é) i ?rsit,é\,/
e

Ienclennes

et du Hainaut-Cambrésis

These de doctorat
Pour obtenir le grade de Docteur de I’'Université de

VALENCIENNES ET DU HAINAUT-CAMBRESIS

Discipline, spécialité selon la liste des spécialités pour lesquelles I'Ecole Doctorale est accréditée :
Mathématiques appliquées

Présentée et soutenue par Laura, SAINI.
Le 13/06/2013, & Valenciennes

Ecole doctorale :
Sciences Pour I'Ingénieur (SPI)

Equipe de recherche, Laboratoire :
Laboratoire de Mathématiques et ses Applications de Valenciennes (LAMAYV)

Nouveaux outils pour I'animation et le design :

Systeme d’animation de caméra pour la stop motion, fondée sur une interface
haptique et design de courbes par des courbes algébriques-trigonométriques
a hodographe pythagorien

JURY

Président du jury
- Ali Mehmeti, Felix. Professeur des Universités - Université de Valenciennes.

Rapporteurs

- Biard, Luc. Maitre de Conférences, HDR - Université Joseph Fourier de Grenoble 1.
- Daniel, Marc. Professeur des Universités - Université d’'Aix-Marseille.

Examinateurs

- Ali Mehmeti, Felix. Professeur des Universités - Université de Valenciennes.
- Neveu, Marc. Professeur des Universités - Université de Bourgogne.

Directeur de thése
- Albrecht, Gudrun. Professeure des Universités - Université de Valenciennes.
Co-directeur de these : Romani, Lucia. Chercheuse - Université de Milan-Bicocca.

Membres invités

- Lissarrague, Nicolas. Maitre de Conférences, Laboratoire Culture, Arts, Littérature, Histoires des Sociétés
et des Territoires Etrangers (CALHISTE) - Université de Valenciennes.



éJ i ?rsit,é\,( d)
S enclennes ©&T

et du Hainaut-Cambrésis

Thtse de doctorat
Pour obtenir le grade de Docteur de I’'Universitd de
VALENCIENNES ET DU HAINAUT-CAMBRESIS
Sp@cialitd : MATH MATIQUES APPLIQU ES
Présentée et soutenue par Laura SAINI.
Le 13/06/2013, a Valenciennes
Ecole doctorale : Sciences Pour I'Ing@nieur (SPI)

Laboratoire : Laboratoire de Math@matiques et ses Applications de Valenciennes
(LAMAV)

New tools for animation and design:
a haptic-based system for stop motion camera animation and curve
design by algebraic-trigonometric Pythagorean Hodograph curves.

Nouveaux outils pour I’animation et le design :
systtme d’animation de cam@ra pour la stop motion, fond@de sur une
interface haptique et design de courbes par des courbes
alg@briques-trigonom@triques hodographe pythagorien.

JURY

Rapporteurs

BIARD, Luc. Ma tre de Conf@rences, HDR - Universitd Joseph Fourier de
Grenoble 1.

DANIEL, Marc. Professeur des Universit@s - Universitd d’Aix-Marseille.
Examinateurs

ALl MEHMETI, Felix. Professeur des Universitds - Universitd de Valenciennes.

NEVEU, Marc. Professeur des Universit@s - Universitd de Bourgogne.

Directrice de these : ALBRECHT, Gudrun. Professeure des Universitds - Universitd
de Valenciennes.
Co-directrice de thése : ROMANI, Lucia. Chercheuse - Universitd de Milan-Bicocca.






Abstract

In Computer Aided (Geometric) Design (CA(G)D) curves are usually represented
in a parameterized form. This way of expressing curves is practical as well as e -
cient. It is independent of the choice of the coordinate system, it lends itself well to
geometric transformations, such as rotations, translations, and scaling, and the dif-
ferential geometric properties of a curve, as length and curvature, are invariant under
re-parameterization. The simplicity of this form is used for the design of geometric
models for object shapes in many applications including automotive, shipbuilding,
and aerospace industries, industrial and architectural design, and many more. In
addition, this representation allows to generate points on a curve in the direction of
increasing values of parameter. This property is also widely used to produce com-
puter animation. In this context, in this thesis, we study stop motion animation,
that is an animation technique that brings objects, such as puppets or clay models,
alive by photographing a series of positions and then playing them as a continuous
sequence. Originally, only the objects are moved in a stop-motion animation, be-
cause animating the camera is very complicated. Moreover, it is an impossible job
to move the camera frame by frame along a continuous curve to produce a smooth
movement. Because of these constraints, the camera was strongly xed on the real
stage for a long time. But on the other hand, camera movements subject to the
in uence of oor irregularities, human manipulations and mechanical imperfections
are mainly recognized as part of the aesthetic cinematographic speci city, and there-
fore desirable to a certain extent. So far, even traditional animation methods in 3D
software animation programs su er from limitations in producing realistic camera
moves. Our objective is to create a new motion control system speci cally designed
for stop motion that is able to simulate a realistic camera animation, be adapted to
stop motion stages in terms of size and weight as well as be accessible to any-sized
budget productions. In chapter 2, we describe the partial solutions proposed in
the literature and we use them with the aim to overcome the existing drawbacks
of the 3D animation software. We aim at simulating a 3D camera movement that
can integrate constraints and imperfections of real camera devices by using a haptic
interface. We focus on "Keyframing animation™ and propose a system that sepa-
rates position and speed of the trajectory curve. Once elaborated, the keyframes,
recorded by a haptic interface, are exported, frame by frame, to the motion control
software, which allows to calibrate the motion control robot, to control the cam-
era settings and, nally, to execute the sequences. We describe the whole system
and explain in detail the mathematical processing to obtain di erent camera move-
ments by using a haptic interface for motion capture in chapter 3. In our system
we can control a rational parametric cubic B@zier curve and manage the speed of
our robot, by using the concept of the Ease Curve, which represents arc length
over time-frame. In this way, we can nd a new parameterization for our rational
parametric cubic B@zier curve that is less noisy than the movement captured by the



haptic system but still respects the original design intent. We thus can simulate
di erent behaviours of a real camera device to give stop motion animators total
artistic freedom. In the rst step we project the motion capture sequence on the
rational parametric cubic B@zier curve to allow the robot to move along the given
trajectory. We know the length of the trajectory curve, by approximating the inte-
gral using a Gaussian quadrature. By using Newton’s method we determine curve
parameters to calculate the coordinates of the corresponding curve points. In the
second step we determine an "ideal" speed that maintains the haptic one. By using
the least squares method, we t a quartic polynomial to the discrete data of the
Ease Curve that represents the "ideal™ speed. Thus, we can calculate the ideal curve
parameterization. In the third step we calculate, by blending, di erent Ease Curves
between the "haptic"” and the "ideal” one. Finally, we determine the corresponding
curve parameterizations. To get a smooth trajectory curve that takes into account
the constraints of a real camera move we create a new mathematical representation
of the camera’s trajectory based on the concept of Pythagorean-Hodograph (PH)
curves, described in chapter 4. This representation allows to determine the curve’s
arc-length in an analytical way as well as an exact rational parameterization of the
0 set curves, and is usable in general curve design applications. Our new class of
curves is built-upon a ve-dimensional mixed algebraic-trigonometric space and is
called ""Algebraic-Trigonometric Pythagorean-Hodograph™ or ATPH. It depends on
a parameter which can be used as shape parameter and reproduces arcs of arbitrary
length of planar trigonometric curves, as circles, cardioids, deltoids, limacons, lem-
niscates, piriforms. These properties help us to create a realistic camera movement.
To this end, in particular, we solve the rst order Hermite interpolation problem and
construct spirals as G? transition elements between a line segment and a circle, as
well as between a pair of external circles. Our system, speci cally designed to help
animators realize a realistic camera movement for stop motion, will be a bene t for
all types of stop motion productions. With an optimized work ow, such a system
will signi cantly encourage creativity while respecting the handwork aesthetic of
stop motion, intensify cinematographic illusion by giving life to camera and allow
as much freedom for camera moves as on a real stage.



Réesumeé

En C(G)AO, Conception (Gdom@trique) Assistde par Ordinateur, les courbes sont
g@n@ralement repr@sent@es sous forme paramg@trique. Cela permet une grande sim-
plicitg de la mod@lisation de la forme de I'objet, qui est utilisde dans de nombreuses
applications, telles que I'automobile, la construction navale, I'a@rospatiale et le de-
sign industriel et architectural. En outre, la possibilitd de gdn@rer une s@quence
ordonn@e de points sur la courbe trouve aussi de nombreuses applications dans
I'animation 3D. Dans ce cadre, cette thtse propose I'Gtude de la stop motion, qui
est un type particulier d’animation, inventf@e dans les premiers temps de la nais-
sance du cinfma, qui permet de rendre "vivants" presque tous les objets, en donnant
I'impression qu’ils bougent par eux-m&mes. L’illusion du mouvement est obtenue
en manipulant ces objets dans une succession de poses gfes, en photographiant
chacune de ces poses et en projetant le r@sultat comme une s@quence continue.
Ce procfdd long et complexe est encore plus p@rilleux lorsqu’il concerne un mou-
vement de cam@ra : toute erreur se traduit par une secousse de toute I'image
et un mouvement d’autant plus saccad? et gEknant pour le spectateur. Par con-
sgquent, sur un tournage en stop motion, la cam@ra est le plus souvent fermement
arrim@e au sol. Cependant, I'importance des mouvements de cam@ra comme par-
tie de I’'esth@tique sp@ci quement cindmatographique a @td maintes fois soulignfe et
thgoris@e. L’objectif de la thtse est donc de proposer un systtme de contr le de mou-
vement par ordinateur, capable de simuler un mouvement de cam@ra comme s’il avait
gtd rdalisd par un appareil de prise de vue r@el et pouvant Etre (re)produit facilement
car ne n@cessitant qu’un outillage et des mat@riaux accessibles, pour un col3t aussi
modeste que possible. L’@tude bibliographique, ddcrite dans le chapitre 2, porte sur
I'utilisation des principaux logiciels d’animation et sur les dftails th@oriques et des
solutions existantes. Elle nous a permis de cr@er un moyen innovant et plus e cace
pour aider la g@n@ration d’animations en stop motion par le biais des dispositifs
haptiques et de mettre au point un systtme de montage nouveau et intuitif pour
I'animation d’une cam@ra par ordinateur. Nous proposons un systtme de crfation
d’animation par images cl@s qui sait dissocier le comportement spatial et temporel
d’un mouvement en deux courbes di @rentes. Les images clds, gdn@grfes par un pg-
riph@rique de motion capture (Novint Falcon), sont envoy@es un logiciel de gestion
de motion capture, de motion control et de prise de vue, puis un robot qui ex@cute
la s@quence vid@o. Les @tapes de ce systtme et les d@tails du procfd?d math@matique
utilisd sont d@crits dans le chapitre 3. Une courbe paramdtrique B@zier rationnelle
cubique nous permet de contr ler la trajectoire du robot et les rotations de la cam@ra.
Elle est parametrisfe I’aide d’une Ease Curve, qui repr@sente I'abscisse curviligne
sur le temps et qui permet de changer la vitesse de notre robot. Cela nous permet
d’@liminer le bruit dans la sgquence captur@e par le systtme haptique tout en gardant
le mouvement enregistrd, et cela donne une plus grande libert@ de choix artistique

I'animateur/trice. La premitre tape consiste projeter la s@quence de points cap-



tur@e par le systtme haptique sur la courbe param@trique B@zier rationnelle cubique
pour permettre au robot de suivre la trajectoire initiale.  partir de la longueur de
la courbe, approxim@e par une quadrature de Gauss, nous trouvons les valeurs de
ses paramttres, en utilisant la m@thode de Newton, pour d@terminer les coordonnfes
des points correspondants sur la courbe. La deuxitme @tape d@termine une vitesse
"id@ale™ qui conserve I'Gvolution de la vitesse haptique. En utilisant la m@thode des
moindres carr@s, nous d@terminons partir des donn@es discrttes de I'Ease Curve
un polyn me de degr@ quatre qui repr@sente la vitesse "id@ale”. Nous pouvons ainsi
ddterminer la param@trisation id@ale de la courbe. Dans la troisitme @tape, nous cal-
culons di @rentes Ease Curves entre I'"haptique™ et I’"id@ale", par une combinaison
barycentrique. Finalement, nous ddterminons les param@trisations "interm@diaires"
correspondantes. A n d’imiter au mieux le comportement du matgriel de prise de
vue cindmatographique r@el, nous avons d@velopp@, dans le chapitre 4, une nouvelle
repr@sentation math@matique de la trajectoire de la cam@ra partir des courbes
polynomiales param@triques Pythagorean-Hodograph (PH), aussi utilisable dans des
applications de design de courbes. Cette repr@sentation permet notamment de cal-
culer I'abscisse curviligne I'aide de formules analytiques plut t que numg@riques et
d’avoir une param@trisation rationnelle exacte des courbes o set. Notre nouvelle
classe de courbes, construite sur un espace alg@brigue-trigonom@trique est nommge
""Algebraic-Trigonometric Pythagorean-Hodograph' ou ATPH. Elle permet en outre
de modi er la forme de la courbe en utilisant un paramttre de forme et de reproduire
des arcs de courbes trigopnom@triques planes, tels que cercles, cardio des, delto des,
lima ons, lemniscates, piriformes. Ces propridtds nous aident moddliser le mou-
vement d’une cam@ra r@elle. Pour cela, nous r@solvons en particulier un probltme
d’interpolation d’Hermite et nous construisons des courbes de transition entre une
droite et un cercle ou entre deux cercles externes possgdant des raccords de continu-
itd G2. Ce systtme permettra d’une part de faciliter le travail de I’'animateur/trice
et d’autre part ouvrira un champ de possibilitds suppl@mentaires quant [I'ajout de
contraintes ciblges. En n, il aura des applications pratiques dans le domaine de la
prise de vue en stop motion.



Remerciements

Ma thtse de doctorat a gtd rfalisfe gr ce au nancement de la "R@gion Nord-Pas
de Calais", ainsi que de I’Universitd de Valenciennes et du Hainaut-Cambr@sis.
Je leur adresse tout particulitrement mes remerciements.

Unjyersité d
(S lenclennes e e
et du Hainaut-Cambrésis

J’exprime mes remerciements Luc Biard et Marc Daniel qui ont acceptd d’Etre les
rapporteurs de cette thtse et d’avoir pris une grande partie de leur temps pour lire
ce m@moire. Je remercie aussi I’ensemble des membres du jury, Felix Ali Mehmeti
et Marc Neveu pour avoir acceptf d’examiner mon travail.

Je souhaite remercier Nicolas Lissarrague qui m’a introduit la partie pra-
tique et applicative de cette thtse et qui a permit de d@velopper la partie artistique
de ce projet.

En n, jexprime ma gratitude  Gudrun Albrecht et  Lucia Romani, direc-
trice et co-directrice de thtse, pour leur encadrement et leurs conseils.






Contents

Introduction 1
Stop motion 5
2.1 What is 3D animation? . . . ... ... ... ... 5
2.2 Stop motion: a stateof theart . ... ... ... ... ... ..... 5
2.2.1 Camera movements in current stop motion productions 7
Existing tools for camera animation 11
3.1 Practice . . . . ... 11
3.1.1 Keyframing Animation . . . . . . . ... ... ... ... 11
3.1.2 Path Constraint Animation . . . ... ... ... ....... 12
3.2 Theory . . . . . 14
3.2.1 Techniques of interpolation . . . ... ... .......... 14
3.2.2 Parametrisation . . . . ... ... .. 16
A new system for generating stop motion camera movements 21
4.1 Introduction to an haptic system . . . . ... ... ... ... .... 21
4.2 Steps of the whole system . . . . . . ... ... .. ... ... ... 22
4.2.1 Motion capture device . . . . .. ... 24
4.2.2 Camera movement management. . . . . .. .. .. ... ... 24
4.2.3 Motion control software . . . ... .. ... ... ... ... 25
4.2.4 Motion control robot and digital camera . . . . .. ... ... 26
4.3 Mathematical processing . . . . . . . . . .. ... . 26
43.1 Translation . . ... ... .. ... 33
432 Rotation. . . . ... .. ... 34
4.4 System assessment . . . .. ... 35
A new class of curves: Algebraic-Trigonometric Pythagorean-
Hodograph 39
5.1 Normalized B-bases for pure trigonometric and mixed algebraic
trigonometric spaces . . . . . . ... 40

5.1.1 General results on normalized B-bases of spaces of real functions 40
5.1.2 Normalized B-bases of spaces of trigonometric and mixed

algebraic trigonometric functions . . . . . ... ... ... .. 42

5.2 AT-B@zier curves over the mixed algebraic-trigonometric space Us . . 48
5.3 Algebraic-Trigonometric Pythagorean Hodograph (ATPH) curves

and their properties: real representation . . . .. ... ... ... .. 53

5.4 C! Hermite interpolation problem: rstapproach . .. ... ... .. 55

5.5 Algebraic-Trigonometric Pythagorean Hodograph (ATPH) curves
and their properties: complex representation . . . . . ... ... ... 58



Viii Contents

5.6 C! Hermite interpolation problem: reformulation and analysis . . . . 63
5.6.1 How to identify the best ATPH Hermite interpolant . ... 65
5.7 Construction of ATPH spirals . . . . . ... ... ... ........ 73
5.7.1 ATPH spiral for designing a G? transition between a line and
acircle. . . ... 74
5.7.2 S-shaped ATPH spiral for designing a G2 transition between
twocircles . . . . . ... 82
6 Conclusions 89
A The structure of the motion control system 91
A.1 Haptic interface: Novint Falcon . . . .. ... ... ... ....... 92
A2 Matlab. . . . ... e 94
A3 3D StudioMax . . .. . ... 97
A.4 Motion control software . . . . . ... ... ... oL 99
A.4.1 Open source Motion control software;: home made . .. ... 100
A.4.2 Professional Motion control software: Dragonframe . . . . . . 101
A.5 Motion control robot and digital camera . . . . . ... ... ... .. 101
A.5.1 Future developments: towards Version 0.3.3 . . .. ... ... 102

Bibliography 111



Chapter 1
Introduction

In Computer Aided (Geometric) Design (CA(G)D) curves are usually represented
in a parameterized form. In general, a parametric curve is a function of one inde-
pendent parameter, usually denoted by t, and it is commonly written as:

P = x(®);y®) for a t b, withabh2R:

In Figure 1.1 an example of a parametric curve. This way of expressing curves is

P(0) P(1)

Figure 1.1: Exemple of a parametric curve P(t) for0 t 1.

practical as well as e cient. It is independent of the choice of the coordinate system,
it lends itself well to geometric transformations, such as rotations, translations and
scaling, and the di erential geometric properties of a curve, as length and curvature,
are invariant under reparametrisation. The simplicity of this form is used for the
design of geometric models for object shapes in many applications including auto-
motive, shipbuilding, and aerospace industries, industrial and architectural design,
and many more. In addition, this representation allows to generate points on a
curve in the direction of increasing values of the parameter. This property is also
widely used to produce computer animation, as described in [Lasseter 1987].

In this thesis, in particular, we study stop motion animation, that is an an-
imation technique that brings objects, such as puppets or clay models, alive by
photographing a series of positions and then playing them as a continuous sequence,
as we can see in Figure 1.2. A detailed description of this animation technique is



Chapter 1. Introduction

Figure 1.2: Sequence of photos to create a stop motion video.

presented in chapter 2. Originally, only the objects are moved in a stop-motion
animation, because animating the camera is very complicated. Moreover, it is an
impossible job to move the camera frame by frame along a continuous curve to pro-
duce a smooth movement. Because of these constraints, the camera was strongly

xed on the real stage for a long time. On the contrary, on real stages camera move-
ments are mainly recognized as part of the aesthetic cinematographic speci city.
They are subject to the in uence of oor irregularities, human manipulations and
mechanical imperfections and therefore desirable to a certain extent as these pro-
vide realism to the stop motion movies. So far, even traditional animation methods
in 3D software animation programs su er from limitations in producing realistic
camera moves. Our objective is to create a new motion control system speci cally
designed for stop motion that is able to simulate a realistic camera animation, be
adapted to stop motion stages in terms of size and weight as well as be accessi-
ble to any-sized budget productions. In chapter 3, we describe the 3D animation
theory (see, e.g., [Sharpe 1982], [Guenter 1990], [Hongling 2002], [Parent 2004] and
[Eberly 2008]) and the partial solutions proposed in the literature by [Snibbe 1995],
[Steketee 1985] and [Watt 1991]. We use them with the aim to overcome the exist-
ing drawbacks of the 3D animation software, as Maya (see, e.g., [Derakhshani 2009])
and 3D Studio Max (see, e.g., [Murdock 2001]). We aim at simulating a 3D camera
movement that looks as realistic as possible by integrating constraints and imperfec-
tions of real camera devices by using a haptic interface. We focus on ""Keyframing
animation™ (see, e.g., [Verth 2004], [Govil-Pai 2004] and [Kochanek 1984]) and pro-
pose a system that separates position and speed of the trajectory curve. Once
elaborated, the keyframes, recorded by a haptic interface, are exported, frame by
frame, to the motion control software, which allows to calibrate the motion control
robot, to control the camera settings and, nally, to execute the sequences. We de-
scribe the whole system and explain in detail the mathematical processing to obtain
di erent camera movements by using a haptic interface for motion capture in chap-
ter 4. In our system, that uses the graphical interface from [F nfzig 2010], we can
control a rational parametric cubic B@zier curve and manage the speed of our robot,
by using the concept of the Ease Curve, which represents arc length over time-frame.
In this way, we can nd a new parametrisation for our rational parametric cubic
B@zier curve that is less noisy than the movement captured by the haptic system but
still respects the original design intent. We thus can simulate di erent behaviours
of a real camera device to give stop motion animators total artistic freedom. In
the rst step we project the motion capture sequence on the rational parametric
cubic B@zier curve to allow the robot to move along the given trajectory. We know



the length of the trajectory curve, by approximating the integral using a Gaussian
quadrature (as described in [Saini 2010]). By using Newton’s method we determine
curve parameters to calculate the coordinates of the corresponding curve points. In
the second step we determine an "ideal” speed that maintains the haptic one. By
using the least squares method, we t a quartic polynomial to the discrete data
of the Ease Curve that represents the "ideal” speed. Thus, we can calculate the
ideal curve parametrisation. In the third step we calculate, by blending, di erent
Ease Curves between the "haptic™ and the "ideal” one. Finally, we determine the
corresponding curve parametrisations.

To get a smooth trajectory curve that takes into account the constraints of a
real camera move we create a new mathematical representation of the camera’s
trajectory. In chapter 5, we present a trigonometric analogue of the Pythagorean
Hodograph quintic, featured by the property of possessing exactly computable arc
length and o set curves. First, the novel class of Algebraic Trigonometric PH curves
(called for short ATPH curves) is presented in a real representation. We construct C*
ATPH curves that interpolate given end points and associated end derivatives. Next,
we introduce, and we use hereinafter, a complex representation and we reformulate
the previous results in this concise notation. This allows us to thoroughly analyse
the obtained solutions of the Hermite interpolation problem. Then, we present G2-
continuous ATPH curves of monotone curvature joining basic elements such as line
segments and circles. In both application contexts we will show that the ATPH
interpolants compare favorably with their polynomial PH counterpart. In fact,
concerning the C! Hermite interpolation problem, we will see that, although there
exist Hermite data such that all possible polynomial PH solutions manifest undesired
self-intersections, ATPH interpolants constructed from the same information turn
out to be free of loops if the free parameter is suitably selected. Moreover, the
free parameter can be also conveniently exploited either to improve the curvature
behavior of ATPH spirals joining G2-continuously a line and a circle or to adjust the
location of the second point of contact of the spiral as well as the curvature pro le
and/or variation in the case of S-shaped spirals joining G?-continuously a pair of
external circles. We would like to use these properties to help create a realistic
camera movement.

In chapter 6 we conclude summarising and commenting our system and describ-
ing our work in progress. It is speci cally designed to help animators realize a
realistic camera movement for stop motion and it will be a bene t for all types of
stop motion productions and 3D animations. With an optimized work ow, such
a system will signi cantly encourage creativity while respecting the handwork aes-
thetic of stop motion, intensify cinematographic illusion by giving life to camera and
allow as much freedom for camera moves as on a real stage.






Chapter 2
Stop motion

2.1 What is 3D animation?

Computer animation is the art of creating moving images via the use of comput-
ers. It is a sub eld of computer graphics (it studies the manipulation of visual and
geometric information using mathematical and computational techniques) and ani-
mation (from Latin animatio, animation literally means "the act to bringing life™).
In a 2D animation the objects and the images are in two dimensions, on the other
hand in a 3D animation there are 3D models and gures.

In both cases the cinematographic animation is based on the 20th century tradi-
tional animation techniques, called cel animation or hand-drawn animation. The
illusion of movement is created by displaying successively a sequence of slightly dif-
ferent draws to create smooth and continuous movements. Traditionally, animation
was created by drawing each individual image, or frame, in the animated sequence.
The lead animator creates the keys, or important frames, and a second animator
creates the in-between frames. For these reasons the rst animator is called "key-
animator”, the second one "tweener™ and the name of this technique is keyframing
animation. By the beginning of 21th century the most basic computer animation
tools assist the process of traditional animation by automatically generating some
of the frames of animation and by using 3D graphics.

2.2 Stop motion: a state of the art

In 1896, one year after the o cial birth of Cinema, Eugtne Promio in Vues de Venise
puts his camera on a boat making the rst travelling of the cinema history. Since
W.D. Gri th, camera movements are not only used to follow the action on stage, but
they are also and mainly recognized as one of the expression of a cinematographic
speci city, a way to construct atmosphere, to play with space and much more. J.L.
Godard even certi ed that "the tracking shot is a moral issue'. Camera moves have
greatly contributed to generating the personal style and aesthetics of directors such
as S. Spielberg, R. Polanski, R. Altman, A. Resnais, S. Kubrick, M. Scorsese, M.
Cimino, O.Welles or F.F Coppola, and some of these camera moves are now part of
the history of cinema like the opening shot of Touch of Evil (Orson Welles, 1958).
In 1897, two years after the o cial birth of Cinema, Georges Mdlits did a short
advertising (its title has been lost) where some wooden toy letters move "magically"
to make the advertiser’s name [Harryhausen and Dalton 2008]. This short Imis
known as the rst stop motion animation movie, a special type of animation where
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an object (model, puppet, clay) is moved slightly between two frames: when all
photos are gathered to make a sequence, the illusion of movement is created. It’s a
(very) long and (very) tedious process. Since then, technicians and directors have
explored the creative possibilities of this technique, from Dziga Vertov’s Man with
a movie camera (1929), Merian C. Cooper and Ernest B. Schoedsack’s King Kong
(1933) (Figure 2.1(a)) to Nathan Juran’s The 7th voyage of Sinbad (1958) or Tim
Burton’s Corpse bride (2005) (Figure 2.1(b)).

Figure 2.1: Poster of King Kong (left) and Corpse bride (right).

Technical speci cities

Stop-motion is an animation technique that brings objects, such as puppets or clay
models, alive by photographing a series of positions and then playing these as a
continuous sequence. In particular, if we also move the camera we obtain a stop-
motion camera animation. The camera shots are made frame by frame and the
camera is slightly moved between frames. Once they are assembled it produces an
illusion of movement. The main di culty of this technique is that if an animator
does a mistake on set, it is not possible to go back and repeat elements of a movement
as it can never be recaptured exactly in the same way. Moreover, an animator can
produce 4 to 12 seconds of animation maximum per day. It is almost an impossible
job to move camera frame by frame along a continuous curve to produce a smooth
move. First, because stop motion frequently uses model sets, which means that the
camera movements must be scaled down. Second, because the slightest imprecision
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produces a shake in the nal sequence (the intensity of which depends on the scale
factor). A mistake with the camera a ects the whole image. Third, because unlike
on real stage, there is no way to make several shots and choose the best as the process
is too long, as we have seen before. For a long time, these technical constraints forced
directors to x the camera on the stop motion stage, while directors on real stage
added an aesthetic value by using camera movements. To overcome this frustrating
status, stop motion animators rst tried to nd tricks that could give more freedom
to the camera: the rst camera movement in stop motion was done with a dolly
that was moved on a tilted plane with a rope and a gear system (The Story of the
tortoise and the hare, Ray Harryhausen, 1952). More frequently, instead of moving
the camera, the animators move the set itself. The result is visually the same, but
the process is easier and safer than moving the camera. The whole train pursuit in
Wallace & Gromit - A grand day out (Nick Park, 1989) was completely made with
this trick: only the walls of the apartment were moved during the shot (so that the
camera also captured the motion blur), but onscreen it looks like if the two heroes
were moving quickly on their model train. If these tricks and tries have allowed
some more freedom on stage, they have important limits: they can work for one
axis of freedom (unusually two, like the travelling and panoramic move in The Secret
adventure of Thom Thumb, David Borthwick, 1993) but no more than two axes of
freedom as the process would become too complex and hazardous; they work well
with linear acceleration moves but are not precise enough to handle acceleration ease
in and out, or slow moves. To be able to obtain the same camera move freedom as on
a real stage, Henry Selick used for the rst time a motion controlled camera for Tim
Burton’s The Nightmare before Christmas (1993), see Figure 2.2(a) for the poster.
The motion controlled camera can execute any movement on up to six axes, with a
great precision, and can repeat the movement at will as it is computer controlled.
Henry Selick used it again for James and the giant peach (1996) while Aardman’s
Production made experimentations with the same kind of device in Chicken Run
(Peter Lord & Nick Park, 2000), see the movie’s poster in Figure 2.2(b).

2.2.1 Camera movements in current stop motion productions

Since the 1993-2000 progressive appearance of motion control on stop motion sets,
the stop motion movies are divided in two categories: the ones made by major
production studios using motion controlled camera movements and all the others
using handmade camera movements. Advantages and disadvantages of the two ways
to animate a camera frame by frame can be sumarized as follows:

"Handmade camera movement': moving the camera (or the model stage)
frame by frame has two important limits. First, the movement can only be
executed up to two axes of freedom, because for more than two axes the han-
dling becomes too complex. Second, despite noisy animation is part of the stop
motion aesthetic and should’nt be removed, its amplitude and characteristics
cannot be controlled with handmade animation and thus can be considered
as a drawback. The advantage is its cost. Ray Harryhausen is the rst in the
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Figure 2.2: Poster of The Nightmare before Christmas (left) and Chicken Run
(right).

history of cinema to use this method, in The Story of the Turtoise and the
Hare (1952), but other movements can be found in Koyaanisqgatsi (Godfrey
Reggio, 1982), The secret adventure of Tom Thumb (David Borthwick, 1993)
(Figure 2.3(a)) or MUTO (BLU, 2008).

"Motion controlled camera movement': The main advantage is that any kind
of movement can be executed. Until recently, their limits were their cost and
size. Since a couple of years ago, new kinds of motion control devices are more
accessible, smaller and cheaper (Animoko and Dito Systems, for example).
Nevertheless, all existing motion control systems still have non-neglectable
limits regarding stop motion animation aesthetics and creativity: the camera
movements are too perfect as they are based on smooth mathematical curves,
none of the existing motion control systems belongs to the open source / open
hardware world and the cheaper systems o er only two axes of freedom for
rotation and one for translation. Many recent movies and advertising use such
systems, like Corpse Bride (Tim Burton & Mike Johnson, 2005), Wallace and
Gromit: A matter of loaf and death (Steve Box & Nick Park, 2008) ((Figure
2.3(b))) or Brother’s printers clips (2010).

In this context we cite "Stop-frame is like live music, played on traditional instru-
ments, compared to a studio recording using the nest instruments in the world, all
the latest technology and some electronic instruments. The latter is more polished,



2.2. Stop motion: a state of the art

more perfect, bigger, better, showier - but maybe lacks humanity. Stopframe is much
less perfect, much less polished, unrepeatable, inaccurate - in a word, human.", Peter
Lord [Harryhausen 2008].
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Figure 2.3: Poster of The secret adventure of Tom Thumb (left) and Wallace and
Gromit: A matter of loaf and death (right).

In both cases, the speci ¢ noise that real camera devices produce is missing,
and the result looks either too perfect for the stop motion aesthetic, or very shaky
in an unnatural manner. In fact, procedural noise generated by 3D software is far
from being able to simulate the speci ¢ noise made by a camera-on-the-shoulder
or a dolly for example. The main problem with motion control is that it is driven
by 3D curves that are too perfect to simulate a realistic camera device. The next
chapter shows how 3D software programs manage animation curves and underlines
their limits in the perspective of realistic camera animation. Our objective is to
create a realistic 3D camera animation and to reproduce this movement with a
motion control system by a stop motion animation technique. Then, we present
a new motion control system speci cally designed for stop motion, that is able to
simulate a realistic camera animation in order to give stop motion animators total
freedom of camera movement that maintains the handwork visual aesthetics of stop
motion. In particular we are aiming at simulating a 3D camera movement that can
integrate constraints and imperfections (noise) of real camera devices by using a
haptic interface.






Chapter 3
EXxisting tools for camera
animation

In this chapter we present a state of the art for 3D animation of camera movements.
After describing the current practice in existing commercial software programs (sec-
tion 3.1) we detail the underlying theory and existing theoretical improvement pro-
posals (section 3.2).

3.1 Practice

The main 3D animation software programs are Maya (see, €.g., [Derakhshani 2009]),
3D Studio Max (see, e.g., [Murdock 2001]) Lightwave, Blender, Cinema4D, Softim-
age and Houdini. They have two main di erent tools to animate an object: Keyfram-
ing animation and Path constraints animation. We describe the two methods by
emphasizing the advantages and disadvantages of each.

3.1.1 Keyframing Animation

Keyframing Animation is based on the traditional animation technique, where the
user only sets the n important frames, called keyframes, and, using interpolation
techniques, the software program generates the r intermediate frames, called in-
betweens. An object in 3D space is represented with respect to time: the 3D position
p; of the object corresponds to the time t; for i = 1;:::;r, withr n and keyframes
are associated with speci c values of the time parameter t. The object’s trajectory
P(t) in 3D space is composed of its three coordinates x(t), y(t) and z(t), where all
these curves may be visualized in parallel by the animation software program. See
Figure 3.1 for an illustration of an object and its n = 3 keyframes at values of the
time parameter ty, t12 and ty4 and its r = 24 positions in 3D space. Figure 3.2 shows
an editor visualizing the corresponding components x(t), y(t) and z(t). This editor,
which more generally allows to show di erent attributes of the curve, such as position
coordinates, colors, texture, rotation etc., is called "Curve Editor" in 3D Studio Max
and "Graph Editor" in Maya. The user Once n  r keyframes, i.e., n locations in
time t; and corresponding space positions p;, have been speci ed by thg. user, the
software program determines a piecewise parameterized curve P(t) = in=1l Pi(t)
composed of the curves P;(t) interpolating the points p; and pj1-

The role of the Curve/Graph Editor is twofold: it determines the space posi-
tion of the object, i.e., its space trajectory, as well as the way the object moves
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Figure 3.2: Maya’s Graph Editor shows parameterized curves of the object’s position
attributes over time (X, y respectively z coordinate in red, green respectively blue).

along its space trajectory, i.e., its speed. Between two keyframes the interpolation
curve is automatically calculated together with its parameterization which in gen-
eral is not uniform. That means that for equally spaced parameter values t; the
corresponding space positions p; are in general not equally spaced on the space tra-
jectory. In order to achieve equal spacings on P(t) an animator modi es the curves
in the Curve/Graph Editor thus changing also the space trajectory. Summarizing,
"Keyframing Animation" has the following advantages(+) and disadvantages(-):

=+ the local control of the space trajectory is very good and exible;

+ the Curve/Graph Editor allows to control a large number of curve attributes,
including the addition of noise in order to produce a realistic movement;

- speed and position are dependent;

- there isn’t a global control of the curve, but only locally between any two
keyframes.

3.1.2 Path Constraint Animation

Another motion animation method, called Path Constraint Animation, allows to
move an object along a 3D curve as trajectory, called Path Constraint (Figure 3.3).
The curve that we have in the corresponding Curve/Graph Editor, which in this
case shows keyframes over time, explains how the object moves along it: by def