With some tweaking of theweights, all three energy terms above 
an a
tually 
reate some good results, butthe setting whi
h 
ontinuously performs better is:Energy = DtT + 0:2 �OMSoW + 0:3 �DfE(DtT plus the Distan
e to pose term with a weight around 0.3 and the Sum toOne term with a weight of 0.2).It really limits the resulting poses to be within an a

eptable pose spa
e de�nedby the examples. Optimizing this fun
tion using the simple Hooke and Jeevesmethod, and also having the system reorder by distan
e, is apparently givingthe best results.Using the regular Hooke and Jeeves or the Exhaustive sear
h is making theanimation far to unstable, both in terms of speed but also smoothness. So oneof the three fastest should be used, and as mentioned above, simple Hooke andJeeves seems like the best 
hoi
e.Using the proposed method, it is a
tually possible to 
reate rather good anima-tions, using just a few examples, and some good target paths (see the jumpingor
 appendix F.2).When basing animation on examples like this, the result is sometimes not exa
tlywhat the user imagined, but then it 
an usually be 
orre
ted by using a morethorough target path, whi
h more 
learly de�nes the wanted animation.10.2.2.3 Summing upAlthough a very general inverse kinemati
s system 
an be made using examplesde�ning the extreme poses of the limbs, the real strength of the method is tohave the system 'learn' good poses from the examples, by making them all partof a spe
i�
 type of animation (like set A, �gure 9.10). Using this method,enables a user, to fairly qui
kly setup a few examples, whi
h the system 
an
ombine to a far more 
omplex animation, like the 'jumping or
' on �gure 9.20
reated using only 2 examples.



10.2 Quality of method 13510.2.3 Comparison with BlenderA 
omparison with a traditional animation system, Blender, has been made.Here is a few images and a dis
ussion.
Figure 10.1: Animation using Blender.

(a) (b) (c) (d)Figure 10.2: Deformations using Blender: (a) Raised arm, bending the elbow,turned head. (b)-(d) Closeups to illustrate the quality of the skinning method.Noti
e all the details are preserved.Rigging and skinning the models took quite some time, maybe an hour, andthen a lot of small tweaking followed.There is no immediate visual advantages in the deformations when using Blender,but there is a lot more manual labor. The animation is a keyframe animation,with the usual 8 walk poses [WALK1℄. The result is very mu
h like the resultin the presented method's keyframe system.An expert animator will without a doubt be able to 
reate a better rigging andanimation than this, and probably use less time on the 
reation. Also to 
reatea lifelike skeleton based animation, as mu
h as 140 bones are sometimes used(information from IO Intera
tive, appendix E). A lot of these bones are usedto 
reate se
ondary deformations, like mus
le movement and to preserve thevolume. This has not been done here, only the basi
 bones are 
reated. Butusing this many bones, also in
reases the workload, so preparing a single model
an take as mu
h as 1 day.



136 Dis
ussionCompared with Blender, the proposed method is de�nitely o�ering a smoothersetup pro
ess, saving a lot of time. The deformations seems, with some tweak-ing, to be equal in quality, and likewise the keyframe animation 
reated. Butnote that the Blender animation is a stati
 keyframe animation, without thepossibility to 
hange it on the 
y, like in the proposed method's example basedsystem using 
onstraints.More on the Blender work
ow 
an be found in appendix D.10.3 Performan
e of methodThe goal of the method has not been to make a faster type of animation, as thetraditional methods are simple and highly optimized, and are thereby very fastand hard to beat.As the method stands, it is probably too slow to be used dire
tly in realtimeappli
ations like a game, but it 
an be used in o�ine tools and non-realtimeanimations.The bottle ne
k of the method, is de�nitely solving the Lapla
ian system. Thisis done using TAUCS, and 
an not be improved without a 
hange of solver. Anew pa
kage CHOLMOD has been released whi
h apparently o�ers a solvingtime of only a third of TAUCS. This pa
kage has not been used in this proje
tdue to its late release time. If implemented, the use of this pa
kage wouldprobably 
ut the frame time in half.Also the method to 
ompute the smooth normals are rather slow, and maybeusing the method to estimate the smooth normals, shown in [LSCO04℄, 
animprove the performan
e.Around 45.000 verti
es are the upper limit on the editing system, above thatnumber the per frame time goes above 1 se
ond and the editing experien
e willbe very bad.For the intera
tive animation system, the optimization fun
tion, �nding posesin the pose spa
e, is usually fast enough, no matter whi
h optimization methodis used. Using Simple Hill Climbing, the sear
h 
an be done in less than 0.005se
onds, whi
h means that it will not a�e
t the frame rate 
onsiderably.This again makes the deformation system set the limit for how big models 
anbe worked with. The pose interpolation system is therefor limited to about the



10.4 Appli
ations of method 137same number of verti
es as the editing system, 45.000. This gives about 1 frameper se
ond, slower than this is de�nitely not good.As animation has even higher requirements for intera
tivity than plain posing,the vertex 
ount should be a lot less to ensure smooth and good looking ani-mation. Here around 2.000 verti
es must be seen as the maximum number. Ifthe animation result is not needed for realtime appli
ation, there is o� 
ourseno limit to the size of model, as ea
h frame 
an be 
aptured and then pie
edtogether afterwards.10.4 Appli
ations of methodAs a stand-alone tool this method has several uses:� Intera
tive model posing for qui
k visualization or export.� Creating poses for keyframe animation, and testing these.� Animation using 
onstraints and paths.Exported poses 
ould be used in morphing animation, or as poses for use inSkinning Mesh Animations [JT05℄, to aid in the produ
tion of a traditionalskeleton animation.10.5 Future workHere a list of ideas for future work is given, in random order.Auto generation of handles Auto generation of handles, either from tem-plate or from analyzing the model.As a plugin Implement the method as a plugin to 
ommer
ial programs like3DStudio Max and Maya.Motion 
aptured data Conne
t it to motion 
aptured data. This data shouldbe added dire
tly as 
onstraints to 
orresponding handles, and 
ouldthereby 
reate some good animations, using a for more 
ompli
ated pathstru
ture than an animator would be able to do by hand.



138 Dis
ussionOther deformation system Di�erent Lapla
ian Editor for deformation, asthe method to rotate the details may not be the best. Unfortunately thebetter methods is also slower. Espe
ially volume preservation would bevery ni
e to in
lude.New solver Di�erent solver for linear systems, as CHOLMOD seems to o�era big in
rease in speed. The method does not require a spe
i�
 solver, sothere is no problem in substituting the solver pa
kage.Better GUI GLUI does not o�er a ni
e GUI, but in return it is platformindependent and fast to implement.Tools More tools for editing the mesh, 
onstru
ting the handles and deformingthe handles. Espe
ially a twisting fun
tion for the handles is attra
tive.Detail Deformation Layer The Detail Deformation Layer is only implementedas a proof of 
on
ept, seems like a very promising addition to the method.More tools to alter the layer should be developed, plus a better integrationto the rest of the method to redu
e the performan
e loss.As help for skinning It should be examined if the Lapla
ian Editing method
an somehow be used to simplify the skinning in a traditional skeletondevelopment.



Chapter 11 Con
lusion
The goals of the proje
t were stated as:1. Pose 
reator: Develop method to deform a model, without the use of atraditional skinned skeleton. These deformations, poses, 
an be used askeyframes or 'good' example poses in the animation system.2. Intera
tive Pose Interpolator: Create a system, that is able to blend 
re-ated poses, and use this to 
onstru
t new poses, from a pose spa
e, bysetting one or more handle 
onstraints. The system must �nd weights forpose-blending to 
reate a new pose satisfying the 
onstraints given. Thepose spa
e is de�ned by the examples of 'good' poses, whi
h the user has
reated.3. Animation system: For demonstration and testing purposes, 
reate a smallworld for an animation to work within. The animation 
an be 
reated withthe interpolation system above, or a simpler keyframe system.By using a handle stru
ture instead of a traditional skeleton and Lapla
ianEditing to deform the surfa
e, a pose 
reator was su

essfully 
reated. It utilizessome good prin
iples from skeleton based animation, but manages to simplifythe setup pro
ess a lot. Even though the pro
ess is simpli�ed and automated,



140 Con
lusionthe method still 
reates some very good deformations. The poses 
reated 
anbe exported or saved for use in the animation system.Fun
tionality has been 
reated to enable loading poses or part of a pose. Thisleads to blending of poses and to enri
hment of the pose spa
e, plus it is thefoundation of a animation system implemented.An optimization system was 
onstru
ted whi
h 
an �nd the best possible blendof some example poses, to satisfy some user de�ned 
onstraints, this makes outthe Intera
tive Pose Interpolator. Several di�erent optimization and obje
tivefun
tions have been implemented and 
an be used depending on whi
h is apriority; speed or pre
ision.This system was extended to enable time dependent animation following a pathsetup by the user, whi
h allows for real intera
tive animation in a small world,whi
h is very useful for evaluation of the method.Overall a working alternative to traditional skeleton based animation has beenproposed. It is able to run with large meshes in intera
tive environments, andprodu
es good quality mesh deformations. Performan
e-wise it 
an unfortu-nately not be seen as a repla
ement of skeleton-based animation yet, but as ithas some 
lear advantages both in form of setup time, and also with the possi-bility to 
reate animations whi
h adapts to 
hanges instantly. Also it handlesboth large s
ale animations like limbs for a walk sequen
e, and smaller feature
hanges like fa
ial expressions with the same method.With the improvements mentioned in se
tion 10.5, Future work, this novelmethod 
an be further improved, both in terms of possibilities and speed. So itseems promising, and with a bit more re�nement, it 
an in the near future be avery useful animation system.
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Appendix ADis
rete Lapla
ian Operator
Here is presented the derivation of the dis
rete Lapla
ian Operator, also knownas the umbrella operator ([Kob00℄, [HS04℄, [Jab05℄).The Lapla
ian operator is a se
ond order di�erential operator in the n-dimensionalEu
lidean spa
e, de�ned as the divergen
e of the gradient. It 
an be expressedas the sum of the se
ond partial derivatives.�f = fuu + fvvA lo
al surfa
e approximation is found by least squares �tting a se
ond orderpolynomial surfa
e to the one ring neighborhood of a vertexf(u; v) = f + ufu + vfv + u22 fuu + uvfuv + v22 fvvNow a pair of parameters must be assigned to the vertex and its neighbors. The
enter vertex p0 is given the 
oordinates (0; 0), so f(0; 0) = f = p0, and theothers (ui; vi) are given a uniform parametrization (where n equals the numberof neighbors):
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)Figure A.1: One ring neighborhood of vertex p0 and their parameter 
oordi-nates.

(ui; vi) = (
os(2�i=n); sin(2�i=n))This parametrization pla
es the neighbors uniformly on a unit 
ir
le, so it doesnot take the geometry into a

ount. This might not be a

urate, but it simpli�esthe problem as it only depends on the valen
y n.
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Figure A.2: One ring neighborhood of vertex p0 and their parameter 
oordi-nates, when above parametrization is used.Using the fa
t that f = p0 the following matrix system 
an be set up:



15526664 ... ... ... ... ...ui vi u2j2 uivi v2j2... ... ... ... ... 37775266664 fufvfuufuvfvv 377775 = 2664 ...pi � p0... 3775 (A.1)The matrix from the above equation we denote V, and the system Vf = p.Assuming p0 has at least 5 neighbors, the system 
an be solved in a least squaressense: f = Dp = ((UTU)�1UT )p (A.2)Going ba
k to �f , it 
an now be expressed as:�f = f3 + f5 = (D3 +D5)p (A.3)Using the parametrization mentioned before:(u0; v0) = (0; 0)(ui; vi) = (
os(2�i=n); sin(2�i=n))in equation A.3 the following simple result is obtained:D3 +D5 = � 1n 1n : : : 1n� (A.4)now we 
an get a ni
e and simple expression for �f :�f = 1n Xi2[1:n℄(pi � p0) (A.5)This is �nally the dis
rete Lapla
ian Operator, and for vertex pi it is:Æi = �f = 1n Xj2[1:n℄(pj � pi) (A.6)
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Appendix B Energy plots
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(b) DtT + MSW
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(
) DtT + MOMSW
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Figure B.1: Using example set B, the examples are tried with di�erent weights,and the results are seen here.(a) DtT + DtE
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Figure B.2: Using example set A, the examples are tried with di�erent weights,and the results are seen here.
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(a) Example 1 and 5
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Figure B.3: Using example set A, the examples are tested two at the time, theresult is seen here.
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Appendix C
3D s
anning

During this proje
t, a 3D s
anning of a model was made. This is a des
riptionof this pro
ess.First step was to 
oat the model in a white powder substan
e, to avoid re
e
tionsby the laser.14 s
ans was taken from di�erent angles, and they where stit
hed together asni
e as possible using a program whi
h 
ame with the s
anner (a Minolta).Unfortunately there were still many holes in the mesh, espe
ially under thearms.The s
anner software tried to �ll these holes, but it unfortunately resulted inthe arms getting welded onto the body.One arm was surgi
ally deta
hed from the body, the other was left atta
hed.The feet was also a huge problem, as they where not s
anned a

urately andnot from bellow.Basi
ally the model was too small for the s
anner. A larger model would requiremore s
ans, but it would give a lot better result.



162 3D s
anningTo be able to use the s
anned model appropriately, Rapidform 2006 were usedto 
orre
t the errors of the s
an; the other arm was deta
hed from the body, andthe mesh was de
imated to more suitable numbers of verti
es around 20.000,10.000 and 2.000.

Figure C.1: The Minoltas
anner. Figure C.2: Photo of the BobaFett model.
0
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Figure C.3: Resulting s
an of the Boba Fett model.
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anning



Appendix D Blender Work
ow
1. Import mesh2. Setup s
ene3. Create bones4. Atta
h mesh to bone stru
ture5. Go through all bones, see their vertex groups6. Corre
t vertex groups7. Try to edit the pose. Result is usually bad, as some verti
es may not beatta
hed to the proper bone.8. Corre
t weights of vertex groups9. Iterate until satis�edWhen satis�ed with the rigging and skinning, deformations 
an begin. Posesare 
reated at keyframes, and then a keyframe animation 
an be 
reated.



166 Blender Work
ow

Figure D.1: Skeleton 
reated.

Figure D.2: Weighting verti
es (Skinning).

Figure D.3: Deformation.



Appendix E
Meeting with IO Intera
tive

This is a small resume of my meeting with people from the game 
ompany IOIntera
tive on August 14.The following people were present: Ste�en Toksvig (CTO), Karsten Lund (LeadAnimator), Tom Isaksen (Lead Chara
ter Artist).Following views of the method was presented:The presented method seems mu
h simpler than traditional rigging and skin-ning, whi
h 
an take up to a whole day. But the bone stru
ture is a very bigpart of the 
hara
ter system today, used for various things, not only animating.So it is not possible to drop it.From an animators point of view, fast and automated is not ne
essarily good,as a lot of tweaking options is la
king, and they like to have 
omplete 
ontrol.They liked the quality of the deformations, but espe
ially one problem exists,whi
h they also knew from skeleton-based systems: When rotating for examplethe wrist (opposed to normal bending), is 
ausing diÆ
ulties as this rotationshould be spread over the length of the arm. In their systems this is solvedusing many extra bones to 
ontrol the deformations.



168 Meeting with IO Intera
tiveAnother issue whi
h exists in skeleton based animation is volume preservation,where again several extra bones is used to avoid this. But from looking at theresults of the proposed method they were optimisti
.The proposed method is too slow as a general in-game method, but 
ould beinteresting as o�ine tool. Or maybe to help in the skinning pro
ess, if a methodwas found to use Lapla
ian Editing to 
reate vertex weights.



Appendix F Animation examples
F.1 Walking Boba Fett
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Figure F.1: Poses from walk animation using Simple Hill Climbing on exam-ple set A. From top down: 1) DtT only. 2) DtT+SoW. 3) DtT+OMSoW. 4)DtT+DfE.



F.1 Walking Boba Fett 171

Figure F.2: Poses from walk animation using DtT+DfE on example set A. Fromtop down: 1) Simple Hill Climbing. 2) Hooke and Jeeves. 3) Simple Hooke. 4)Global exhaustive.



172 Animation examplesF.2 Jumping or

(a) (b) (c)Figure F.3: (a) Or
 handle stru
ture. (b) Example 1. (
) Example 2.

(a)

(f )(e)(d)

(c)(b)

Figure F.4: Using the above 2 examples, a path for th left foot, and a path forthe left hand, this jumping animation is 
reated. It is running at around 15 fps.



Appendix G Users Guide
In this appendix, a very short guide to the program is given.G.1 InstallationNo spe
i�
 installation �le has been 
reated. Just pla
e the RUNTHIS.exe �lein same dire
tory as needed DLL �les and run.If you wish to import other models than the default, pla
e all �les from the'PROGRAM' folder on the CD in a folder 
alled 'freemotion' on your C-drive.Now you 
an drag an OBJ models onto the DRAGNDROP.exe short
ut �le.



174 Users GuideG.2 General options

Figure G.1: Main tools panel.

The Main Tools panel 
on-tains several options likeviewing, transparen
y, visi-bility, load, save and exportfun
tions.



G.3 Creating handle stru
ture 175G.3 Creating handle stru
ture

Figure G.2: Handle tools panel.
Press New or 'n' to 
reatea new handle next time ver-ti
es are sele
ted using paintor box-sele
tion.After new handle is 
reated,it goes ba
k into 'add' mode,where you 
an use paint orbox-sele
tion to add verti
esto the sele
ted handle.Holding down left shift, re-move verti
es when sele
ted.When handle stru
ture isdone, 
li
k OK.

Figure G.3: Rotation Center panel.
Now you 
an grab ea
h rota-tion 
enter ball and move it toits appropriate position. Themodel 
an be made transpar-ent for easier navigation.The 
omplete handle stru
-ture 
an be saved for lateruse.Cli
k OK.



176 Users GuideG.4 Create an example

Figure G.4: Create Pose panel.

Left 
li
k on handle to se-le
t as Main handle. Holdingdown shift when left 
li
kingsele
ts a handle as se
ondaryhandle.Pressing 's', saves se
ondaryhandles for the main handle.By 
li
king and dragging, thesele
ted handles 
an be ro-tated. The rotating is per-formed around the rotation
enter of the main handlewith an axis perpendi
ular tothe s
reen.Holding down Control, en-ables translation of the se-le
ted handles.When a wanted pose is ob-tained it 
an be saved to a �le.As many examples as wanted
an be 
reated.Cli
k OK.
G.5 Keyframe animationWhen in Animation mode, the examples 
an be run as a keyframe animationby pressing 'k'.Examples 
an be left out, by desele
ting them in the 'Poses On/O�' panel.



G.6 Intera
tive Pose Interpolator 177G.6 Intera
tive Pose Interpolator

Figure G.5: Optimization andEnergy panel panel. Figure G.6: Optimization andEnergy panel panel.

Figure G.7: Di�erent settings.

Sele
t a handle by left 
li
kingon it. Press 'z' to 
onstrainthis handle.The 
onstraint 
an now bemoved by 
li
king and drag-ging.The optimization fun
tionand obje
tive fun
tion 
an be
hanged.



178 Users GuideG.7 Animation
Figure G.8: Load/Save paths.

Right 
li
k to 
reate pathpoints.Remember to enable globalmovement.Press 'a' to enable auto an-imation, the model will nowfollow the path.The 
reated paths 
an besaved and loaded.
Figure G.9: Di�erent surfa
es 
an be visual-ized.
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The main idea is that the user drags a part of 

the model to a new position, and the system 

must then search for the best combination of 

examples to fit this position best.

The system searches the example space 

pairing the examples two at the time. For 

each pair it finds the optimal interpolation of 

these two. The system takes advantage of 

the fact that it knows the exact transforma-

tions used to create a pose. This can be 

utilized to speed up the search.

When the best pose is found, the handles are 

moved to these positions, and the surround-

ing surface is reconstructed using Laplacian 

Editing.

Animation
Left : Animation using only two 

examples (coloured models). 

In this case weight1 = 1 - weight2
(NB! The lower leg is bent inward when the 

leg is forward.)

Right : Same animation, but with 

an extra example in between. This 

new example with the leg 

straightened, gives a different and 

better looking animation.

Original pose and two 

examples

weight1 = weight2 

interpolation

weight1 = 1 - weight2 

interpolation

Laplacian Matrix for a mesh. Used to 

reconstruct a mesh by finding a least 

squares solution to a Ax = b linear system.

Laplacian Operator at vertex vi

N contains neighbors, d is the |N|

v
i

C) Finally the elbow is bent, 

the left leg is lifted and the 

knee is bent.

This whole process can be 

managed in a matter of 

minutes, and the system can 

handle tens of thousands of 

vertices with interactive 

framerates on a normal PC.

B) Using the right upper arm 

as the main handle, the arm 

is lowered.

The lower arm and hand are 

secondary handles, just 

following the main.

This hierarchy is not fixed, it 

is defined by the user at 

each deformation.

A) Original model with the 

handle structure defined. 

The handles (red areas) are 

the rigid areas of the model.

The handles can be easily 

modified to tweak the 

resulting deformation.

First step is to create the handle structure, which consists of a number of handles 

and a rotation point for each of these. The user can freely create and modify this 

structure, using simple but powerful tools.

When the handle structure is complete, the user can then manipulate the handles, 

to get the wanted pose. 

Laplacian Editing: The part of the mesh not part of a handle, is deformed 

using Laplacian Editing. Which is a method for altering a model, while preserv-

ing low frequent details, using the discrete mesh laplacian operator to recon-

struct the mesh.

Creating Examples

In this project I present a method for easy and userfriendly 

creating animations of scanned models. The method makes no 

use of skeleton or bones in a traditional way, but is using handles 

painted on the surface of the model to control the movement. 

The handles are transformed by the user, and the surface between 

the handle is deformed accordingly using Laplacian Editing.

Using this technique, the user creates example poses, which can 

be used in later animation. The method’s key advantage is knowing the 

exact transformations of each handle for a given example.

The system is still work in progress, but seems very promising.

Abstract 

Kristian Evers Hansen - s001678@student.dtu.dk

Informatics and Mathematical Modelling, Technical University of Denmark

Example-based Animation 

of Scanned Models 



Appendix I CD-Rom 
ontent
THESIS Contains this thesis as a PDF.PROGRAM Contains the program as an exe
utable, the needed DLLs andthe used models, whi
h 
an be dragged onto the program �le.MOVIES A sele
tion of movies, mat
hing the examples presented in this thesis.SOURCE All sour
e 
ode for the program.POSTER The poster presented at Visionday 2006.OTHER Abstra
t whi
h parti
ipated in Dansk Virtual Reality Selskabs 
om-petition.models All 3D models obtained during this proje
t.
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