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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 BØzier 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 BØzier curve that is less noisy than the movement captured by the
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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 BØzier 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
o�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 G2 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.



Résumé

En C(G)AO, Conception (GØomØtrique) AssistØe par Ordinateur, les courbes sont
gØnØralement reprØsentØes sous forme paramØtrique. Cela permet une grande sim-
plicitØ de la modØlisation de la forme de l’objet, qui est utilisØe dans de nombreuses
applications, telles que l’automobile, la construction navale, l’aØrospatiale et le de-
sign industriel et architectural. En outre, la possibilitØ de gØnØrer une sØquence
ordonnØe de points sur la courbe trouve aussi de nombreuses applications dans
l’animation 3D. Dans ce cadre, cette thŁse propose l’Øtude de la stop motion, qui
est un type particulier d’animation, inventØe dans les premiers temps de la nais-
sance du cinØma, qui permet de rendre "vivants" presque tous les objets, en donnant
l’impression qu’ils bougent par eux-mŒmes. L’illusion du mouvement est obtenue
en manipulant ces objets dans une succession de poses �gØes, en photographiant
chacune de ces poses et en projetant le rØsultat comme une sØquence continue.
Ce procØdØ long et complexe est encore plus pØrilleux lorsqu’il concerne un mou-
vement de camØra : toute erreur se traduit par une secousse de toute l’image
et un mouvement d’autant plus saccadØ et gŒnant pour le spectateur. Par con-
sØquent, sur un tournage en stop motion, la camØra est le plus souvent fermement
arrimØe au sol. Cependant, l’importance des mouvements de camØra comme par-
tie de l’esthØtique spØci�quement cinØmatographique a ØtØ maintes fois soulignØe et
thØorisØe. L’objectif de la thŁse est donc de proposer un systŁme de contrôle de mou-
vement par ordinateur, capable de simuler un mouvement de camØra comme s’il avait
ØtØ rØalisØ par un appareil de prise de vue rØel et pouvant Œtre (re)produit facilement
car ne nØcessitant qu’un outillage et des matØriaux accessibles, pour un coßt aussi
modeste que possible. L’Øtude bibliographique, dØcrite dans le chapitre 2, porte sur
l’utilisation des principaux logiciels d’animation et sur les dØtails thØoriques et des
solutions existantes. Elle nous a permis de crØer un moyen innovant et plus e�cace
pour aider la gØnØration d’animations en stop motion par le biais des dispositifs
haptiques et de mettre au point un systŁme de montage nouveau et intuitif pour
l’animation d’une camØra par ordinateur. Nous proposons un systŁme de crØation
d’animation par images clØs qui sait dissocier le comportement spatial et temporel
d’un mouvement en deux courbes di�Ørentes. Les images clØs, gØnØrØes par un pØ-
riphØrique de motion capture (Novint Falcon), sont envoyØes à un logiciel de gestion
de motion capture, de motion control et de prise de vue, puis à un robot qui exØcute
la sØquence vidØo. Les Øtapes de ce systŁme et les dØtails du procØdØ mathØmatique
utilisØ sont dØcrits dans le chapitre 3. Une courbe paramØtrique BØzier rationnelle
cubique nous permet de contrôler la trajectoire du robot et les rotations de la camØra.
Elle est parametrisØe à l’aide d’une Ease Curve, qui reprØsente l’abscisse curviligne
sur le temps et qui permet de changer la vitesse de notre robot. Cela nous permet
d’Øliminer le bruit dans la sØquence capturØe par le systŁme haptique tout en gardant
le mouvement enregistrØ, et cela donne une plus grande libertØ de choix artistique à
l’animateur/trice. La premiŁre Øtape consiste à projeter la sØquence de points cap-
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turØe par le systŁme haptique sur la courbe paramØtrique BØzier rationnelle cubique
pour permettre au robot de suivre la trajectoire initiale. À partir de la longueur de
la courbe, approximØe par une quadrature de Gauss, nous trouvons les valeurs de
ses paramŁtres, en utilisant la mØthode de Newton, pour dØterminer les coordonnØes
des points correspondants sur la courbe. La deuxiŁme Øtape dØtermine une vitesse
"idØale" qui conserve l’Øvolution de la vitesse haptique. En utilisant la mØthode des
moindres carrØs, nous dØterminons à partir des donnØes discrŁtes de l’Ease Curve
un polynôme de degrØ quatre qui reprØsente la vitesse "idØale". Nous pouvons ainsi
dØterminer la paramØtrisation idØale de la courbe. Dans la troisiŁme Øtape, nous cal-
culons di�Ørentes Ease Curves entre l’"haptique" et l’"idØale", par une combinaison
barycentrique. Finalement, nous dØterminons les paramØtrisations "intermØdiaires"
correspondantes. A�n d’imiter au mieux le comportement du matØriel de prise de
vue cinØmatographique rØel, nous avons dØveloppØ, dans le chapitre 4, une nouvelle
reprØsentation mathØmatique de la trajectoire de la camØra à partir des courbes
polynomiales paramØtriques Pythagorean-Hodograph (PH), aussi utilisable dans des
applications de design de courbes. Cette reprØsentation permet notamment de cal-
culer l’abscisse curviligne à l’aide de formules analytiques plutôt que numØriques et
d’avoir une paramØtrisation rationnelle exacte des courbes o�set. Notre nouvelle
classe de courbes, construite sur un espace algØbrique-trigonomØtrique est nommØe
"Algebraic-Trigonometric Pythagorean-Hodograph" ou ATPH. Elle permet en outre
de modi�er la forme de la courbe en utilisant un paramŁtre de forme et de reproduire
des arcs de courbes trigonomØtriques planes, tels que cercles, cardioïdes, deltoïdes,
limaçons, lemniscates, piriformes. Ces propriØtØs nous aident à modØliser le mou-
vement d’une camØra rØelle. Pour cela, nous rØsolvons en particulier un problŁme
d’interpolation d’Hermite et nous construisons des courbes de transition entre une
droite et un cercle ou entre deux cercles externes possØdant des raccords de continu-
itØ G2. Ce systŁme permettra d’une part de faciliter le travail de l’animateur/trice
et d’autre part ouvrira un champ de possibilitØs supplØmentaires quant à l’ajout de
contraintes ciblØes. En�n, il aura des applications pratiques dans le domaine de la
prise de vue en stop motion.
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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 (t) = (x(t); y(t)) for a � t � b; with a; b 2 R:

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) for 0 � 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
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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 [Fünfzig 2010], we can
control a rational parametric cubic BØzier 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
BØzier 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 BØzier curve to allow the robot to move along the given trajectory. We know
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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 C1

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 C1 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 G2-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, EugŁne 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 MØliŁs 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 �lm is
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



8 Chapter 2. Stop motion

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 Koyaanisqatsi (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,
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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].

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�c 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�c 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

Existing 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, e.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
pi of the object corresponds to the time ti for i = 1; : : : ; r, with r � 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 t1, t12 and t24 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 ti and corresponding space positions pi, have been speci�ed by the user, the
software program determines a piecewise parameterized curve P(t) =

Sn 1
i=1 Pi(t)

composed of the curves Pi(t) interpolating the points pi and pi+1.
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 3.1: Representation of an object and its 3D trajectory in Maya.

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 ti the
corresponding space positions pi 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 default
this curve, called Ease Curve, is linear and can not directly be modi�ed (Figure
3.4(a)). But we can add another curve to it (Figure 3.4(b)), and the resulting mean
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curve allows to control and change the acceleration/deceleration. In Figure 3.5 we
can see di�erent types of movements, such as a linear movement in Figure 3.5(a), an
accelerating movement (Ease In) in Figure 3.5(b) and a decelerating movement (Ease
Out) in Figure 3.5(c). Path Constraint Animation is very e�cient to control the
speed, when we have a simple trajectory. But it is di�cult to generate a complex
movement or to add noise to the space trajectory. Path Constraint Animation
separates the position curve from the speed curve but doesn’t allow to add new
constraints to the space trajectory. In fact we have more control over time than
space-position and we remark the following advantages(+) and disadvantages(-):

+ speed and position are independent;

+ there is a global control of the space trajectory;

- it’s impossible to add other constraints, such as noise, to the Path Constraint. It’s
only possible to achieve a curve trajectory as an average of constraints.

- there are less degrees of freedom for modifying the space trajectory than in the
keyframing animation method (e.g., the x, y, z coordinates can not be accessed
in the Curve/Graph Editor).

Figure 3.3: 3D Studio Max’s Path Constraint Animation interface.

(a) Default linear Ease Curve (can’t be modi�ed)

(b) Secondary Ease Curve (can be modi�ed)

Figure 3.4: 3D Studio Max’s Curve Editor for Path Constraint Animation.
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3.2.2 Parametrisation

In computer animation object or virtual camera motion is usually de�ned by means
of a parametric space curve P(t), where t is the curve parameter. An object is moved
along the curve P(t) by advancing the parameter by a constant amount �t and by
calculating the coordinates of the corresponding curve points. Usually the uniform
displacement �t in the parameter domain does not correspond to uniform distances
on the curve. It is thus di�cult to control the speed by which the object moves
along the curve. Only arc length parametrization guarantees uniform distances on
the curve P(t). The related arc length parameter is usually referred to by s and
the problem thus consists in relating the parameter t to the arc length parameter
s by a function s = A(t). The di�culty is that in general there is no analytic
expression for this function A and therefore we can’t calculate the inverse of the
arc length function, t = A 1(s). As a consequence, numerical techniques have been
proposed (see, e.g., [Sharpe 1982], [Guenter 1990], [Hongling 2002], [Parent 2004],
[Eberly 2008]) to compute t for each speci�ed s. In accordance with the notation
introduced in subsection 3.2.1 we describe the proposed procedure for the segment
Pi(u) of the interpolation curve between the points pi and pi+1. The local parameter
u 2 [0; 1] is related to the time t 2 [ti; ti+1] by u = t ti

ti+1 ti
. We consider the set

uj 2 [0; 1] for j = 0; : : : ; m of monotonously increasing real parameter values, where
u0 = 0 and um = 1. For simplicity of notation in the following description we will
denote the curve piece Pi(u) by Q(u). We start calculating the length l of Q(u)

by approximating the following integral by a Gaussian quadrature or a Gaussian
adaptive method:

l =

Z um

u0

����
����
dQ

du

����
����du =

Z um

u0

s�
dx

du

�2

+

�
dy

du

�2

+

�
dz

du

�2

du:

We want to �nd the parameter values eu0; eu1; : : : ; eum corresponding to m+1 equally
spaced points on the curve Q(u) where the spacing is given by the arc length s =

l=m. We thus want to solve the following equation:

F (euj) =

Z
euj

euj 1

����
����
dQ

du

����
����du ! s = 0;

with j = 1; : : : ; m and eu0 = u0. We can solve it by using Newton’s method:

euk
j = euk 1

j !
F (euk 1

j )

F 0(euk 1
j )

; k = 1; 2; : : :

where F (euk 1
j ) is approximated using standard numerical integrators and F 0(euk 1

j )

is straightforward because we have a formula for Q(u) and we can compute dQ=du

from it. A reasonable choice for the initial iterate is

eu0
j = euj 1 +

s

l
(um ! u0)
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Figure 3.10: Snibbe’s displacement function method.

Kinetic control

To better integrate this theoretical part, we describe the work of [Steketee 1985].
These authors generalize the Ease Curve, which they call a "kinetic spline", to drive
any motion parameter, such as position, orientation, color and transparency (see
also [Watt 1991]). The method is called "double interpolant" because they create
the following two cubic interpolants:

1. Kinetic spline expresses the keyframing number as a function of time, i.e.,
relates keyframes to time. The n keyframe numbers k1; : : : ; kn are interpolated
at assigned times t1; : : : ; tn.

2. Position spline expresses the value of the motion variable as a function of the
keyframe number. The n motion parameters p1; : : : ; pn are interpolated at
key values k1; : : : ; kn.

If the kinetic spline function is � : t ! �(t) and the position spline function is
p : �(t) ! x, where x stands for attributes such as position coordinates, colors,
texture, rotation etc., the composition of the two interpolants creates the motion
function m : t ! x, where:

(p � �)(t) = p(�(t)) = m(t):

This function expresses the value of the motion parameter as a function of time.
This method is important because when modifying the timing of the keyframes, the
speed and acceleration of the motion are modi�ed, without changing the positions
de�ned by the keyframes. The Motion Curve can be divided into two graphs, one
for the position and one for the time, so as to solve one of the problems of software
animation programs, that is the dependence between position and time. In Figure
3.11 the method is shown schematically. In particular if arc length s is used in-
stead of keyframes k, the Keyframing Animation, described in section 3.2.2, can be
interpreted as the just described "double interpolant" method.
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Figure 3.11: The Motion Curve is the combination of the Kinetic Curve and the
Position Curve.



Chapter 4

A new system for generating stop

motion camera movements

The analysis, in chapter 3, of the existing tools for camera animation allows us
to develop a new system that takes into account only the advantages of these two
methods. In particular, we create a new system based on the keyframing animation
technique aiming at a complete separation of the space trajectory and the speed
curve of the camera by using the arc-length parametrisation. In this chapter, after
a brief introduction on the haptic system in section 4.1, we present in section 4.2 a
new motion control system able to add constraints, by using a haptic interface, that
greatly contributes to producing imperfections and the behavior of a real camera
device. In section 4.4, we present an assessment of our system carried out with
a class of students of the "Arts plastiques et CrØation numØrique" Master of the
University of Valenciennes. The �rst step of our system presented in subsection
4.2.1 has been published in [Saini 2011]. The description of the current prototype
of the �nal system is submitted for publication.

4.1 Introduction to an haptic system

Haptics is the science of applying touch (tactile) sensation and control to interaction
with computer applications. By using special input/output devices (joysticks, data
gloves, or other devices), users can receive feedback from computer applications in
the form of felt sensations in the hand or other parts of the body. In combination
with a visual display, haptics technology can be used to train people for tasks requir-
ing hand-eye coordination, such as surgery and space ship maneuvers. It can also
be used for games in which you feel as well as see your interactions with images. For
example, you might play tennis with another computer user somewhere else in the
world. Both of you can see the moving ball and, using the haptic device, position
and swing your tennis racket and feel the impact of the ball.

There are di�erent haptic systems on the market. In this thesis we use one of
the devices from Novint Technologies: Novint Falcon, because it is very cheap and
versatile. The Novint Falcon (Figure 4.1(a)) was created primarily for the gaming
industry in 2007. In fact, the optional "pistol grip" attachment (Figure 4.1(b))
makes the Novint Falcon an excellent addition to any of the supported FPS (First
person Shooter) games, allowing gamers to immerse themselves even further into
the gaming experience.
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(a) Novint Falcon with standard grip (b) optional Pistol Grip

Figure 4.1: Novint Falcon and Pistol Grip.

The Novint Falcon is an interesting device used in many applications, as video
games, medical training, as well as computer animation. In particular, in our thesis
we use it to control the 3D camera movements for stop motion animation. The use
of this haptic system allows the animator to determine the camera and robot speed
along the trajectory.

4.2 Steps of the whole system

We describe, in this section, 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, the Novint Falcon described in section
4.1. The whole system can be summarized in the following steps, as shown in
Figure 4.2, and detailed in the forthcoming subsections. We start to generate a
rational parametric cubic BØzier curve by drawing the four control points and its
corresponding weights. This represents the ideal camera trajectory. Once the curve
is constructed, we determine the camera speed along the curve by using the haptic
interface ("Motion capture device"). This peripheral allows us to feel the inertia of
the real camera devices. Thus, we integrate a real noise. It represents the human
manipulation imperfections. Moreover, the haptic interface feedback allows us to
stay near the curve, without exactly following it. In this way, we can integrate a
transversal noise corresponding to the spatial movement imperfections of the real
camera device. However, the mechanical constraints of the current robot version
don’t allow to work on the transversal noise reproduction yet. So we add only
the longitudinal noise. Next, we re-elaborate the recorded positions by the haptic
interface ("Camera movement management"). Once the speed is chosen, we export
the parametrisation points into a software that controls and calibrates the robot
and camera movement ("Motion control software"). The sequence can be executed
to create the video ("Motion control robot and digital camera").
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Figure 4.2: Motion control system diagram.
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4.2.1 Motion capture device

We use the haptic interface to obtain the movement of the camera. Haptic devices
are spatial input devices, which can themselves generate a force on the input point
(force feedback). In our system we can control a rational parametric cubic BØzier
curve, by using the graphical interface from [Fünfzig 2010]. The user can be guided
along the curve. Firstly, the interactor point x is moved to the nearest point p(tx)

on the curve. As common in haptics, a spring force in the direction p(tx) " x is
used to achieve this. Secondly, the user can move forward in time along the curve
(Figure 4.3). We add the possibility to determine the interactor position for every

Figure 4.3: Haptic input (grey) following a curve in the graphical interface.

�t of time. In order to respect the standard frequency, at which an imaging device
produces unique consecutive images, we set �t = 0:04 seconds, to obtain 25 "frames
per second". By using the button in the back of the knob, we start recording the
interactor positions along the curve and then we move along the curve with the
interactor. When we release the button, we stop the recording and we obtain a
sequence of n positions pH

i , i = 0; : : : ; n" 1, where H indicates the haptic system’s
positions. The sequence pH

i represents the curve’s parametrisation (Figure 4.4).

4.2.2 Camera movement management

The motion capture sequence pH
i is not exactly on the parametric cubic curve, as

we can see in Figure 4.5. Moreover the corresponding speed is too noisy to obtain
a realistic camera movement, as shown in Figure 4.13. We want the camera to
exactly follow the rational parametric cubic BØzier curve P(t), because our robot
is constrained to the given trajectory. For these reasons, to obtain a sequence of
points on the curve and to simulate di�erent behaviours of a real camera device,
we have to elaborate the interactor positions pH

i . By a mathematical processing,
described in the next section, and a 3D animation software visualization, we obtain
the new positions of the virtual camera that we can export frame by frame to the
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Figure 4.7: Robot and camera software interface.

have to project the sequence on the curveP(t), as shown in Figure4.11. We
compute the length l of P(t), where t 2 [0; 1], by approximating the integral
using a Gaussian quadrature or a Gaussian adaptive method, as described in
[Saini 2010]. We then calculate, for i = 1 ; : : : ; n " 1, spH

i = jjpH
i " pH

i  1jj .
We need curve parameterset i 2 [0; 1] with i = 0 ; : : : ; n " 1 to calculate the
coordinates of the corresponding curve pointsepH

i . A reasonable choice for the


