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Abstract

Free-form animation allows for exaggerated and artistic styles of motions such as stretch-

ing character limbs and animating imaginary creatures such as dragons. Creating these

animations requires tools flexible enough to shape characters into arbitrary poses, and

control motion at any instant in time. The current approach to free-form animation

is keyframing: a manual task in which animators deform characters at individual in-

stants in time by clicking-and-dragging individual body parts one at a time. While this

approach is flexible, it is challenging to create quality animations that follow high-level

artistic principles—as keyframing tools only provide localized control both spatially and

temporally.

When drawing poses and motions, artists rely on different sketch-based abstractions

that help fulfill high-level aesthetic and artistic principles. For instance, animators will

draw lines of action to create more readable and expressive poses. To coordinate move-

ments, animators will sketch motion abstractions such as semi-circles and loops to coor-

dinate bouncing and rolling motions. Unfortunately, these drawing tools are not part of

the free-form animation tool set today.

The fact that we cannot use the same artistic tools for drawing when animating 3D

characters has an important consequence: 3D animation tools are not involved in the

creative process. Instead, animators create by first drawing on paper, and only later are

3D animation tools used to fulfill the pose or animation. The reason we do not have these

artistic tools (the line of action, and motion abstractions) in the current animation tool

set is because we lack a formal understanding relating the character’s shape—possibly

over time—to the drawn abstraction’s shape.

Hence the main contribution of this thesis is a formal understanding of pose and

motion abstractions (line of action and motion abstractions) together with a set of al-



gorithms that allow using these tools in a free-form setting. As a result, the techniques

described in this thesis allow exaggerated poses and movements that may include squash

and stretch, and can be used with various character morphologies. These pose and an-

imation drafting tools can be extended. For instance, an animator can sketch and com-

pose different layers of motion on top of one another, add twist around strokes, or turn-

ing the strokes into elastic ribbons. Fig. 1-5 shows a summary of the content and contri-

butions of this thesis, also summarized as follows:

1. The line of action facilitating expressive posing by directly sketching the overall flow

of the character’s pose (Chapter 3).

2. The space-time curve allowing to draft full coordinated movements with a single

stroke—applicable to arbitrary characters (Chapter 5).

3. A fast and robust skeletal line matching algorithm that supports squash-and-stretch

(Chapter 5).

4. Elastic lines of action with dynamically constrained bones for driving the motion

of a multi-limbed character with a single moving 2D line (Chapter 4).
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Résumé

L’animation expressive permet des styles de mouvements exagerés et artistiques comme

l’étirement du corps ou encore l’animation de créatures imaginaires comme par example

un dragon. Créer ce genre d’animation nécessite des outils suffisamment flexibles pour

déformer un personnage en des poses quelconques, ou encore contrôler l’animation

à tout moment dans le temps. L’approche acutelle pour l’animation expressive est le

keyframing: une approche manuelle avec laquelle les animateurs déforment leur per-

sonnage à un moment spécifique dans le temps en cliquant et glissant la souris sur une

partie spécifique du corps. Malgré le fait que cette approche soit flexible, il est difficile de

créer des animations de qualité qui suivent les principes artistiques, puisque le keyfram-

ing permet seulement un contrôle local spatiallement et temporellement.

Lorsqu’ils dessinent des poses ou des mouvements, les artistes s’appuient sur dif-

férentes abstractions qui facillitent la réalisation de certain principes artistiques. Par

example, certains animateurs dessinent des lignes d’action afin de créer une pose plus

lisible et expressive. Afin de coordonner un mouvement, les animateurs vont souvent

dessiner des abstractions de mouvement comme des demi-cercles pour des sauts, ou

des boucles pour des pirouettes—leur permettant de pratiquer la coordination du mou-

vement. Malheureusement, ces outils artistiques ne font pas parti de l’ensemble d’outils

d’animation 3D.

Le fait que l’on ne puisse pas employer les même outils artistiques pour animer des

personnages 3D a une importante conséquence: les outils d’animation 3D ne sont pas

employés dans le processus créatif. Aujourd’hui, les animateurs créent sur du papier et

utilisent le keyframing seulement à la fin pour réaliser leur animation. La raison pour

laquelle nous n’avons pas ces outils artistiques (ligne d’action, abstractions de mouve-

ment) en animation 3D, est parce que nous n’avons toujours pas une compréhension

formelle de ceux-ci qui nous permet d’exprimer la forme du personnage—potentiellement

au cours du temps—en fonction de la forme de ces croquis artistiques.



Ainsi la contribution principale de cette thèse est une compréhension formelle et

mathématique des abstractions de forme et de mouvement courrament employées par

des artistes, ainsi qu’un ensemble d’algorithme qui permettent l’utilisation de ces outils

artistiques pour créer des animations expressives. C’est-à-dire que les outils développés

dans cette thèse permettent d’étirer des parties du corps ainsi que d’animer des per-

sonnages de différentes morphologies. J’introduis aussi plusieurs extentions à ces out-

ils. Par example, j’explore l’idée de sculpter du mouvement en permettant à l’artiste de

dessigner plusieurs couches de mouvement une par dessus l’autre, de vriller en 3D les

croquis, ou encore d’animer un croquis ligne comme un élastique. La Figure. 1-5 mon-

tre un résumé du contenu et des contributions principales de cette thèse, résumées ci-

dessous:

1. La ligne d’action qui facilite la création de poses expressives en dessinant directe-

ment le flow complet du personnage (Chapitre 3).

2. La courbe spatio-temporelle qui permet de spécifier un mouvement coordoné com-

plet avec un seul geste (en dessinant une seule courbe), applicable à n’importe quel

personnage 3D (Chapitre 5).

3. Un algorithme de matching rapide et robuste qui permet du “squash and stretch”

(Chapitre 5).

4. La ligne d’action élastique avec des attachements dynamiques à la ligne permettant

d’animer un personnages à plusieurs jambes (bras) avec une seule ligne 2D animée

(Chapitre 4).
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1 | Introduction

Tools for the free-form animation of 3D characters are designed to allow exaggerated

and artistic styles of movements. For example they allow using expressive devices such

as squash and stretch for exaggerating movements, as well as animating iconic creatures

such as dragons. Creating such animations requires flexible tools that allow deforming

the character’s shape into arbitrary poses, and control the movement at any instant in

time.

The current approach to free-form animation is called keyframing. The essential idea

consists in creating key poses for the character at different moments in time, and then

use interpolation to produce the motion between. The name (keyframing) is inspired by

traditional hand-drawn animation work flows. In hand-drawn animation, every image

(frame) of the animation (i.e. film) must be drawn (e.g. 24 frames per second) [Lay-

bourne, 1998]). What often happens however is that an expert animator will draw only

important key frames, and then armies of animators will draw the frames between.

In 3D animation, the character is not created from scratch at each frame, but instead

re-used via deformation. 3D characters are typically represented with a surface mesh

which can take a long time to create from scratch (a process called character modeling).

Once the character is modeled it is animated like a puppet. With keyframing tools, the

animator sets the character into poses at different key times, and then interpolation is

used to produce the motion between the different key poses.

Posing a 3D character by deforming every vertex of the surface mesh would be ex-

tremely laborious. Instead, several tools were devised to provide control over areas of

the character’s surface. For example, a skeleton or cage (see different rigs in Fig. 1-1)

maps the vertices of the surface and the animator manipulates only the reduced bones

or cage nodes by clicking-and-dragging to deform the character. While there has been
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Figure 1-1: Top is a traditional rig used in keyframing 3D animation. Different FK/IK con-
trols are manipulated to the deform a character’s shape. Bottom image is a free-form de-
formation (FFD) cage-based rig. In both cases, the user clicks and drags on the nodes (e.g.
bone or lattice) to deform the character.

a fair amount of research on different rigs and deformers, the main controller used in

production today is the skeletal rig.

Figure 1-2: With keyframing, the animator creates different poses at key times, and the
motion between the keyframes is produced by interpolating the key poses. Coordinating
a motion involves a back-and-forth process between selecting times and editing the pose
spatially.

Deforming the shape of the character into a pose is one part of the keyframing pro-

cess. The other consists in setting the timing of the keyframe via the timeline (see bot-

tom of Fig. 1-2 for a timeline). The motion is produced by interpolating the degrees of

freedom controlling the character (e.g. the angles of the skeleton’s joints). Typically a
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back-and-forth process between editing the shape and editing its timing occurs when

coordinating the character’s motion.

Figure 1-3: The line of action is a tool that helps drawing more expressive and readable
poses. It helps provide the pose with a coherent and aesthetic overall flow, making it easy
for the viewer to understand the action, intention or state of mind expressed by the pose.
The tool consists in first drawing the line of action, and then populating the body of the
character around the line of action—as to ensure a consistent overall flow. In this thesis,
I provide a mathematical definition of the line of action which can be used to pose 3D
virtual characters by sketching a line of action. Image from Preston Blair’s book Cartoon
Animation [Blair, 1994], c○The Estate of Preston Blair.

While the current keyframing tools are very flexible, using them to create quality an-

imations is time consuming and laborious. The more keyframes used to represent the

motion, the more coordination is required by the animator. The number of keyframes

for a motion is often the metric used to measure the quality of animations—given the

same talented animator. For example, TV quality animation uses less keyframes and the

productivity averages between 25-30 seconds of finished animation per week (per ani-

mator). Animated feature films tend to have almost every frame as a keyframe, and the

productivity is as low as 3-4 seconds of animation per week [Riki, 2013]. For games, an-

imation productivity ranges between 5-10 seconds per day, or 25-50 seconds per week.

Loosely, the quality of the animation has to do with the level of detail, both in the num-

ber of keyframes used to represent the motion, and the dimensionality of the character’s
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shape (e.g. the number of “bones”, and the quality of deformations).

One of the main reasons it takes so long to keyframe animations is that current pos-

ing and coordination tools—while designed to be very flexible and allow any motion to

be produced—were not designed to provide direct control over high-level aesthetic and

artistic principles. For instance, when manipulating a skeletal rig, we can very easily vio-

late the artistic principle of flow, as shown by the cartoon character in Fig. 1-3. The flow

of a pose is the reading through the pose. A clear flow helps viewers understand the pose

more easily and rapidly. If an animator wants to create an aesthetically pleasing flow

for a posture, he must manipulate a set of widgets along the skeleton so as to fulfill the

aesthetically pleasing curve. In other words, providing the pose with an overall coherent

flow is only indirectly supported by current posing tools.

Additionally, quality animations are not just a set of aesthetic keyposes, but involve

the careful coordination of shapes over time. However, current keyframing tools are fo-

cused on a single instant in time (the actual keyframe), and do not provide control over

the coordination as a whole. To coordinate the movement the animator must edit differ-

ent keyframes separately. Moreover, the very way the keyframes are interpolated renders

certain styles of movements less accessible. In particular, coordinating shapes into fol-

lowing paths requires creating nearly every frame of the animation as a keyframe when

using “point-to-point” interpolation. For instance a stylized dance may include waving

the arms. In this case, the animator would have to create nearly every frame of the ani-

mation as a keyframe. This is a problem because the more keyframes there are, the more

challenging it becomes to coordinate the motion. In consequence, animators tend to

create less of these styles of movement.

These two problems, indirect control over the flow of a pose and indirect control over

coordination, exemplify how current free-form animation tools lack direct control over

high-level aesthetic principles. As a result, animators chose to create by first drawing

on paper instead of creating directly with 3D animation tools. If we look closely at how

animators draw expressive poses and coordinated movements, we can see tools that help

them fulfil high-level aesthetic and artistic principles.

For instance, to provide a pose with a more coherent and easily readable flow when

drawing, artists use the line of action. They first draw a stroke directly specifying the flow

of the character, and then populate the body (the details) around it. The line of action is
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Figure 1-4: Animators often establish coordination by drawing motion abstractions on
paper (hand-drawn). Unfortunately, these abstractions cannot be used with current free-
form animation tools (i.e. keyframing). Hence animators create first on paper, and then
only later fulfill the motion with computer animation tools (with keyframing). The reason
is because we lack an understanding of these motion abstractions relating the character’s
shape over time to the drawn abstraction. In this thesis, I introduce a formal understand-
ing of these motion abstractions that allow using them directly to animate arbitrary char-
acters.

directly linked to the way the viewer will read the pose, i.e. the way the viewer’s eye will

flow through the pose. Unfortunately, the line of action is not part of the current free-

form animation toolset. To fulfill a line of action with a 3D character, animators must

coordinate different parts of the skeleton into forming an aesthetic curve shape—instead

of directly drawing a line of action.

To achieve quality coordination, animators will often sketch on paper motion ab-

stractions (e.g. bouncing or rolling shown in Fig. 1-4). These help get a better sense of the

timing and spatiality of the motion. Again realizing the coordination with keyframing is

indirect: after drawing on paper, the animator uses the posing tools and the timeline to

fulfill the abstraction with the character’s motion—instead of directly sketching an ab-

straction to set the character into motion.

Without directly considering artistic goals, computer animation tools may never be

involved in the creative process. Hence it is important that we better understand artis-

tic and aesthetic goals in order to devise tools that allow people to more directly create

quality animations.

Challenges

The goal of this thesis is to ease the creation of expressive poses and coordinated move-

ments. My approach consists in modeling commonly drawn abstractions of shapes and

movements (line of action, paths, semi-circles and loops), resulting in sketch-based tools
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that directly operate at the artistic and aesthetic level. With these tools, animators are

able to directly sketch the overall flow of 3D character with a single stroke, as well as

specify a full coordinated motion by sketching a single motion abstraction. The first chal-

lenge in modeling these abstractions and turning them into computational tools lies in

our ability to describe them mathematically.

There are many books on lines of action, but never was the concept formally defined.

In other words, it is hard to describe the character’s shape as a function of the drawn

stroke. Similarly for motion abstractions, we all understand what they mean (bouncing,

rolling), but it remains a challenge to write the character’s shape over time as a function

of the path’s shape. Understanding these mathematically not only advances the body of

knowledge on animation, but allows the derived computational tools to be applied to

arbitrary character morphologies.

The other major challenge is the lifting of 2D projective curves into 3D curves (used

to automatically deform the character’s geometry via its skeleton parametrization). This

problem is ambiguous and under-constrained. The real challenge for free-form anima-

tion is to lift the 2D sketch without sacrificing the expressiveness of the devised tool. As

in traditional hand-drawn animation, the stroke should be able to stretch the character,

and describe unrealistic poses and motions. Additionally, motion abstractions lead to

dynamic 2D curves, which introduces a new issue: temporal continuity must be ensured

in a robust manner.

Contributions

The research presented in this thesis eases the creation of expressive poses and facili-

tates the creation of coordinated movements via gestured strokes. The resulting tech-

niques are not bound to specific body parts or morphologies, allow exaggerated poses

and movements and can therefore be used in the general setting of free-form anima-

tion. My approach is focused on sketching shape and motion abstractions in the form

of curves: the static line of action (LOA)—specifying a pose—and the abstract space-time

curve, that is turned into a dynamic line of action (DLOA) to drive the character’s body

over time.

In all cases, a line matching procedure is required to lift the 2D curve (dynamic or

static) into 3D; in order to ultimately deform the character’s geometry via its skeletal

20



parametrization. Over the course of the thesis I have proposed various solutions to this

problem, culminating to a fast and robust method that combines closed-form solutions

with dynamic programming to allow squash and stretch, as well as unrealistic bendings

and motions.

The line of action is a gestured stroke that deforms a set of bones in the character’s

body as to match the drawn line. The first contribution described in Chapter 3 is the

mathematical definition of the line of action, general enough to encompass any body

part; including non-humanoid parts such as the tail of a dragon. I discuss how to estab-

lish a correspondence between the bones and the drawn stroke.

The space-time curve allows specifying a full coordinated motion with a single stroke.

This approach is based on the insight that commonly drawn motion abstractions such

as bounces and rolls (Fig. 1-4) encode information of shape over time. This allows es-

tablishing a direct relationship between the character’s shape over time and the shape of

the drawn stroke (described in Chapter 5). The character’s motion is abstracted through

a dynamic line of action, used as a projective constraint driving the character’s motion.

The same DLOA projective constraint can be applied to any body part or character. Fi-

nally, DLOAs can be composed together leading to control over complex motions with

few strokes.

Matching the shape of 3D characters to the shape of 2D curves is ambiguous and

under-constrained—many 3D poses can match the 2D line. To remove depth ambigu-

ities, I supplement the problem with a viewing plane constraint (introduced in Chap-

ter 3). This allows the user to create virtually any pose in the viewing plane, but requires

the user to rotate, in order to deform the character in depth. In Chapter 3, I present a

matching algorithm that solves for the orientations of the bones as to match the LOA

using non-linear programming. This first solution has several limitations: it does not

support squash and stretch and when applied sequentially to a moving line, leads to in-

consistencies between frames (noted in Chapter 4). In Chapter 5, I introduce a robust

matching method based on closed form solutions combined with dynamic program-

ming. This method allows squash-and-stretch and solves the problem exactly, thereby

guaranteeing consistency between frames of the animation.
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Twist cans. Because the LOA only conveys 2D information of shape, artists often estab-

lish the orientation around the line by sketching orthogonal strokes, or in more explicit

cases, a pair of can-shaped primitives. Twist cans are introduced in Chapter 4.

Physically-based LOA. I explored the idea of using a physically-simulated line of action

to drive the motion of the character. With a freely moving LOA driving the motion of an

articulated character (e.g. biped), we need to consider changes in body parts driven by

the line over time. In Chapter 4, I take a first step towards automating this for animators

with a method that propagates the sparsely annotated body attachments to the rest of

the motion.

Publications. This work, produced over a period of two years and a half has lead to the

following publications:

∙ The line of action: an intuitive interface for expressive character posing, Martin Guay,

Marie-Paule Cani and Rémi Ronfard, ACM TOG, In proceedings of SIGGRAPH Asia

2013.

∙ Adding dynamics to sketch-based character animations, Martin Guay, Rémi Ron-

fard, Michael Gleicher and Marie-Paule Cani. In proceedings of Expressive 2015,

and the 5th Symposium on Sketch-Based Interfaces and Modeling (SBIM) 2015.

∙ Space-time sketching of character animation, Martin Guay, Rémi Ronfard, Michael

Gleicher and Marie-Paule Cani, ACM TOG, In proceedings of SIGGRAPH 2015.
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Figure 1-5: Overview of this thesis: first row is the line of action definition, second row is
the “two cans” drawing technique to specify twist, third and fourth row are the motion ab-
stractions for arbitrary characters, fifth is motion composition with path-following styles
of movements and sixth row shows a combination of stretchy paths (neck of dragon elon-
gated) with twist cans.
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2 | Background

This chapter provides a large overview of computer animation starting with the artistic

principles, the basic representations of 3D digital characters and the tools to animate

them. The general goal of this thesis is to make the creation of quality character anima-

tion more intuitive and natural. While many previous works cope with this problem by

using pre-existing motion, I choose to focus in this thesis on the tools and techniques for

free-form animation—in particular of body animation (as opposed to facial animation

for example). Methods for free-form animation should allow exaggerated, unfeasible and

artistic movements, including imaginary non-humanoid characters.

Hence I start by covering the set of tools that meet this level of flexibility and is most

relevant to this thesis. These include keyframing and its dual: partial performance (or

acting). Keyframing freezes time and allows the animator to change the character spatially—

using different modalities (clicking-and-dragging, sketching, or manipulating tangible

devices)—while partial acting freezes space (choose 1 degree of freedom) and the ani-

mator performs this DOF over time.

Because these methods are laborious and time-consuming, many researchers have

used data (mostly human motion) to make the creation of animations more intuitive. For

instance, by using a model of human poses—learned from a database—one can fill the

missing parts of a 3D pose that are only partially specified (e.g. with a 2D sketch). Unfor-

tunately, these strong assumptions about the character’s space of poses and movements

limits the possibilities the tool will permit—not to mention the fact that most animation

databases are comprised of human movements. While limited, it can be useful for quick

prototyping and drafting of motions. Applications could consider these restrained mo-

tions for increased intuitiveness with the possibility to use motion editing tools such as

[Gleicher, 1997, Lee and Shin, 1999] for refinement.
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Another appealing idea to fill the missing motion is to find the most physically plau-

sible motion in a so-called space-time constraints framework. Typically, these formula-

tions model the mechanics of the character, and minimize an energy consumption ob-

jective. What is appealing with this formulation is that it could assist the animator in

creating more realistic and dynamic motion, while allowing to bend the physics if neces-

sary. Unfortunately, in practice these models include very limited information about the

character’s intentions, and trajectory optimization quickly becomes high dimensional

and subject to the curse of dimensionality: local optimization often results in a local

minimum.

1 Principles of animation and art

Disney’s 12 animation principles, popularized in computer graphics research by John

Lasseter in 1987 [Lasseter, 1987], are well documented on the internet and taught in every

entry level class in computer animation. While they have been known to researchers and

engineers for a long time, very few of these principles are directly taken into account by

the free-form animation toolset.

Arcs The principle of arcs requires objects to follow arced trajectories rather than straight

lines is automatic when interpolating the angles of articulated characters. To some ex-

tent, it is actually harder to create straight line trajectories with 3D articulated characters,

than it is to create arc trajectories.

Anticipation, follow-through and overlap One way animators include anticipation,

follow-through and overlap (or successions) in their animation is by copy pasting keyframes

and setting an offset in time. This process can be automated by warping within the para-

metric space of the keyframe splines [Neff and Fiume, 2003].

Timing In traditional animation, timing is the number of frames or drawings in the

film. When keyframing digital characters, timing is related to the number of keyframes

and their respective time. It is the timing of the keyframes in relation to the spatial dis-

tance of the poses or shapes that provides the velocity (and acceleration) of the motion.

Basic animation effects such as ease-in and ease-out can be created by manipulating the
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full body timing alone. However, quality animation involves overlaps and successions

with requires coordinating both the relative timing between body parts as well as their

spatiality. The interplay between timing and shape is the art of coordination and to some

extent, the heart of animation. In fact entire books [Williams, 2002] have been dedicated

to this interplay.

Exaggeration helps the viewer understand the intentions and actions of the character.

For example, the animator can exaggerate the arcing of a character that is throwing a ball

to create anticipation, or he can squash or stretch the character’s limbs.

Squash and stretch Considered by many as one of the most important devices in ani-

mation, squash and stretch is used to give the illusion of weight and volume to a moving

character, as well as build anticipation and follow-through. Creating squash and stretch

requires volume preservation which is addressed by many works including [Rohmer et al.,

2009] with local skinning. The tools I present in this thesis allow stretching the bones of a

character, but the skin deformation technique used to produce the results (linear blend

skinning) does not preserve volume.

Staging and appeal The actions of the characters and their placement in the scene

should be staged as to ease the readability of the animation as well as entice the viewer

to keep watching. The characters should be posed in aesthetically pleasing manners that

facilitate the viewer’s understanding of the characters’ intentions and actions.

While animation principles are often cited in computer animation research, the more

general principles of art [Pri, 2015] tend to be overlooked. One of these principles is

called movement (or flow) and is very much relevant to this thesis.

Movement (or flow) is the path the viewer’s eyes follow when looking at a piece of art.

“The artists control what the viewers see and how they see it, like a path leading across

the page to the item the artist wants the viewer’s attention focused on” [Pri, 2015]. In this

thesis I will use the term flow instead of movement, which is also a term used in many

guidebooks on drawing. An aesthetically pleasing and coherent flow of a pose—and per-

haps motion—will make the poses and animations more readable and appealing to the

viewer.
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2 Free-form posing

Inspired from the hand-drawn animation tradition, computer animation of characters

are represented as a sequence of poses in time. To this day, specifying each pose indi-

vidually and controlling the timing through a timeline remains the established work flow

and pipeline. As character shapes can be highly detailed, e.g. hold thousands of vertices,

a great deal of research and engineering was invested into simplifying the representation

of characters, in order to facilitate their manipulation. Perhaps because mouses and key-

boards were the most widely spread input devices on desktops, methods focused on the

“click-and-drag” metaphor to deform the character, focusing on the idea of reducing the

number of nodes to edit, in order to create a pose at a keyframe.

2.1 Clicking-and-dragging with rigs

Figure 2-1: Top is a traditional rig used in keyframing 3D animation. Different FK/IK con-
trols are manipulated to the deform a character’s shape. Bottom image is a free-form de-
formation (FFD) cage-based rig. In both cases, the user clicks and drags on the nodes (e.g.
bone or lattice) to deform the character.

One way of reducing the number of degrees of freedom to manipulate is reduce the

number of vertices on the surface mesh using a subdivision scheme, along a displace-
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ment map to represent surface details (as in z-brush). These technics are widely em-

ployed in production today, both for animated movies, and real-time games. However,

they are not used for manipulation, but only for computation, as they still retain too

many vertices to be effective. Hence, further reduction of the shape is achieved through

natural subspaces, such as linked skeletons [Burtnyk and Wein, 1976], and lattice cages

[Sederberg and Parry, 1986], parameterizing the surface geometry with fewer degrees of

freedom to manipulate. Typical subspace rigs are shown in Fig. 1-1.

Although cages have been used in some productions, and are still being used for spe-

cific tasks, the skeleton remains the most widely employed subspace for deforming char-

acters. However, manipulating every bone of a skeleton to obtain a final shape can be

time consuming and non-intuitive. The relationship between the shape, and position of

the skeleton is non-linear w.r.t. to the angles of the bones. Obtaining a given shape—such

as being aligned onto an aesthetic curve—or obtaining a given end-effector position, in-

volves a back-and-forth adjustment process, where the user manipulates different angles

along the kinematic chains of the skeleton. To circumvent this problem, inverse kinemat-

ics (IK) methods based on optimizing high level objectives such as end-effector positions

and orientations [Zhao and Badler, 1994] allow the user to manipulate fewer degrees of

freedom, while the system solves for the underlying degrees freedom (angles), automat-

ically.

These specialized control rigs remain the established way of posing today. How-

ever, they require setting up a new specialized rig each time a new character is to be

deformed. Many researchers have addressed this problem [Sumner and Popović, 2004,

Igarashi et al., 2005, Sorkine et al., 2004]. Deformation transfer [Sumner and Popović,

2004] allows transferring the pose of one character, onto another similar character by

minimizing their local affine transformation difference over all the vertices of the mesh.

Instead of transferring transformations onto another mesh, as-rigid-as-possible shape

deformation [Igarashi et al., 2005, Sorkine et al., 2004] minimizes the distance to the

nearest local rigid transformation of the elements of a reference shape, similarly to an

elastic energy function for elastic materials.

Since the early works of [Burtnyk and Wein, 1976] and [Sederberg and Parry, 1986]

on skeletons and cages, we have seen considerable efforts towards improving the quality

of the deformation (e.g. [Jacobson et al., 2012] and [Lipman et al., 2008]), as well as the
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now the possibility of removing specific rig setups [Sumner and Popović, 2004, Igarashi

et al., 2005, Sorkine et al., 2004]. In comparison, fewer works have looked at the problem

of making the specification of the pose more natural and intuitive. In the next section,

we will look at the ways people can sketch stickfigures to create poses.

2.2 Sketching stickfigures

As we enter the realm of sketching, it can be interesting to see the success sketch-based

modeling of 3D shapes has had over the past decade. Sketching facilitates the creation

of 3D shapes by allowing users to sketch the visible contours of shapes in 2D, in order

to create a 3D object or character [Igarashi et al., 1999, Karpenko and Hughes, 2006].

To create an animation, the user could always choose to create a new character at each

frame, but this would be time consuming and the resulting shape would not be continu-

ous across frames (which could always be a stylistic decision). Instead, as we have seen,

the character is rigged with a skeleton, or cage, and it is the configuration space of the rig

at the key poses that is interpolated.

Figure 2-2: Davis (2003), asks the user to sketch the limbs one by one. An alternative in
their system is for the user to draw on paper dark points for the joints. The paper is then
scanned and the 3D joints—as well as skeletal structure—recovered.

To rapidly depict movements, people often use stickfigures. Luckily, this also reflects

the traditional skeleton used to parameterize the surface of virtual characters. Hence for

sketching character poses, the research community has investigated sketching stickfig-
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ures [Davis et al., 2003, Mao et al., 2005, Lin et al., 2010, Wei and Chai, 2011, Choi et al.,

2012] as an abstraction of the character’s shape. Parsing the structure, or segmenting a

2D stickfigure that has been drawn in a free-form fashion is a challenge in it-self. Both

[Davis et al., 2003, Lin et al., 2010] do not sketch the stickfigure, but instead model it by

clicking and dragging, as shown in Fig. 2-2. The result is a set of piecewise-rigid sticks.

[Mao et al., 2005] lets the user sketch limbs which are snapped to the parent limb, but

this requires the user to sketch the figure in a pre-defined order. [Wei and Chai, 2011]

sketches pre-defined body parts such as the spine, legs, and arms in a free-form manner,

but the user is required to specify which part is being sketched. The pose can be refined

by placing additional 2D projective point constraints at end effectors, for the head or

foot. [Choi et al., 2012] sketches free-form body parts of the character in a pre-defined

manner, but the sketch is used to recover pre-existing motions in a data-base.

While some of these methods take curved strokes as input, every method described

so-far solves for rigid bones. Curved shapes, as well as squash-and-stretch—an impor-

tant animation principle—have never been considered with a stickfigure interface. [Kho

and Garland, 2005] sketches deformations of individual 3D limbs by first drawing a refer-

ence stroke over the 3D mesh, and then by re-drawing a second stroke, specifying the

deformation. They use a flexible deformation model based on ARAP [Igarashi et al.,

2005, Sorkine et al., 2004], which allows curving and stretching the mesh in a free-form

manner. However, their work does not extend to full body curves such as lines of ac-

tion. The work of [Kho and Garland, 2005] is much more focused on posing rather than

on animating—relying solely on the mesh does not provide a natural way to interpolate

the poses; in contrast to skeletons where the configuration space can be efficiently in-

terpolated, allowing animations to be created with few poses. The need to recover a 3D

skeleton from the 2D stickfigure, which is a highly ambiguous problem—has been the

main focus of the literature since [Davis et al., 2003].

Lifting 2D sketches into 3D

Given the semantics of the 2D strokes (the body part they correspond to), the final stage

consists of lifting the 2D strokes into a 3D skeletal pose. For piecewise rigid skeletons,

the problem is formulated as finding the angles of each joint in order for the 3D pose

to match the 2D stickfigure in screen space. Now, re-constructing a 3D pose from a 2D
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Figure 2-3: Two lifting (3D re-construction) examples from Taylor et al. 2000. The method
recovers joint positions by inverse projecting the 2D points into 3D assuming an ortho-
graphic projection. The multiple possible poses are pruned based on the length of the bone
segments. The second image is the same pose in a different view.

sketch is, due to depth, under-constrained; many poses exist for the same 2D stickfigure.

Works in computer vision tackled the problem of recovering 3D joint positions of a

human skeleton from a marked 2D image. [Lee and Chen, 1985] and [Taylor, 2000] re-

cover 3D positions by placing an initial pose in the scene and inverse projecting the 2D

joint positions to recover their depth position (shown in Fig. 2-3). Each segment is solved

one by one going down the tree structure of the skeleton. Multiple solutions satisfy the

inverse projection, and a pruning process is then applied to find the most likely bone seg-

ments. Typically, two depth values are possible (the bone segment is towards the camera

or away from the camera). These are pruned by comparing the resulting length of the

bone segment with the initial bone length, as well as by comparing joint angle limits

with those of mechanically feasible human joint angles.

In the setting of stickfigure sketching, Davis et al. [Davis et al., 2003], uses the method

of [Taylor, 2000] to recover the depth value of each joint position assuming an ortho-

graphic projection, and the insights of [Lee and Chen, 1985] to prune the solutions. By

using assumptions of joint angle limits for human characters, as well as measurements of

balance, they significantly reduce the possible poses. The remaining poses are then pre-

sented to the user, as to let him select the most satisfying pose. To create smooth motion

over the set of poses, they optimize for smoothness, while seeking to respect the image

space constraints.

It is worth noting that for animation, it may be useful to let the length of the limbs

stretch, as squash and stretch is an important and desirable feature in animation. Davis

[Davis et al., 2003] mentions they allow longer limbs, but the results do not demonstrate
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extreme squash and stretch. Also, animators tend to sketch few keyframes, which are

then expected to be interpolated. Interpolating the angles of the skeletons, instead of the

joint positions will preserve the lengths of the bone segments under large deformations

(e.g. with few keyframes). With these methods that only recover 3D joint positions at

the keyframes, it would require recovering 3D joint angles which could be done with a

skeleton registration method.

In conclusion, the inverse projection methods [Lee and Chen, 1985, Taylor, 2000,

Davis et al., 2003] require joint limits and user intervention to select the best pose.

In the vision community, the related problem of matching 2D pictorial elements con-

nected by springs assembled into the structure of a humanoid are matched to pictures

of human poses in [Felzenszwalb and Huttenlocher, 2005]. They find the global solution

with a dynamic programming approach, including the adjustment of the size of the pic-

torial elements to the size of the person’s limbs in the image. While this solution shows

it is possible to robustly solve for 2D matching problems, their solution has not been

extended to match 3D characters.

2.3 Stop motion armatures and puppets

Figure 2-4: While there are many puppets to control 3D virtual characters, they are often
confined to a specific morphology. Recently, a set of modular—lego-like—blocks can be
assembled according to arbitrary morphologies such as an elephant.

Stop motion armatures [Knep et al., 1995, Esposito et al., 1995, Yoshizaki et al., 2011,

Jacobson et al., 2014] remove the depth ambiguity completely by utilizing a 3D tangible
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puppet which the user manipulates with his hands. They are used to record individual

pose keyframes by deforming the puppet device into poses and taking snapshot. In the

early days of 3D character animation, navigating in 3D was new to most artists. Hence

for the movie Jurassic Park, they devised a T-Rex stop motion puppet [Knep et al., 1995].

With this type of tool, each new character morphology requires a new puppet to be de-

signed, such as a Monkey [Esposito et al., 1995]. An actuated device can be used to load

pre-existing virtual poses, as well as to add stiffness in the joints providing force feed-

back [Yoshizaki et al., 2011]. Today humanoid puppets such as the Qumarion are com-

mercially available. Recently, [Jacobson et al., 2014] have combined the idea of using

building blocks of modular limbs to assemble arbitrary morphologies with the possibil-

ity of 3D printing the modular pieces. One of the limitations of these methods is that it is

not possible to stretch the limbs.

3 Free-form performance: partial acting and layering

We have seen the various ways of creating motions by keyframing poses. Each pose is

selected via a timeline, and deformed individually; either with “click-and-drag” rigs, or

with tangible devices. Yet, all of these tools operate at the individual pose level, and do

not help coordinate movements, or provide control over the temporal domain. Providing

control over space and time in a free-form fashion with low-dimensional input devices

available on a desktop is a challenging problem. One possibility is to separate the char-

acter’s motion into different layers and control each layer individually over time [Oore

et al., 2002, Dontcheva et al., 2003, Neff et al., 2007, Shiratori et al., 2013].

Figure 2-5: In Shiratori et al. 2013, the user
selects degrees of freedom in the character,
and performs he trajectory using a 6 DOF
(position and orientation) TinkerToy setup
held in his hand.

Instead of sequencing poses, researchers

have proposed to use hand-held motion

capture devices, and to act the motion

of selected degrees of freedom separately

[Oore et al., 2002, Dontcheva et al., 2003,

Neff et al., 2007, Shiratori et al., 2013]. The

partial motion recordings are layered in

order to create the full body motion. This

allows to animate arbitrary characters, and to control 3D orientations with the hands.
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Before detailing each method, we can already discuss the fact that such devices are held

up in the air, which can be tiring in the long run. While it is more natural to control tra-

jectories, it becomes hard to synchronize the trajectories into meeting individual poses.

In [Oore et al., 2002], two 6D motion capture devices are presented to the user. The

user selects body parts such as the two legs of a humanoid, and the mappings between

the 6 degrees of freedom of the device are mapped to the degrees of freedom of the vir-

tual character. The paper presents pre-defined mappings for humanoid characters only.

Instead of using specialized 6D capturing devices, Neff [Neff et al., 2007] uses the widely

available mouse and keyboard. The user creates 2D maps controlling different DOFs in

the body, and then performs their motion by scrolling the mouse, and can switch be-

tween maps by pressing keys. Similarly, [Shiratori et al., 2013] use TinkerToys 6D devices

(see Fig. ) to control separately selected degrees of freedom, which can also be syner-

getic, e.g. control both elbows with the same widget.

Figure 2-6: In Dontcheva et al. 2003, the user acts on top of an existing arm swing motion
to establish a mapping (first row). Then he re-performs the motion a second time to edit
the movement, with bent elbow.

[Dontcheva et al., 2003] adds an automatic way of selecting body parts by performing

on top of an existing motion. Once the mapping detected, the user performs a different

motion which controls more degrees of freedom. They apply canonical correlation anal-

ysis to automatically establish a mapping between a single 3D widget (position) trajec-

tory, and a higher number of DOFs. They demonstrate this capacity with a spider motion

where CCA detects a mapping to six legs, and the user can edit the six legs at once. The

Fig. 2-6, shows this for an arm swing where the bending the elbow is inferred based on

the new widget trajectory. This method could also be used with other devices such as a

mouse or stylus.
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4 Example-based animation

By modeling the space of human poses or motions based on a database of motions, it is

possible to significantly reduce ambiguities in 3D reconstruction problems for sketching

poses [Grochow et al., 2004, Wei and Chai, 2011] and motions [Min et al., 2009]. Also,

with the advent of consumer depth imagery (e.g. the kinect [Shotton et al., 2011]), the

idea of re-targeting human skeletal motion to arbitrary characters has had an increase in

attention [Yamane et al., 2010, Chen et al., 2012, Seol et al., 2013, Rhodin et al., 2014]. The

human skeleton can now be used as an interface for animating non-humanoid charac-

ters.

4.1 Sketching poses

Figure 2-7: An example of the likelihood function (pose prior) for the 2D low-dimensional
embedding from the SGPLVM from Grochow et al. 2004. The black areas correspond to
low confidence poses and the mean pose when converted back into the character config-
uration space. On the right we see applications where the prior function is used to steer
poses towards a likely pose in the active set (in this case a throwing motion). Top right is a
2D-3D point matching scenario and bottom right is an inverse kinematics problem. Note
the poses may be different from the motion in the data-base, since the prior is only softly
steering the poses towards statistically favorable poses.
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To constrain the space of possible poses, we can learn a model of poses from existing

data and use it as a prior in the 2D-to-3D reconstruction problem.

In “style-based inverse kinematics” [Grochow et al., 2004], a scaled Gaussian process

latent variable model (SGPLVM) is trained to build a likelihood function of human poses

then used as a soft constraint with inverse kinematics problems, as well as 2D-3D point

matching (shown in Fig. 2-7). They compare their method to the alternative of building

a likelihood function by reducing the space of poses to the main components of a PCA,

and modeling the prior using mixtures of Gaussians where the parameters of the mixture

is found with expectation maximization (EM). They show the SGPLVM requires fewer

dimensions while yielding better results. Their SGPLVM requires an active set of poses

(either walking, running or throwing, etc), and does not scale well to large databases of

various poses. In [Wei and Chai, 2011], a mixture of factor analyzers are used as a prior

in a maximum a posteriori (MAP) framework, and reduces the reconstruction error by

using a large database (2.8 million poses). Their results are comparable to linear compo-

nent analysis, which in their experiment consists in computing the K nearest poses in the

database, reducing them with a PCA, and optimizing within the newly found PCA space.

Instead of learning the prior on poses, it is possible to build them manually, by spec-

ifying soft constraints on the pose base on expectations of the poses. For instance, the

work of [Lin et al., 2010] restricts itself to sitting poses, which allows to specify soft priors

on the locations of body parts (e.g. pelvis near the chair). The also include the assump-

tion of balance, and set joint limits based on the human anatomy. They solve the problem

by using a combination of global stochastic optimization, with a final refinement using a

BGFS-type local optimization.

The pose priors [Grochow et al., 2004, Wei and Chai, 2011] allow to directly obtain a

full body pose including legs, etc as it encodes the correlation between the different body

parts. These models are compatible with the line of action constraint I will describe in

the next Chapter. The only difference is that unfeasible poses that include squash-and-

stretch are hard to produce with these methods.

4.2 Sketching motion

Because it is such a challenge to lift a single 2D stickfigure into 3D without using data,

the methods for sketching motion all rely on data. Sketching motion include sketching
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Figure 2-8: In Min et al. 2009, the user can sketch a point trajectory (left image), while
the systen synthesizes a full 3D character motion, based on a data-base of pre-existing mo-
tions. In this case, we can see a data-base of a jumping sequence. The paper demonstrates
the technique with 3 different motions: walking, jumping and golf swings. We can see a
limitation of this approach for synthesizing motions that go beyond the data-base being
considered.

Figure 2-9: In Thorne et al. 2004, the user draws motion doodles to select pre-defined
motion clips, whose timing is adjusted based on the speed of the stroke. This work allows
cursive specification of motion (continuously gestured strokes, instead of discrete edits).
Note that the gesture only controls the timing, and selects a pre-defined motion.

trajectories [Min et al., 2009, Yoo et al., 2014](shown in Fig. 2-8), and more abstract “doo-

dles” [Thorne et al., 2004] (shown in Fig. 2-9).

Statistical priors. In [Grochow et al., 2004], the SGPLVM is applied to human motion

data to reduce the poses (the angles and velocities) to a low dimensional embedding. The

embedding provides a probability distribution function used as a prior on the space of 3D

poses that is considered when solving for end-effector (IK) trajectory constraints. They

model a space of discrete poses, which means that each pose is solved for individually.

Others have looked at ways of modeling the motion sequence as a whole.

In [Min et al., 2009], a generative model of human motion is proposed where a set of

motions are stacked (e.g. different walks) and a principal component analysis yields the

vectors that captures most of the variance in the motion. The probability distribution
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function prior over the whole motion is then constructed from the PCA components us-

ing a mixture of Gaussians where the parameters are found with expectation maximiza-

tion. Having a generative model of the whole motion allows sparse position constraints,

as well as end-effector trajectories (see Fig. 2-8)—to be solved in maximum a posteri-

ori, space-time optimization framework. Similarly, though not used for sketching, Howe

[Howe et al., 2000] tracks a 2D character in a monocular video reconstructs a 3D motion

using a mixture of Gaussians learned from existing data. One of the limitations of mod-

eling the space of motions is that it is built for a specific type motion (e.g. walking or

running). Hence for such a method to be used in a general setting would require a way

of knowing a priori which type of motion is likely to be performed.

Stitching pre-existing motion clips. A simple way of synthesizing movements match-

ing a trajectory is to look into a database of existing movements for the closest matching

clip to a user-drawn trajectory [Yoo et al., 2014]. The user selects a point in the body and

sketches the trajectory. The system then computes the trajectories of the point in mul-

tiple viewpoints for each motion in the database, and selects the one that matches the

most. Unfortunately, it is not always natural to draw exact trajectories for body parts.

When people sketch motions, they often find natural to draw abstract paths.

The work of [Thorne et al., 2004] considers abstract paths (doodles) and associates

them with pre-defined motion clips which are then stitched together using a motion

graph. The stroke is segmented into different patterns that each contain characteris-

tic shapes, as shown in Fig. 2-9. Each pattern is associated a pre-defined human motion.

The motion synthesis uses motion graphs [Arikan and Forsyth, 2002, Kovar et al., 2002]

to transition between the different clips. With this approach, the character’s motion is

not directly related to the shape of the drawn stroke—preventing from subtleties in the

drawing to translate into subtleties in the motion. Moreover, it cannot be used directly

with different characters, as it depends on a database of motions of specific character

morphology.

Sketching motion in computer animation is a concept which seems to be making

strong assumptions about the movement, and is geared towards novice users who need

extremely simple tools to be able to animate. With such interfaces it is very easy to an-

imate a character, but very hard to create a new and unique animation; not to mention
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the need to animate various morphologies.

Sketching paths (to walk over). Several authors have proposed to control 3D anima-

tion by sketching 2D paths [Davis et al., 2008] embedded in a 3D world [Igarashi et al.,

1998, Gleicher, 2001, Thorne et al., 2004]. These are typically drawn on the floor to control

the global rigid 2D configuration of the character over time.

4.3 Human skeleton as an interface

Figure 2-10: Human motion is used to animate simpler characters. Typically a calibration
stage is required to establish a mapping. Image from [Yamane et al., 2010].

One of the most intuitive modes of communication is to simply act. In this setting,

an actor’s movement is directly captured. Traditional motion capture from optical [Kirk

et al., 2005] or magnetic [O’Brien et al., ] sensors, require not only large spaces and ex-

pensive material, but also an expertise in recovering clean data which virtually always

requires manual post-editing (e.g. by using the motion editing technique of [Lee and

Shin, 1999]). In practice, human performance captured using these technologies are

used for photo-realistic scenarios such as visual effects in movies, and realistic anima-

tions in games. It is not used in animated movies with characters performing expressive,

artistic or physically unfeasible movements.

While using a full blown motion capture setup is cumbersome and expensive, the

human data it acquires can be used to assist the inference of 3D human poses from par-

tial pose information provided by cheaper and less cumbersome setups such as minimal

marker sets [Chai and Hodgins, 2005], or depth imagery [Shotton et al., 2011] (the kinect).

In [Chai and Hodgins, 2005], a local model of poses is computed from the K nearest

poses in the database, and used to infer on the missing marker positions. In [Shotton

et al., 2011], decision trees learned from a large set of poses and their corresponding
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depth image (in different views) are used to infer on the 3D skeleton pose from the sin-

gle depth image. While these models inherently limit the space of possible movements

humans can do, they can be combined with re-targeting methods to allow intuitively

controlling simple characters by acting.

Figure 2-11: The user performs in front of the
kinect to animate a character with different
morphology.

There has been a recent interest in

using 3D human skeletal information to

control simpler, non-humanoid charac-

ters [Yamane et al., 2010, Chen et al., 2012,

Seol et al., 2013, Rhodin et al., 2014]. In

[Chen et al., 2012], the kinect is used to

both scan an object, and animate it. Once

the object is scanned (e.g. a chair), the

human skeleton provided by the kinect is

scaled and placed in the object in order to

parametrize the surface vertices with a lin-

ear combination of the affine transforma-

tions of the K-nearest joints of the human

skeleton. In [Seol et al., 2013], a set of fea-

tures computed from the human skeleton (absolute and relative positions, angles, etc)

are linearly mapped to a set of pre-defined character motions (the skeleton frames). The

mapping is created with a calibration stage by acting in front of the kinect over the char-

acter motion. The coefficients of the mapping are found by minimizing a set of mapping

error functions such as smoothness across frames. The works of [Yamane et al., 2010]

and [Rhodin et al., 2014] are similar: to establish a mapping between a source (human)

skeleton and target shape, the user first creates a set of corresponding poses (30 to 50 in

[Yamane et al., 2010], and 4 to 8 in [Rhodin et al., 2014]). In [Yamane et al., 2010] a shared

Gaussian process latent variable model is used to model the two space of poses (of each

character) with the same latent space; yielding a passage from the human skeleton to

the non-human skeleton via the latent space. In [Rhodin et al., 2014], the mapping is

created by applying linear regression to the labeled poses yielding a linear mapping from

the human skeleton to character’s mesh.
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5 Procedural and physically-based animation

The basic idea of procedural animation is to use some mathematical function to create

the motion. In today’s authoring software such as Blender [Foundation, 2015] and Maya

[Autodesk, 2015], various functions exist to animate objects such Sinae and wave. An-

other possibility is to model the character’s motion using the laws of physics. One of

the main reasons for doing is for the ability for the character to realistically interact with

its environment. The animation becomes the result of adding forces and torques to the

joints, and simulating the discrete mechanical model, allowing external forces such as

interactions with the environment to contribute to the character’s movement. So far, this

methodology is mostly used for realistic character animations. While there have been

attempts at describing cartoon physics [Car, 1994], we have not yet used mathematical

descriptions of cartoon physics.

Closest to this thesis are physically simulated characters controlled by the user, i.e. by

manually adding forces [Laszlo et al., 2000]. Even simple characters yield highly complex

dynamical systems which are hard for us (humans) to control. In fact, a popular game

called Toribash [Toribash, 2015] lets players fight each other with a simulated charac-

ter, where every second and muscle are controlled individually by the users in a turned-

based fashion. Physics can also be useful for creating the secondary motion of charac-

ters (e.g. fat and muscles) that are kinematically animated [Hahn et al., 2012], or simu-

lated [Liu et al., 2013].

If the character was not controlled, it would simply fall onto the ground like a rag-

doll. For the character to perform certain tasks in a physically-simulated environment

requires computing the necessary forces and torques. In other words, character motions

are controlled dynamical systems.

There are mainly two formulations that consider the laws of mechanics for motion

synthesis and editing: trajectory optimization which considers the motion as a whole

(also known in computer graphics as space-time constraints) [Witkin and Kass, 1988,

Cohen, 1992, Liu and Popović, 2002, Abe et al., 2004, Safonova et al., 2004, Liu et al., 2006,

Mordatch et al., 2012, Borno et al., 2013, Wampler et al., 2014], and online controllers

that continuously adapt and estimate the forces to add based on the current state of the

character [Hodgins et al., 1995, Yin et al., 2007, Muico et al., 2009, Ye and Liu, 2010, Coros
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et al., 2010, Wu and Popović, 2010, de Lasa et al., 2010]. Surely, there is an overlap between

both approaches when some form of planning is involved. For instance, [Hämäläinen

et al., 2014] proposes a predictive controller that solves for a temporal window ahead in

time at each time step of the simulation.

Closest to this thesis is the space-time constraints formulation as it can resemble a

keyframing setup where the animator specifies the motion directly by specifying shapes

at different times, while the system searches for a physically plausible movement—while

relaxing physical exactness when necessary.

Space-time constraints

Space-time constraints consists of specifying the character’s shape, position and velocity

at different places and time. Then an objective function suggesting how the character

should perform the action (e.g. with minimal energy consumption) is minimized while

seeking to satisfy mechanical relations (i.e. the laws of physics). The goal is then to opti-

mize w.r.t. the space of possible trajectories for the one that satisfies both the constraints,

physics and that minimizes the objective. While intellectually appealing, this type of for-

mulation rapidly increases in dimensionality, and local optimization often results in a

local minima.

Figure 2-12: The space-time constraints [Witkin and Kass, 1988] looks for a physically fea-
sible motion given a few user-provided constraints such as initial takeoff and landing po-
sitions. Trajectory optimization suffers from the curse of dimensionality, and local opti-
mization often falls into local minima. It is not for any reason this motion is initialized in
the air: it helps the optimization “find” the jumping motion.

The early work of [Witkin and Kass, 1988] considered a simple 2D character (a lamp

holding a root at the tip and 3 angles) performing a jumping motion. Using local opti-

mization requires initializing the motion close to the solution—in the case of Fig. 2-12,

setting the initial frames in the air as to the optimization from resulting in a horizontal
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translation motion. Instead of local optimization, Ngo [Ngo and Marks, 1993] uses a ge-

netic global optimization algorithm and shows that different initializations lead to differ-

ent motions. More recently, stochastic optimization was used along local time windows

to solve for various 3D character motions [Borno et al., 2013].

Liu [Liu and Popović, 2002] uses simplified laws of physics such as center-of-mass ac-

celeration equating gravity during flight stages, together with angular momentum pro-

files for ground stages. To avoid local minima, they initialize the motion with a simple

motion using basic keyframes. In [Abe et al., 2004] COM momentum profiles are used

to edit motions. Note, the center-of-mass profile has also been used to help animators

keyframe motion by rendering a physically valid version of the COM trajectory to the

animator [Shapiro and Lee, 2009], helping the animator edit its motion towards a more

physically correct motion if desired.

The challenge with space-time constraints is the high-dimensionality of the prob-

lem causing local optimization to fall into local minima. Hence the methods of [Liu and

Popović, 2002] and [Abe et al., 2004] initialize the motion with a close motion and then

optimize to refine. While the physics constraints are simplified, the motion representa-

tion (character joints over time) remains high dimensional.

To improve the convergence of trajectory optimization, various works have reduced

the dimensionality of human motion [Safonova et al., 2004, Chai and Hodgins, 2007]. It

is true that many motions admit a low-dimensional structure. Walking can be described

with a pose subspace [Safonova et al., 2004] with far fewer dimensions (7 or 9) com-

pared to the full set of 54 joint angles. Spatio-temporal dimensionality reduction can

represent the motion as a whole [Chai and Hodgins, 2007]. While dimensionality reduc-

tion improves convergence, most interesting motion includes sudden accelerations—

something which low-dimensional models quickly lose.

The details we loose when reducing the dimensionality of the motion are at the ex-

tremities of our limbs: for straightforward mechanical reasons our hands and feet accel-

erate quickly as their motion is the result of larger muscles acting upon them at the other

end of the chains. Hence foot contacts quickly become problematic. Additionally, the

dynamics of contacts create discontinuities in the objective function landscape, which

makes it hard to avoid local minima.

A recent work [Mordatch et al., 2012] has modeled the contacts as free variables in the
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optimization problem converting them into continuous variables—allowing the solver to

explore contact positions and timings. The character’s motion is reduced to four position

trajectories (2 hands and 2 feet connected to a root position) whose trajectories are repre-

sented with low-dimensional splines, and the final character configuration is recovered

with inverse kinematics.

They show it is possible to initialize the motion with T-poses, and optimize locally.

Once solved, the remaining parts of the body such as elbow and knees are recovered

with inverse kinematics.

6 Style of animation

When keyframing, animators often start by drafting a rough motion, then towards the

end of the process will add variations. Typically, overlaps or successions are added by

delaying or shifting keyframes in time. This is done by copy-pasting the keyframes and

shifting them in time. This process can be partially automated by warping within the

parametric space of the keyframe splines [Neff and Fiume, 2003, Coleman et al., 2008].

Neff [Neff and Fiume, 2003] demonstrates anticipation, follow-through and successions

with an arm motion defined by two keyframes. Coleman [Coleman et al., 2008] recov-

ers keyframes from captured motion, and then applies the temporal warping technique

of [Neff and Fiume, 2003] to create successions automatically. In [Wang et al., 2006],

a filter based on a convolution kernel (the Laplacian of a gaussian) is used to alter the

motion signal near the temporal boundaries (start and finish), automating anticipation

and follow-through. In [Noble and Tang, 2006], the main direction of an action is com-

puted to stretch the character as to exaggerate the action. In practice there is a limit to

which these artistic effects can be fully automated. Most animation studios have tools

for delaying and shifting keyframings in time, but in practice, it often requires manual

intervention.

Different works decompose a motion into different modes and transfer the high fre-

quencies to other movements as to alter their stylistic attributes [Unuma et al., 1995,

Pullen and Bregler, 2002, Shapiro et al., 2006]. Pioneering work [Unuma et al., 1995]

showed that removing high frequency bands computed with a fourier decomposition

from one periodic motion and adding them to another could transfer stylistic attributes.
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Similarly, [Shapiro et al., 2006] applies independent component analysis and takes the

less meaningful components of a motion to add them to the components of another mo-

tion. For assisting in keyframing, [Pullen and Bregler, 2002] decomposes captured mo-

tion into Laplacian pyramids and use the lower bands to match to user-created keyframed

motion and then “texture” (add details to) the motion by adding the higher frequency

bands. Their scheme allows detecting correlations between body parts. For instance,

certain hip movements are correlated with knee movements which allows to synthesize

complex motions from simple keyframed movements.

Several works have modeled style and variations for transfer [Hsu et al., 2005], in-

terpolation [Rose et al., 1998, Torresani et al., 2006] and slight extrapolation [Brand and

Hertzmann, 2000, Lau et al., 2009, Ma et al., 2010]. Style and variations have different

interpretations based on the modeling approach. Style can be be viewed as variations

that are consistent across structurally similar motions [Brand and Hertzmann, 2000, Hsu

et al., 2005]. For instance, a bipedal locomotion is a class of structurally similar motions,

and variations in style—due to age, weight, mood, etc—are consistent and recognizable

across different gaits.

In [Brand and Hertzmann, 2000], hidden markov models are used to extract high-level

stylistic parameters from motion sequences. Their model seeks to isolate parameters

that capture the variations from the basic structure of a motion category. They show re-

sults of parameters manipulating gender, weight distribution, grace, energy, and formal

dance styles, which can be applied to different motion categories (walk, run, pirouette,

etc). The work of [Hsu et al., 2005] translates styles of motion by establishing a corre-

spondence between the frames of two similar motions of common structure (e.g. trot

and walk), as to compute the difference to the common structure w.r.t. each motion and

re-target the differences.

In the case of [Lau et al., 2009, Ma et al., 2010], styles are variations within a specific

category of motion (e.g. variations in a specific gait such as walking). They take as input

sequences of similar motions (e.g. similar walks) and model the variations using gen-

erative models. To synthesize new motions that preserve the variations in the example

motion, [Lau et al., 2009] models the motion with a Dynamic Bayesian Network (DBN)

and similarly [Ma et al., 2010] uses a network of latent variables explicitly modeling and

learning the correlations between body parts (arms, legs and torso).
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With this interpretation of style, one approach consists of interpolating user-labeled

motions according to stylistic meta variables [Rose et al., 1998, Torresani et al., 2006]. For

instance, a set of walks could be labelled according to two axes: happy/sad, strong/weak.

Using radial basis functions [Rose et al., 1998], the system then interpolates between and

extrapolates around (slightly) the set of labelled motions. In [Torresani et al., 2006], cap-

tured motion is labeled by a Laban movement analysis (LMA) expert. The motion synthe-

sis is cast as a regression problem where the motion parameters are found by minimizing

the error on the LMA effort of the labeled motions.

It is worth mentioning that cartoon motion has been captured from 2D videos and

transferred to 3D characters [Bregler et al., 2002]. They track 2D markers and compute

affine transformations that can be transferred to 3D character skeletons or cages for ani-

mation.

Note that some works consider style simply as characters performing different tasks

[Grochow et al., 2004] (throwing, or walking). This later work was focused on ensuring the

poses resulting from solving under-constrained inverse kinematics problems remained

within a space of stylistically similar poses—in this case walking or throwing—by using

non-linear dimensionality reduction (SGPLVM) and steering the poses towards the clos-

est likely pose. The black areas in the low dimensional latent space (shown in Fig. 2-7

correspond to the mean pose when transformed back into the high dimensional space of

the character’s pose. The coloring (black-white) reflects the likelihood of the pose.
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3 | Posing with a line of action

Figure 3-1: The line of action helps create more expressive and readable poses by directly
specifying the overall flow of the pose with a single stroke.

∙ Published in ACM TOG (in proceedings of SIGGRAPH Asia 2013).

In Chapter 2 we learned about several flexible methods to create poses (rigs, stickfig-

ures, tangible devices, etc). The problem with these methods is that they do not provide

control over high-level aesthetic and artistic aspects of the pose. It is very easy with these

methods to violate the principles that make a pose expressive. An expressive pose is one

that we directly understand: by looking at the pose, we easily know the intentions, ac-

tions or even state of mind of the character.

How to create expressive poses is an art well documented in guidebooks on draw-

ing [Lee and Buscema, 1978, Blair, 1994, Hart, 1997, Brooks and Pilcher, 2001]. To facil-

itate the reading of a pose, artists try to provide it with an overall coherent flow. Flow is

a principle of art and has to do with the way the viewer reads through the shape. A clear

flow will allow the reader to more easily understand the pose, its intention, action or ex-

pression. To help control this high-level artistic aspect when drawing, artists use a tool

called the line of action (LOA).

The line of action consists of gesturing a single stroke to directly specify the overall
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flow of the pose, and only then to populate the body of the character around the stroke.

This tool helps ensuring all the details of the drawing coherently align onto an aestheti-

cally pleasing curve that facilitates the reading of the pose. In Fig. 3-2 we can see expres-

sive poses created with one or two lines of action compared to ambiguous poses that

hold ambiguous flows: a straight line (left) or too complex curves (right).

Figure 3-2: Poses with a clear line of action are more readable and expressive. By flowing
through the pose, we can more easily understand the intention or action of the pose.

Flow, called movement in the principles of art [Pri, 2015], is the way the viewer will

read through the pose (see Fig. 3-3). As an example, imagine starting from the head of the

character and gazing (flowing) down to the feet. Different shapes of curves convey differ-

ent emotions. For instance pointy features will convey tension, while smooth curves are

more relaxed and feminine. Guidebooks on drawing recommend restricting the LOA to a

family of simple curves. They recommend using C- and S-shaped curves. Providing the

pose with a unique smooth curve will clarify the main expression of the character, which

is also an important animation principle (simplicity and appeal). Using two strokes with

a pointy feature as shown in Fig. 3-2 will add tension to the pose. The idea is to keep the

LOA simple and use as few curves as necessary to convey the action or intention.

In this chapter, I will describe methods to pose a 3D character by drawing a 2D line of

action. While the line of action is covered by many guidebooks and tutorials on drawing

[Lee and Buscema, 1978, Blair, 1994, Hart, 1997, Brooks and Pilcher, 2001, Doucet, 2011],

there is no line of action tool for 3D animation. The reason why is because we do not

have a formal definition of the line of action that can be translated into mathematical
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Figure 3-3: Artists use the terms flow when refereing to the act of reading through the LOA
or pose of the character. The term rhythm refers to the type of patterns in the LOA’s shape.
Low curvature will have a relaxed feel and rhythm, while high curvature and sharp corners
will add tension yielding a tensed rhythm. Note that in the principles of art [Pri, 2015], flow
is called movement—a term which I believe would be too confusing in a thesis on motion.

terms. In other words, it is a challenge to write the character’s shape as a function of the

line of action. Hence the main contribution of this chapter is a definition of the LOA,

formally relating the line to the character’s body. This definition can then be used to

formulate 3D posing as an optimization problem. Results of this system allow rapidly

creating expressive poses such as the ones shown in Fig. 3-1, where we see a fashion

model stance, two dance poses, a full body swing and a super hero on the run.

Technical overview

Posing a 3D character using a single 2D line of action is a highly ambiguous problem.

Realizing a 3D posing tool based on this concept requires addressing a series of technical

issues.

In the first section (Section 1), I will start by providing a way for users to confine their

strokes to C- and S-shaped curves. A weak definition for this family of curves is that

they hold 0 and 1 inflexion points respectively. To constrain the strokes to this family

of curves, I provide a smoothing method based on fitting a low-dimensional parametric

curve (a Hermite spline) to the drawn stroke. This can be removed for expert artists that

master gesture.

Then I introduce a formal definition of the line of action. From this definition, I for-

mulate an optimization problem to solve for a 3D character pose given a sketched line of
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action. Essentially this problem can be viewed as a line matching problem, i.e. matching

a set of bones to a drawn line. I will directly describe an algorithm to solve the problem

assuming we know the correspondences between the body and the LOA, i.e. which bones

are to map to which part of the line.

Because the sketched LOA provides only 2D information for the character and we

need to solve for a 3D pose, the problem is under-constrained—several (solutions) poses

can fulfill the line. Many techniques exist to further constrain the space of poses [Gro-

chow et al., 2004, Lin et al., 2010, Wei and Chai, 2011] (discussed in Chapter 2). However,

they confine the poses to specific tasks [Lin et al., 2010] or to realistic human poses [Gro-

chow et al., 2004, Wei and Chai, 2011]. Unfortunately these methods will sacrifice the

flexibility and prevent the method from creating exaggerated poses for arbitrary charac-

ters. To allow free-form poses for arbitrary characters, while constraining the space of

solutions, I introduce a viewing plane constraint. This allows the animator to create un-

balanced and mechanically impossible poses, but requires rotating the camera to deform

in the depth dimension.

The correspondence between the body and the line of action is highly ambiguous.

We need to know which bones are concerned by the line of action, and to which area of

the line they map to. These problems are addressed in sections 4 and 5, where I provide

tools to select the bones, and methods for computing the correspondences between the

bones and the LOA.

Strokes notation The line of action will be denoted as a continuous curve x𝑙𝑜𝑎(𝑠). The

most free-form shape for the LOA is simply the curve built from interpolating the recorded

2D samples of the stroke, i.e. x𝑠𝑡𝑟𝑜𝑘𝑒(𝑠).To remove local variations in length for the LOA,

I re-parameterize the input stroke x𝑠𝑡𝑟𝑜𝑘𝑒(𝑠) to a constant length curve x𝑐𝑙(𝑠)—meaning

the space between each sample is of equal length. In other words, the stroke has con-

stant velocity: ‖𝜕x𝑐𝑙
𝜕𝑠 (𝑠)‖ = 𝑐. In the remaining of the Chapter, the LOA curve is always

initialized with a constant length curve, i.e. x𝑙𝑜𝑎(𝑠) = x𝑐𝑙(𝑠).

1 The line of action

The line of action’s description often differs from one artist to the next. To formalize the

concept, I provide a definition which, in my view, spans a wide range of cases. Artists rec-
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ommend using a certain range of possible shapes for the LOA; namely C- and S-shaped

curves. I will formalize this concept and provide a tool that helps users remain in this

family of curves. Then I will introduce the definition of the line of action relating the

character’s body to the LOA. Note that the definition is general enough to be used with

any shape of LOA and is not necessarily restricted to C- and S-shaped curves.

C- and S-shaped curves. In most textbooks on drawing, the LOA is restricted to the

family of C- and S-shaped 2D curves. This restriction can be useful for two reasons: it

constrains the poses to aesthetically pleasing shapes, and to physiologically plausible

poses. C- and S-shaped curves are defined as having zero and one inflexion points re-

spectively.

To reduce the variability of the line, I fit a cubic Hermite curve with two nodes (po-

sition and tangent per node). The positions are set each extremity of the input stroke

x𝑐𝑙(𝑠). Then I optimize w.r.t. the tangents of the Hermite spline to best fit the samples of

x𝑐𝑙(𝑠) with the Hermite spline yielding an optimal curve 𝑥𝑙𝑜𝑎(𝑠). It is possible to increase

the number of control points to provide more flexibility while smoothing the input curve

x𝑐𝑙(𝑠). To do this we can subdivide curve by inserting nodes halfway between each node

along the stroke and optimize for all the tangents and the middle node’s positions’ as

well.

LOA definition: the line of action dictates the shape, in image space, of a subset of the

character’s skeleton (i.e. the bones). For instance, we often see the line setting the bones

going from the head to a foot, as shown with the yellow bones in Fig.3-6.

For clarity of comprehension, it is useful to view the constrained bones in the char-

acter’s body as forming a line (linear connected chains of bones)—which I will refer to as

the body line. In other words, the line of action dictates the shape of the body line.

Body line. The body line is formed from the character’s skeleton and will be denoted

x(𝑠). I assume the character has a skeletal subspace mapping the surface geometry via

skinning, and the skeleton is kinematically linked with relative angles. My definition of

the line of action could be used with other parameterization of shapes (e.g. cages [Seder-

berg and Parry, 1986]). However, they would require providing a skeletal function w.r.t.
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Figure 3-4: The line of action is a skeletal abstraction of the character’s shape, drawn from
a specific viewpoint; i.e. in image space. Scribbled in yellow are the bones I believe are
constrained by the line of action, and in green are those I believe are not. We can see how
the bones do not necessarily touch the line, but the shape (orientation) matches: see for
example, the character’s leg on the bottom left.

the new degrees of freedom (e.g. the skeleton as a function the cage nodes). The posi-

tions of the skeleton, in contrast, are direct functions of joint angles.

For the sake of clarity, we can use the same parameter 𝑠 for both the LOA and body

line. In Section 5, I describe methods for computing a mapping from the bone points to

points on the LOA.

Let the position in screen space of the line of action be x𝑙𝑜𝑎(𝑠), the bones’ positions

x(𝑠) and their position in screen space Px(𝑠), where P is a view and perspective projec-

Figure 3-5: This figure shows how the line
of action dictates the shape of the character
which is not necessarily the position. We can
see the leg of the character on the left does not
touch the LOA but its shape matches. This is
important for characters that hold offsets in
their kinematic tree such as near the pelvis
in humanoids. c○The Estate of Preston Blair,
[Blair, 1994].
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Figure 3-6: In yellow on the left, are the bones forming the body line that will be constrained
and deformed according to the sketched line of action. On the right is the result after solv-
ing the LOA problem (3.1). In the top image, the body line goes from the head to a foot. In
the second row it goes from a hand to a foot.

tion transformation in homogenous coordinates.

Following the definition of the line of action, the body line pose x(𝑠) matching the

shape of the line of action requires the first derivates be the same. To have both lines be

as close as possible, I minimize the average distance between both lines resulting in:

min
x𝑟𝑜𝑜𝑡,Q

∫︁
𝑠
‖Px(𝑠)− x𝑙𝑜𝑎(𝑠)‖2 𝑑𝑠,

subject to
𝜕Px

𝜕𝑠
(𝑠) =

𝜕x𝑙𝑜𝑎

𝜕𝑠
(𝑠), ∀𝑠,

(3.1)

where Q = {q0, ...q𝑁−1} is the set of bone rotations and x𝑟𝑜𝑜𝑡 is the root of the skele-

ton.

The objective function minimizes the average distance in position. If the character

has offsets in the kinematic tree such as between the pelvis and leg of a humanoid, then
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it is crucial to have the shape (tangents) matching constraint, as shown by the example

in Fig. 3-5.

The hard constraint over tangents can be met by using the lagrange multiplier method.

I first experimented with the alternative of turning the constraint into a soft penalty with

a larger weight for the tangents than for the positions. In both cases, this problem is

under-constrained meaning many solutions (3D poses) exist for the same 2D LOA stroke.

For instance, we can simply imagine a line drawn shorter than the character in screen

space. It could mean the character has translated away from the camera, but it could

also mean that he has crouched. In the next section (Section 2), I further constrain the

possible solutions.

Note that this line of action concept cannot be directly realized with the IK spline tool

in Maya [Autodesk, 2015] because of the shape term in problem 3.1. The IK spline snaps

bones onto a spline. However, this does not allow skeletons that hold offsets in their

kinematic tree to match in shape. With an IK spline, a humanoid’s leg would have his leg

snap to the LOA instead of having its shape matching the LOA as in Fig. 3-5.

2 Viewing plane constraint

What is interesting is how to reduce the space of the problem, without sacrificing the

flexibility of the resulting tool. In other words, it should allow bending the character into

exaggerated poses as well as work with arbitrary morphologies.

To reduce the size of the problem while allowing arbitrary bendings of the body parts,

I make the assumption that the character is deformed from an initial pose, and I con-

strain the transformation to the viewing plane. This constraint can be met by construc-

tion simply by parameterizing the bone orientations we are solving for, with an axis-angle

representation where the axis points in the viewing direction.

Hence, the 3D bone orientations 𝑞𝑗 we were solving for in problem 3.1 boil down

to a single angles 𝜃𝑗 . The corresponding axis is the camera’s viewing direction projected

onto the floor plane. The translations are also parameterized to be parallel to the viewing

plane, i.e. along the 2-components 𝑢, 𝑣 of the viewing plane. In the next section (Section

3), we solve the line matching problem (3.1) with respect to the 𝜃𝑗 and 𝑢, 𝑣.

The viewing plane constraint allows the user to freely exaggerate bending angles and
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making unbalanced poses, adding drama to their figures—as often done by cartoonists.

On the other hand, the user has to turn the camera in order to “edit depth”—while pre-

vious edits orthogonal to the viewing plane can be preserved, as illustrated in Fig.3-7

where the user rotates the camera to bend the knee. As we will see in the next Chapter

(Chapter 5), the viewing plane constraint does not prevent the LOA from being used with

arbitrary characters such as dragons.

Figure 3-7: When solving for the character’s pose to match the LOA, the bone rotations are
constrained to the viewing plane. This constraint is met by construction: the rotations
are parametrized as a single axis-angle component—reducing the joint angles to a single
angle. The axis is the camera’s viewing direction projected onto the floor plane. From
left to right is the initial pose, a side view with the line of action stroke, the result after
optimization, and finally a frontal view of the resulting pose.

3 Solving with non-linear programming

The viewing plane constraint reduces the angles of each joint 𝑗 to a single unknown angle

𝜃𝑗 . The bone orientation is thus defined as: 𝑞
′
𝑗 = 𝑞𝑗𝑒𝑥𝑝(𝜃𝑗 ⃗vview), where ⃗vview is the

viewing direction and 𝑒𝑥𝑝 is the exponential map turning the angles 𝜃𝑗 ⃗vview into an

orientation.

The viewing plane constraint also reduces the root translation to a space of planar

translations x
′
𝑟𝑜𝑜𝑡 = x𝑟𝑜𝑜𝑡+𝑤𝑢�⃗�+𝑤𝑣�⃗�, where �⃗� and �⃗� are orthogonal vectors in the viewing

plane.

We now solve problem 3.1 with respect to the reduced set of degrees of freedom: Θ =

𝜃0, ..., 𝜃𝑁−1, 𝑤𝑢, 𝑤𝑣. The shape constraint in problem 3.1 is a hard constraint that will be

satisfied by adding a penalty to the objective function with a larger weight for tangents:

min
𝑤𝑢,𝑤𝑣 ,Θ

∫︁
𝑠
𝑤𝑥(𝑠)

⃦⃦
Pvpx(𝑠)− x𝑙𝑜𝑎(𝑠)

⃦⃦2
+ 𝑤𝜕(𝑠)

⃦⃦⃦⃦
𝜕Pvpx

𝜕𝑠
(𝑠)− 𝜕x𝑙𝑜𝑎

𝜕𝑠
(𝑠)

⃦⃦⃦⃦2
𝑑𝑠. (3.2)
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Solving this problem with local non-linear optimization requires the first derivatives

for the objective function w.r.t. the angles Θ as well as 𝑤𝑢 and 𝑤𝑣 component. These are

computed numerically with finite differences. When the problem is solved, we set the

new bone orientation to the previous one 𝑞𝑗 ← 𝑞
′
𝑗 , and the angle 𝜃𝑗 to 0. Similarly, we set

the new value of x𝑟𝑜𝑜𝑡 to x
′
𝑟𝑜𝑜𝑡 and both 𝑤𝑢 and 𝑤𝑣 to zero.

In practice, there are a number of issues when solving this problem with local opti-

mization. The first one is that because we solve only for the angle, in other words for

rigid bones, it helps to normalize the tangents in problem 3.2: without normalization,

larger bones weigh more in the objective function which is also an issue mentioned in

[Lin et al., 2010]. The second issue is the type of solver to use when numerically differen-

tiating with respect to angles. I experimented with a BFGS solver from the library (DLIB

[DLIB, ]) but estimating the Hessian from the numerically computed gradient could lead

the solver to diverge. It was more reliable to use gradient descent with small steps which

is the solution used for the results shown in Section 6.

For the moment we assumed a single parameter 𝑠 mapping both lines. Next, I de-

scribe how to compute a correspondence between points on the bones and points on

the line of action. As in most cases, not every bone in the body is constrained by the

line, it first requires selecting the body parts (Section 4). Once we know which bones are

constrained, we can find for each point on the bones where it maps to on the LOA.

4 Selecting the bones

The line of action can be used to modify different sets of bones or using our terminology:

different body lines. Sometimes the body line includes an arm, sometimes both legs,

while in other cases it includes only the arms—as with secondary lines [Abling, 2012].

The weakest, most general definition of the body line is that of a subset of connected

bones in the kinematic tree of the character. In my view the association of bones onto the

line is mainly an artistic choice that should reflect the way it is done when drawing: by

drawing body parts around the line. However, it would be time consuming to go through

this process each time a line of action is sketched.

In this thesis, I investigated rapid ways of selecting the bones. The underlying idea

is to have pre-defined sets of bones that are often used (e.g. head to foot, arms, torso,

58



etc). I investigated selecting the set of bones automatically, by taking the set closest to

the drawn LOA. In practice, this approach is very confusing and it is much more practical

to simply select the set of bones from a pre-defined tab (by pressing keys).

The body lines commonly used are often maximal and their graph linear. These as-

sumptions lead to a small set of body lines that can be exhaustively searched for the

closest one every time a LOA is drawn. The terms connected, maximal and linear are

formally defined as follows:

Connected: The bones are children or parents of one another in the full kinematic tree.

For instance, if the LOA goes from one foot to the other, it also includes the two

lower and upper legs.

Maximal: Most body lines start and end at extremes of the full kinematic tree. Restricting

our definition to maximal lines leads to a set of 10 possible kinematic chains.

Linear: Each node between two bones that are not the extremities are of degree 2. The

extremity nodes are degree 1 nodes; they have only one parent or one child.

In the case of a humanoid, there are only 10 maximal chains: head to left hand, head

to left foot, head to right foot, head to right hand, left hand to left foot, left hand to right

foot, left hand to right hand, left foot to right foot, right hand to left foot and right hand to

right foot.

Figure 3-8: If we consider only linear maximal chains as body lines, than we only have
10 possibilities for humanoids. This can be used to automatically select the body line by
choosing the one which is closest to the drawn LOA.
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5 Mapping bone points to LOA points

Given the body line, we know which bones are constrained by the LOA. However, to

match both lines, we need to where the bones map to on the line of action. In Section 1

where the line matching problem is introduced, we assumed a common parameteriza-

tion 𝑠 for both lines. Here we will compute for every bone point 𝑖ℎ, 𝑖𝑡 (head and tail), a

corresponding point on the line of action 𝑠ℎ𝑖 , 𝑠
𝑡
𝑖.

Sometimes the line is drawn larger or shorter—globally or locally—than the body line.

For example, Fig. 3-9 shows an S-shaped curve with a larger upper S for the upper body,

and we can see there should be a jumps in the mapping between the bones in the upper

body and the bones of the leg. To compute the mapping, I first experimented with the

iterative closest point method where geometric information such as curvature can be

used to direct the mapping towards areas that would be preferable—e.g. high curvature

must not be covering a bone.

Iterative closest point (ICP) approach described bellow in Section 5.1, consists of es-

timating a first mapping from the initial pose and the LOA based on the closest point,

to then solve for a first pose with this mapping (problem 3.2), and then re-compute the

mapping and repeat the process until convergence.

The iterative closest point method can be very tricky to work with. The basic term we

minimize for the mapping is the distance. However this alone can create drift and have

the character slide as shown in Fig. 3-9. I added several terms reflecting different expec-

tations of what should constitute a good mapping. For instance we can exploit features

such as high curvature areas which are likely to be a corner in the skeletal structure; and

are therefore not likely to be covered by a bone. We can expect more flexibility in certain

areas of the mapping. For instance, we can assume the space between the upper body

and lower body to be distant, allowing a jump between them, while we expect the head

and foot to remain close to the tips of the line (and be less flexible).

The problem is that each of these different terms need to be fine-tuned and can have

different behaviors depending on the pose and drawn LOA. In later chapters, I use a sim-

pler method (described in Section 5.2) which consists of computing only the closest-

point from a reference line that is first sketched on top of the body line, as shown in

Fig. 3-10. Once computed this mapping can be stored and re-used for all subsequent

60



edits. Interestingly, with the reference line we can view the LOA problem( 3.1) as a de-

formation transfer [Sumner and Popović, 2004] problem, where the transformation from

the reference line to the LOA is transferred to reference skeleton pose to deform it.

5.1 Iterative closest point

The iterative closest point approach consists of computing the closest point on the sketched

LOA to the body line point, and then performing an iteration of line matching using the

algorithm described in Section 3—and repeat until convergence for both problems. The

problem is that if we only optimize the closest point objective 𝐸x, the mapping can slide

along the line as in fig. 3-9. Hence, we add soft constraints (priors) on the mapping

𝑆 = [𝑠0, ..., 𝑠𝑀−1] based on the expected positioning and connectivity of the skeleton’s

tree structure, while penalizing bones that would cover high curvature areas.

Figure 3-9: Left: A classic S-shaped curve often used for a feminine stance. It is difficult
to know a priori to which part of the line the bones should map to. The upper body seems
to be mapping to the upper part of the line, while bottom part at the bottom tip of the
line with an empty hole in the middle near the pelvis. In this thesis, I experimented with
an ICP approach (Section 5.1) which computes the closest point mapping during online
optimization of the pose. The three last images are: the initial pose, the resulting param-
eterization when using only the closest point objective, and the final image is the result
when adding constraints based on prior expectations of the mapping (when solving prob-
lem (3.3)). Illustration c○Ben Jelter.

In short, we can expect the bones to avoid covering areas on the LOA with high cur-

vature, which translates into a penalty term 𝐸𝜅(𝑤(𝑠)). To allow jumps in the solution (see

Fig.3-9), the warping function is defined piecewise linear, each corresponding to a rigid

bone interval on the body line. Assuming a skeletal tree structure, the associated map-

ping should preserve the parent-child relations established by the skeleton; bones should

not overlap or go too far from one another—making a connectivity penalty 𝐸𝐶(𝑤(𝑠)) rel-
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evant. The final energy function to minimize is as follows:

min
𝑆

∫︁
𝑠
𝐸x + 𝐸𝜅 + 𝐸𝐶 𝑑𝑠 , (3.3)

𝐸x = 𝑤𝑖
x

⃦⃦
Pvpx

𝑖
𝑏 − x𝑙𝑜𝑎(𝑠𝑖)

⃦⃦2
,

𝐸𝜅 = 𝑤𝑖
𝜅

⃦⃦⃦⃦
𝜕2x𝑙𝑜𝑎(𝑠𝑖)

𝜕2𝑠

⃦⃦⃦⃦2
,

𝐸𝐶 = 𝑤𝑖
𝐶 ‖𝑠𝑖+1 − 𝑠𝑖‖2 .

Note, that the results shown in this chapter use the ICP method, where at each step

of the optimization (solving problem (3.2)), the optimal mapping is computed by solving

problem (3.3). In subsequent chapters, the simpler uniform mapping described below is

used and is computed only once at initialization.

5.2 Uniform mapping

Given a character in a reference pose, we can simply ask the user or the system designer

to sketch a reference curve 𝑥𝑟𝑒𝑓 (𝑠) over the constrained set of bones in order to compute

the mapping. For each bone position 𝑥𝑖, we compute the closest point 𝑠𝑖 on the reference

curve 𝑥𝑟𝑒𝑓 (𝑠):

𝑠𝑖 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑠
‖𝑥𝑟𝑒𝑓 (𝑠)− 𝑥𝑖‖. (3.4)

This mapping is computed only once at initialization.

6 Results & Discussion

As a proof of concept, I evaluated my method with the task of reproducing static poses

from photographs, cartoon images, and finally, example motions from video frames. The

poses were then exported to Maya for interpolation and rendering. The line of action

posing implementation is a stand-alone software that offers all the necessary tools for
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Figure 3-10: Use a reference shape to compute the closest point on the LOA to the bone
points. In my implementation, the reference curve is used only at initialization to compute
the mapping. Once the mapping is computed, we can freely edit the pose as shown on the
right.

drawing multiple lines of action in multiple viewpoints, and computing the correspond-

ing poses at interactive rates.

In my implementation, I solve problem ( 3.2) using gradient-based local optimiza-

tion. At the start of each step, I solve problem (3.3) for an optimal mapping. In both cases

I optimize until the gradient’s length is smaller than a small criterion. The optimization

is interactive and can be visualized on-line.

I made all the poses and animations myself using lines of action only and I am not

to be considered an expert animator. For the evaluation, I measured the total number of

gestures (strokes and rotations), as well as the actual time taken to generate a satisfactory

result. Each time, I started from a neutral pose, and drew all the strokes necessary to

complete the pose or sequence of poses. Then I asked a professional animator (with five

years experience) to reproduce the same poses using FK/IK skeletal rigs in Maya. We

measured the time required to finish the same task and summarized the evaluation in

table 3.1.

What this evaluation demonstrates is that all the example poses could be generated

within reasonable times. While this is not a complete comparison, we can extrapolate

that a line of action tool can be used to produce rough poses and keyframes in a fraction

of the time it would take with existing posing tools. The benefits seem especially spec-

tacular when considering longer animation sequences like the Muybridge sequence—

shown in Fig.3-16 and the accompanying video. It took a total of 6 min. to make using

lines of action while it took 22 minutes to a professional artist using traditional 3D ani-
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Figure Num. Strokes Time Time
& Rotations LOA Maya

Single poses

Walk (Fig.3-17) 4 st. 1 r. 20 s. 90 s.
S shape (Fig.3-9) 3 st. 0 r. 20 s. 120 s.
Hero Punched (Fig.3-11) 6 st. 2 r. 90 s. 150 s.
Hero Punch (Fig.3-11) 7 st. 4 r. 2 m. 3 m. 30 s.

Animations

Dancers (Fig.3-14) 6 st. 1 r. 30 s. 2 m. 45 s.
Cartoon swing (Fig.3-13) 7 st. 1 r. 45 s. 2 m. 30 s.
Head spring (Fig.3-16) 34 st. 1 r. 6 m. 22 m.

Table 3.1: Number of strokes, camera rotations and time taken using lines of action v.s.
using 3D FK/IK widgets in Maya.

mation tools in Maya.

The main reason is probably the fact that multiple bones get quickly aligned onto the

LOA and fewer edits are required. But the foremost benefit of this method is the fact that

beginners could actually create expressive poses using a line of action, while there is no

way in Maya for beginners to easily create poses that exhibit an aesthetic and coherent

flow with their shape. The line of action is particularly useful to create dramatic poses

that convey full body expressions more clearly.

In practice I found that most poses were made by sketching 3 strokes: one to spec-

ify each half of the full body (right leg, left leg), then a third to adjust the arms using a

secondary line. Moreover, it is worth noting that once a pose is created, variations of the

same pose can be easily tried-out by drawing slight variations of the initial line. This ex-

plains why making a basic walking pose (Fig. 3-17) takes only 20 seconds while making a

dramatic punch destined for comics like the one in Fig.3-11 takes minutes; we tend to re-

draw the same stroke over previous ones to perfect the pose and make it more dramatic.

Note that concurrently to my work, Oztireli et al. have considered lines of action [Öztireli

et al., 2013] for posing character. They focused on sketching the shape of partial body

parts. In contrast, the methods in this Chapter allow sketching full body lines with off-

sets in the kinematic tree—such as at the hips of a human. Their focus is on supporting

large deformations, while I focus on formalizing the LOA and providing an interface to

edit character shapes with LOAs that cover the full body.
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6.1 Limitations and future work

One of the main limitations of this work is that it only solves for the orientations of the

bones and not their lengths. In contrast, expressive animation requires devices such as

squash and stretch to exaggerate actions and intentions. This problem is solved in Chap-

ter 5.

The ICP approach for computing the mapping between the bone points to the LOA

points involves many terms in the optimization problem (5). Each of them has to be fine

tuned and it can be hard to find parameters that work across different poses and lines.

For this reason, I proposed an alternative and simpler mapping based on first sketching

a reference line—allowing to compute the mapping without ambiguity. In subsequent

Chapters, this simpler method is used.

Figure 3-11: Inspired by comics, these characters are posed fighting. In each of these poses,
we can see the overall body expression controlled by a line of action.

A limitation of the viewing plane constraint is that bones can no longer twist. I ex-

plored the possibility of letting the bones rotate around their own axis (the direction they

point to). However this does not provide an intuitive visual representation of twist, nor

does it help specify the twist reliably. For example, in Fig. 3-11 the upper body is rotated

around the spine by sketching a secondary line for the arms while rotating the camera. In

the next chapter, I solve this problem with method borrowed from the drawing literature:

a technique called the “Two Cans” technique.

I mainly explored rapid selection of body parts to be constrained by the line (pre-

defined bone sets). The way the line of action is used in drawing is by populating the

body around the line. It could be interesting to investigate ways of allowing the user to

roughly sketch the body parts along the line while the system computes the mappings

and poses the character.
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One of the advantages of the optimization problem (3.1) is that we can easily add

extra constraints. For instance, when the line intersects the floor, we can insert a foot or

hand contact constraint to the problem (3.1). This was used in Figures 3-13, 3-14 and

3-17 for foot contacts. See also next chapter for more examples.

The definition of the line of action is quite general and can be applied directly to

other morphologies like quadrupeds. For example, a line of action can be formed from

the head going through the spine and finishing at a foot. Secondary lines can go from

one leg to the other. Similarly, we can think about refining other shapes this way. For

instance hands and multiple characters can be connected with a single stroke. A hand

could be posed by drawing a line from a finger to the thumb as shown in Fig. 3-12.

Figure 3-12: The line of action can be used to pose multiple characters and other shapes
such as hands.

7 Conclusion

The line of action helps animators create more expressive and readable poses by directly

specifying the overall flow of the character with a single stroke. To achieve this, I had to

Figure 3-13: The main poses of a cartoon character swinging a bat take only 8 strokes and 1
camera rotation after the first stroke. The overall process took less than a minute compared
to several minutes with traditional 3D animation tools.
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Figure 3-14: Dancers seek aesthetic and LOA-friendly poses by shaping their body into aes-
thetically pleasing curved shapes.

Figure 3-15: Head spring sequence captured by Muybridge.

Figure 3-16: The keyframes of a head spring motion captured by Muybridge (see original
pictures 3-15) were reproduced in 6 minutes by drawing lines of action from a single view-
point. For each pose, I show the last line of action that was drawn.

67



Figure 3-17: Starting from a neutral pose, only 4 strokes are required to get started with a
walking animation. Note that the so-called secondary lines are used here to place the arms.
Enabling the use of 2 Hermite curves for representing the LOA was essential to capture the
poses of the two arms in a single gesture, due to the need for a high curvature point.

formalize the line of action concept. Then using this mathematical definition of the LOA,

I formulated 3D posing as an optimization problem. To solve this problem, I provided

solutions to several of the ambiguities related to this 2D abstraction of the body; namely

depth and correspondence ambiguities. Results show the rapid creation of expressive

poses ranging from elegant fashion stances to exaggerated cartoons in action. I briefly

compared this method with traditional authoring software and found it was significantly

faster for coarse pose design—especially for expressive poses that are challenging to cre-

ate using traditional posing techniques.

The line of action determines the flow of a pose at a specific instant in time. Artists

sometimes control the overall flow of a motion with a single continuous 2D line motion

abstracting the motion of a character whose body parts are dynamically made to join

and depart from the dynamic line. In the next chapter I explore this concept together

with the possibility of simulating the line of action as an elastic—providing a continuous

LOA motion from few strokes.
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4 | Adding dynamics to sketch-based

character animations

Figure 4-1: Artists typically sketch lines of action to convey motion. In the artist sketch on
the left, we can almost “feel” the dynamics of the line, how it seems to be storing potential
energy. Perhaps we are perceiving or inferring on the character’s main muscle contractions.
Inspired by these drawings, I devised a physics-based model for the line’s motion which
allows to unleash the line physically and to interpolate between sketched lines of action,
while exhibiting anticipation and follow through (middle sequence). The moving line may
require changing body parts dynamically, which my 3D character motion synthesis can
take into account (right figure). See also Fig.4-3 and Fig.4-5. Cartoon images c○The Estate
of Preston Blair, [Blair, 1994].

Summary

The animations in the previous chapter were produced by interpolating the 3D config-

uration of different poses created with LOA edits. Instead, this chapter begins work on

directly interpolating 2D lines of action and then matching a 3D character motion to

the dynamic LOA. Note that the 2D LOA interpolation is slightly improved in the next

chapter. In this chapter, I focus on the idea of animating the LOA as an elastic, as well

as elastically interpolating between keyframes. In the next chapter, I will provide new
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sketch-driven motion models for the dynamic line (of action) that allow drafting its full

motion from a single stroke.

Having a continuous line motion abstracting the motion of a multi-limbed charac-

ter requires dynamically changing body parts being constrained by the DLOA. I provide

a first semi-automatic method were the user annotates the moments where the body

parts snap or detach from the moving line while the system propagates to the rest of the

motion the common subset of body attachments. Note that the actual matching of a

3D skeleton to the 2D line is improved in the next chapter, and that the body swapping

technique is compatible with the improved matching algorithm.

Lastly, I introduce the twist cans in this chapter allowing the user to reliably specify

3D twist around the line of action. The twist cans are also compatible with the improved

line matching algorithm of the next chapter (Chap.5).

∙ Published in proceedings of the Symposium on Sketch-Based Interfaces and Model-

ing (SBIM) 2015.

1 Introduction

In this chapter, I explore the inherent dynamics that we often feel in hand-drawn line

of action sketches. For example, if we look at the cartoons on the left of Fig. 4-1, we can

almost sense the motion from the drawn line of action alone—the same way we can visu-

alize motion between panels in comics. Indeed, lines of action introduced in Chapter 3

are often drawn by artists “to make the pose more dynamic”. The question is how?

One explanation is the clarity of the pose—facilitated by an easily readable flow—

allows the viewer to more easily understand the action or intention. Another related rea-

son is that the line of action often extends through the action of the character. To explain

this concept, consider Fig. 4-1 where the character Tom is swinging his bat on the floor.

In this case, the line of action starts from the collision on the floor and extends through

the body of the character. Another example is when a cartoon character is punching (see

Fig. 1-3 in Chapter 3), the line of action starts at the fist and extends through the body of

the character. This has the effect of making our eye flow towards the main action of the

scene (character punching)—helping us imagine the motion.

It is true that we humans have strong priors on humanoid motion from our life-
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long experience watching others perform different actions. These priors allow us to

infer full motion from simple abstract drawings such as lines of action. Following this

path would naturally lead to data-driven techniques for synthesizing motion from these

sketches. However, in the case of cartoon motions that may be exaggerated or stylistic,

the example-based solution may not be sufficient.

In this chapter, I take a simple view of the line’s dynamics, that will allow physically

interpolating between different strokes, while exhibiting desirable motion features such

as anticipation and follow-through; two important animation principles [Lasseter, 1987].

By viewing the line’s shape as storing potential energy with respect to a target shape, we

can derive a simple elastic model for the line’s motion. This approach allows the user to

specify keystrokes as the target shapes over time, while an adjustment method ensures

the physically-simulated line matches the user-drawn strokes over time.

A physically-simulated line leads to new questions about the nature of the line’s con-

nection to the body over time. When the line can move freely, like an elastic, how should

the body be driven by the line? Even before computers were widely available, animators

designed continuous line motions as to ensure a coherent flow throughout the motion,

as shown in Fig.4-4. If we pay close attention to the character’s body in Fig.4-4, we can

see different parts joining and departing from the line.

Understanding how these should be triggered is a challenge. It could be a purely

artistic choice. In this work, I take a first step into automating these dynamic shifts in

constrained bones, and provide a method that can solve for character motion matching

the line while smoothly taking into account temporally discontinuous bone constraints.

The resulting work flow requires the user setting the constrained bones at key moments

(red squares in Fig.4-4) by sketching over a character in a T pose. The system then au-

tomatically solves for the common subset of bones of constrained bones and smoothly

interpolates the parts that are not being constrained.

In short, this chapter holds two contributions:

∙ A physically-based line of action interpolation method.

∙ A dynamic skeletal line matching algorithm that transitions between discontinu-

ously constrained bones allowing multi-legged 3D figures to be animated with a

single moving 2D line.
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To realize this physically-based sketching approach, I separate the problem into two

sub-problems. The first is the creation of the 2D line movement by sketching and physically-

interpolating strokes (Section 2). The second is a 3D motion synthesis, that solves for the

character’s skeletal motion as to match the 2D line’s motion while taking into account

discontinuous bone constraints (Section 3).

2 Physically-based line of action

2.1 Stroke representation

In this section, I describe the LOA’s discrete representation, derive an elastic model for its

motion, and describe how to ensure continuity across key-strokes specified by the user.

When the user draws a stroke, the system records a set of 2D samples in screen space,

which is denoted x𝑠𝑡𝑟𝑜𝑘𝑒(𝑠). Simulating discrete elastic models on the cartesian coordi-

nates of line (essentially a mass-spring system on the stroke) leads to spurious motions.

One possibility would be to use a triangle mesh embedding. My first experiments con-

sisted in decomposing the stroke into polar coordinates where the LOA curve 𝑥𝑙𝑜𝑎(𝑠) is

represented with a set of local angles 𝛾𝑗 and lengths 𝑙𝑗 .

To transfer the recorded stroke 𝑥𝑠𝑡𝑟𝑜𝑘𝑒(𝑠) into the coordinates of a piecewise rigid

chain, I first perform a constant length parametrization of the curve. Then I estimate

the length of the chain’s nodes 𝑙 =
∫︀
𝑠

1
𝑁

𝜕𝑐𝑠𝑡𝑟𝑜𝑘𝑒(𝑠)
𝜕𝑠 𝑑𝑠, which is the same for each rigid

element 𝑗, given a number of elements 𝑁 (10 in this experiment).

With forward simulations, the placement of the root position 𝑥𝑟𝑜𝑜𝑡 of the chain will

have an impact on the dynamics. Different placements such as the bottom tip, or at the

middle of the stroke, will result in different motions. In these experiments I focused on

reflecting humanoid dynamics and therefore placed the root at the center of the stroke

x𝑟𝑜𝑜𝑡 = 𝑥𝑠𝑡𝑟𝑜𝑘𝑒(0.5) with two chains going down to each tip of the drawn stroke.

Hence, the chain’s root is set at the center of the curve x𝑟𝑜𝑜𝑡 = 𝑥𝑠𝑡𝑟𝑜𝑘𝑒(0.5), and we fit

the angles 𝜃𝑗 to match the stroke 𝑥𝑠𝑡𝑟𝑜𝑘𝑒(𝑠) in screen space:

min
𝜃𝑗

𝑁∑︁
𝑗

‖x𝑠𝑡𝑟𝑜𝑘𝑒(𝑠𝑗)− x𝑙𝑜𝑎(𝑠𝑗)‖2 , (4.1)

where x𝑙𝑜𝑎(𝑠𝑗) is computed with the linked hierarchy of angles 𝜃𝑗 , and lengths 𝑙𝑗 =
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𝑙 ∀𝑗.

Note that to simply interpolate the 2D strokes, we interpolate the angles and lengths

separately using Hermite cubic splines, and then reconstruct the curve via forward kine-

matics, resulting in a dynamic line of action x𝑑𝑙𝑜𝑎(𝑠, 𝑡).

2.2 Physically-based stroke interpolation

In this section, I propose an interpolation method based on on a physics-inspired anal-

ogy. This will allow generating rich motion between keyframes with few strokes. The

idea is to estimate the internal tension or potential energy stored in the line of action

(e.g. Fig.4-2). We may have this feeling due to our perception of the muscle contractions

along the line. To realize this concept, I propose to view the LOA as an elastic where the

animator can unleash its potential energy into momentum.

Figure 4-2: In this example, we can almost “feel” the dynamics of the line, how it seems
to be storing potential energy. Perhaps these shapes trigger our perception of the charac-
ter’s main muscle contractions. Inspired by this artist drawing, I devised a physics-based
model for the line’s motion which allows to unleash the line physically, and to physically-
interpolate between consecutive keystrokes. See Fig.4-3 for more details. c○The Estate of
Preston Blair.

To achieve a given behavior for the elastic LOA, we must know what forces to add.

This necessarily involves the character’s intention, which is hard to infer from a single

stroke. As in early physics-based controllers (e.g. [Hodgins et al., 1995]) we can define

forces based on a target shape (by definining an elastic potential energy as the difference

in angles between both strokes). In other words, the animator could draw the target

shape which will define the forces to add to the line.

This would only allow forward simulations. I explored the idea of sketching keyframes,

and having the elastic LOA pass through each line while exhibiting desirable animation

features such as anticipation and follow-through. The line starts at the first keyframe and

and “shoots” for the next. When close enough, it changes it the next. To ensure matching
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the keyframes, and prevent drift from accumulating I use a re-targeting method at each

keyframe to warp the simulated frames as to have the closest simulated frame land onto

the keyframe.

The simulation starts at a keyframe 𝑡𝑖=0 = 𝑡𝑘, and moves forward over a set of frames

𝑡𝑖 = {𝑡0 = 𝑡𝑘, 𝑡1, 𝑡2, ..., 𝑡𝑀−1 = 𝑡𝑘+1}. To have the simulated frames hit the next keyframe

at time 𝑡𝑘+1, we start by finding the closest simulated frame:

𝑡*𝑖 = argmin
𝑡𝑖

𝑁∑︁
𝑗

‖𝜃(𝑡𝑖)− 𝜃(𝑡𝑘+1)‖2. (4.2)

Once we have the closest matching frame 𝑡*𝑖 , we compute a correction for the frames

before 𝑡*𝑖 . This is done by measuring the offset to the next keyframe (𝑡𝑘+1), and interpo-

lating between 0 and the offset for all the frames between, resulting in the correction:

∆𝜃(𝑡𝑖) = (1− 𝑡) (𝜃(𝑡𝑘+1 − 𝜃(𝑡*𝑖 )), which is applied to all the frames before 𝜃(𝑡*𝑖 ).

In practice, I use 𝑀 = 40 frames for the simulation between the keyframes. I found

that simulating the root position of the lines 𝑥𝑟𝑜𝑜𝑡 rarely produced adequate behavior.

Hence for the root, I simply interpolate the position x𝑟𝑜𝑜𝑡 between keyframes.

Figure 4-3: The lines in blue are frames of the physically interpolated line of action, which
moves between two lines of action in red—drawn by the artist. Note how the motion ex-
hibits anticipation and follow through, also shown in the video. The dynamic posing al-
gorithm in the second row, ensures the character matches the line’s shape in between the
keyframes of the line.

74



𝑡𝑖 time of frame 𝑖

𝑡𝑘 time of keyframe 𝑘

𝑞𝑗 local orientation of bone 𝑗

𝑄𝑗 global orientation of bone 𝑗

𝑥𝑟𝑜𝑜𝑡 root of the kinematic tree
𝑥(𝑠) interpolated position of a kinematic chain
𝑥𝑗 position of bone 𝑗

*(𝑡) interpolated trajectory of d.o.f. *
Ω(𝑡𝑘) set of bones constrained at keyframe 𝑡𝑘
Ω(𝑡) Ω(𝑡) = Ω(𝑡𝑘) ∩ Ω(𝑡𝑘+1) for a time 𝑡 ∈ ]𝑡𝑘, 𝑡𝑘+1[

Table 4.1: Notation.

3 Synthesizing 3D character motion with dynamic bone shifts

In this section, I describe a first method for matching a 3D character skeleton to a mov-

ing 2D line. This approach is a direct extension of the static posing method described in

the previous chapter to the dynamic case. Unfortunately, applying the method from the

previous chapter sequentially to each frame of the animation leads to inconsistencies

between consecutive frames. Alternatively, solving only for the keyframes of the physics-

LOA and interpolating the 3D skeleton configurations will not have the skeleton match-

ing the motion of the physics LOA between the keyframes.

In this section, I solve the LOA matching problem over space and time and use various

smoothing schemes to ensure continuity of the motion—while matching the dynamic

LOA. Then, I describe how to drive the motion of multi-legged characters with a single

moving 2D line. The character’s body parts are made to match the line over time. In my

approach, the user annotates the body attachments at different keyframes and the sys-

tem fills the attachments to the frames between the keyframes with the common subset

of bone attachments (from the keyframe annotations).

Given the line of action definition in Chapter 3, the following should hold: at any

instant in time 𝑡, a set of bones in the character’s body should match the shape of the

line—the shape being first derivatives or tangents. To have the character be close to the

moving LOA, I proceed as in Chapter 3 and minimize the average distance between both

lines:
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min
x𝑟𝑜𝑜𝑡(𝑡),Q(𝑡)

∫︁
𝑠∈Ω(𝑡)

‖Px(𝑠, 𝑡)− x𝑙𝑜𝑎(𝑠, 𝑡)‖2 𝑑𝑠,

subject to
𝜕Px

𝜕𝑠
(𝑠, 𝑡) =

𝜕x𝑙𝑜𝑎

𝜕𝑠
(𝑠, 𝑡), ∀𝑠 ∈ Ω(𝑡),

where x𝑟𝑜𝑜𝑡(𝑡) is the root trajectory, Q(𝑡) = q0(𝑡), ...q𝑁−1(𝑡) the set of orientations

trajectories of the constrained bones Ω(𝑡) over time, and P is view and perspective pro-

jection matrix in homogenous coordinates.

Unfortunately, applying the method described in Chapter 3 sequentially to each frame

of the animation is problematic. The convergence between consecutive frames can be

inconsistent, leading to visual jumps in the animation. (Also, it does not take into ac-

count dynamic constraints for the set of bones being attached to the line, as in Fig. 4-5.)

To obtain a smooth motion, I formulate the dynamic matching problem as a space-

time optimization problem, minimizing a temporal smoothness objective𝐸𝑠 with a (soft)

shape matching constraint 𝐸𝑙𝑜𝑎, assuming a dynamic set of bones Ω(𝑡) to be described

bellow:

min
x𝑟𝑜𝑜𝑡(𝑡),Q(𝑡)

∫︁
𝑡
𝐸�̇�(𝑡) + 𝐸𝑙𝑜𝑎(𝑡) 𝑑𝑡. (4.3)

Dynamic bone sets. The dynamic set of constrained bones is denoted Ω(𝑡). We can

observe (see Fig. 4-5) that changes in the set of bones Ω(𝑡) happen at key moments, and

that between these key moments, what is constrained is the common subset of bones.

That is, assuming these changes occur at the keyframes, between the keyframes we have

Ω(𝑡) = Ω(𝑡𝑘) ∩ Ω(𝑡𝑘+1) for a time 𝑡 ∈ ]𝑡𝑘, 𝑡𝑘+1[.

Smoothness. The smoothness term penalizes the difference between consecutive frames

𝑡𝑖. However, we do not wish to smooth out the motion of all the bones, but only those that

are constrained by the line:

𝐸�̇�(𝑡) =
∑︁

𝑗∈Ω(𝑡)

‖𝑙𝑜𝑔(q̇𝑗(𝑡))‖2 + ‖ẋ𝑟𝑜𝑜𝑡(𝑡)‖2, (4.4)

where q̇𝑗(𝑡) = q−1
𝑗 (𝑡𝑖+1)q𝑗(𝑡𝑖), 𝑙𝑜𝑔 converts an orientation into a 3D axis-angle vector,
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Figure 4-4: The animator designs a fluent line motion, and different parts of the body are
attached to the moving line over time. In terms of body attachments, I hypothesize that
the artist seeks to maximize the line’s fulfillment (with the body), while respecting basic
principles of articulated motion such as balance. In this chapter, I take a first step and
observe that transitions happen at key moments (red squares), and that between the key
moments, it is the common subset of bones from the key moments that remain constrained.
Figure from the book Cartoon Animation [Blair, 1994], c○The Estate of Preston Blair.

and ẋ𝑟𝑜𝑜𝑡(𝑡) is the time derivative of the root trajectory.

Shape-matching constraint is turned into a soft constraint, resulting in the energy

function:
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𝐸𝑙𝑜𝑎(𝑡) =

∫︁
𝑠∈Ω(𝑡)

𝑤x𝐸𝑥(𝑠, 𝑡) + 𝑤𝜕𝐸𝜕(𝑠, 𝑡)

𝐸𝑥(𝑠, 𝑡) = ‖Px(𝑠, 𝑡)− x𝑑𝑙𝑜𝑎(𝑠, 𝑡)‖2

𝐸𝜕(𝑠, 𝑡) =

⃦⃦⃦⃦
𝜕Px

𝜕𝑠
(𝑠, 𝑡)− 𝜕x𝑑𝑙𝑜𝑎

𝜕𝑠
(𝑠, 𝑡)

⃦⃦⃦⃦2
where 𝑠 is the space that covers each constrained bones in Ω(𝑡).

Figure 4-5: I scribbled in red the parts of the line that are constraining bones, and in blue
the parts that are not. The motion synthesis presented in this chapter allows the line to
transition between the right leg and the left leg. Example taken from the book Cartoon
Animation [Blair, 1994], c○The Estate of Preston Blair.

Staging and solving for motion. In chapter 3, the problem is reduced by constraining

the bone rotations to a single angle, where the angle rotates the bone in the viewing di-

rection of the camera. It is true that many motions meant to be watched do happen in a

plane nearly parallel to the viewing plane. However, the staging of the animation, can be

at an angle from the viewing plane. More generally, I will refer to the plane in which the

animation lies as the action plane, and the user is allowed to rotate it.

I solve for the angles controlling an axis-angle rotation in a direction n⃗ (normal to

action plane), and angle 𝜃𝑗 , for every bone 𝑗. The bone orientation of the character is thus

defined as: 𝑞
′
𝑗 = 𝑞𝑗𝑒𝑥𝑝(𝜃𝑗 n⃗). When the problem is solved, I set the new bone orientation

to the previous one 𝑞𝑗 ← 𝑞
′
𝑗 , and the angle 𝜃𝑗 to 0. The root position is parametrized as

x
′
𝑟𝑜𝑜𝑡 = x𝑟𝑜𝑜𝑡 + 𝑤𝑢�⃗� + 𝑤𝑣�⃗� where �⃗� and �⃗� are orthogonal vectors in the plane. I optimize

with respect to 𝑤𝑢 and 𝑤𝑣 and when finished, set the new value of x𝑟𝑜𝑜𝑡 to x
′
𝑟𝑜𝑜𝑡.

The physically-based line of action will hold rich motion between keyframes. Solv-

ing for the character’s pose only at the keyframes and interpolating the configuration of

the character (the orientations and root) does not make the character match the line be-
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tween keyframes. Moreover, I found that solving for each frame between the keyframes

separately leads to inconsistencies between frames—even when using smoothing.

To obtain a closer match that remains smooth, I use a simple form of motion reduc-

tion. I use Hermite spline interpolation and optimize over this reduced set of dofs. In

this experiment, I use one node for each keyframe stroke, and subdivide once between

keyframes resulting in 2𝑁 − 1 nodes, where 𝑁 is the number of stroke keyframes. This

scheme provides the extra liberty necessary to match the physically-based line of action,

while remaining smooth.

Each frame is initialized with an initial pose, I solve (4.3) over the whole set of frames

using local non-linear optimization. In the next section, I detail how to add 3D twist and

contact constraints.

3.1 Additional 3D constraints

In the previous section, I solved the problem for a planar 3D character motion. With this

approach it is quite difficult to represent and control aspects of the 3D motion such as

3D twist or foot contacts. In this section I extend the space-time constraints framework

with additional 3D constraints for twist and contacts, which can be manipulated by the

user using traditional 3D widgets.

This is done by introducing new terms to the optimization problem (4.3) reflecting

twist along the line, which I denote 𝐸𝑡𝑤𝑖𝑠𝑡(𝑡), and 𝐸⊥ for contacts. Let me first describe

the “Two Cans” drawing technique that inspire the twist specifications around the LOA.

The two cans drawing technique. 2D skeletal lines can hardly specify 3D twist. In hand

drawings, the twist of characters is often established explicitly in the early stages of the

drawing; that is, in the abstract form. Annotations such as lines or can-shape primitives

shown in Fig. 4-6 are drawn over a line of action to establish the orientation. It is worth

noting how the cans in Fig. 4-6 rarely conflict with the line’s shape serving only as an extra

dimension refinement.

The user controls twist widgets along the line to control a single twist angle. In other

words, they do not affect the shape of the line, but only the orientation of the character.

The twist widgets are attached to the line and assigned the orientation of the stroke. The

twist angle is interpolated over time along the keystrokes with linear interpolation.
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Figure 4-6: The Two Cans Technique is a drawing tool often combined with the line of
action to help specify the twist and relative depth of the character. I use this visual handle
to twist the dynamic lines in various ways. The user manipulates the cans to twist the
body part over the space-time curve. Illustration by c○Krishna M. Sadasivam, [Krishna M.,
2012].

The twist term. Each twist can constrains the orientation of a single bone, and all con-

straints 𝜒 are added into a penalty:

𝐸𝑡𝑤𝑖𝑠𝑡(𝑡) =
∑︁
𝑗∈𝜒
‖Q−1

𝑗 (𝑡)q𝑐𝑎𝑛
𝑗 (𝑡)‖2, (4.5)

where Q𝑗(𝑡) is the orientation of the bone 𝑗, which is not to be confused with the local

bone orientation 𝑞𝑗(𝑡).

The contacts terms. The contacts are 3D rigid constraints for a bone (position and ori-

entation). For instance, the foot has its position and orientation constrained by a contact

widget. The user manipulates these traditional 3D widgets in the scene, and the charac-

ter’s pose seeks to satisfy them while satisfying the moving line’s shape constraint. All the

contacts are summed into a penalty:

𝐸⊥(𝑡) =
∑︁
𝑗∈ϒ

𝑤𝑥‖x𝑗(𝑡)− x⊥
𝑗 (𝑡)‖2 + 𝑤𝑞‖Q−1

𝑗 (𝑡)q⊥
𝑗 (𝑡)‖2, (4.6)

where Υ is the set of contacts, and x⊥
𝑗 (𝑡),q⊥

𝑗 (𝑡) are the position and orientation tra-

jectories of the contacts.

Putting it all together. These additional constraints may not lie on the action plane,

as they are defined in 3D, i.e. twists, and 6D (position and orientation) end effector con-

straints. Hence, the final matching procedure is broken down into two steps: I first initial-

ize the motion and solve for planar motion (Section 3), then I add the 3D constraints—the

terms (4.5) and (4.6)—to solve for full 3D bone orientations.
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Figure 4-7: The backwalk in gymnastics is an example of a motion that holds a continuous
line of action throughout the animation. The first pose has the right leg constrained, then
the left leg for the 3 subsequent poses, and finally the right leg again at the last pose. The
space-time optimization formulation takes into account contacts such as for the hands
and foot. The user specifies these manually as in traditional animation software.

4 Results and discussion

I implemented these methods in a self-contained program. The sketch-based interface

allows quickly drawing strokes and creating dynamic lines of action (Section 2). The user

specifies the bones that are to be constrained at key moments by selecting from a set

of pre-defined bone sets. Our system then automatically creates a smooth 3D motion

that satisfies the discontinuous constraints (Section 3). The user can also edit secondary

parts of the character that are not concerned by the main line by drawing strokes (as in

Chapter 3), and can edit contact and twist widgets over time (Section 3.1).

I used the interface myself to generate the figures in the paper and the animations in

the accompanying video. I used the physics interpolation method (Section 2) to create

Fig. 4-3. Although it is possible to create interesting motions, it requires fine tuning the

stiffness parameters of the angles over time as to obtain the right behavior. Once the pa-

rameters are set, it is only a matter of sketching a few strokes to create different versions

of the motion.

I asked a few users to test this method in order to obtain feedback. I observed that

users found the idea of sketching keystrokes to specify the dynamics not necessarily in-

tuitive. Some would have preferred drawing strokes as forces, or to grab the line in order

to wobble it as an elastic. These are interesting insights into how physics simulations

could be used interactively to create movements.

I then tested this method for dealing with dynamic bone constraints (Section 3). Note

that in these results, the line’s motion was produced with basic geometric interpolation of

the strokes (no physics). The animation in Fig. 4-5 requires setting a set of bones at a first
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key moment for the right leg, and setting a second set of bones—holding the right leg—at

another key-moment. In my implementation, the user selects the body parts from a set

of pre-defined bone sets by scribbling a stroke over a set of bones. For the moment, it

does not allow re-producing the long sequence in Fig. 4-4, where for instance, individual

bones lie in the middle of the stroke. I used the same procedure to create Fig. 4-7—

which transitions from the right leg, to the left leg, and back to the left leg. Note that

a few additional results in the video show these capacities, while satisfying 3D contact

constraints (Section 3.1).

5 Limitations and future work

In this chapter, I explored the idea of using a physically-simulated line of action that

would mimic the action of the character’s internal forces. The experiments showed it

could produce desirable features such as anticipation and follow-through. However, I

found that different users could expect different behaviors for the line, and I observed

that fine tuning the stiffness parameters over time to obtain a given behavior was quite

long. I believe this area could be improved with some training of the parameters, for

example from cartoon videos or artist-provided examples.

While the sketching allows squashing and stretching the strokes, the 3D motion syn-

thesis algorithm (the method introduced Chapter 3 and extended to time with smooth-

ness in this chapter) solves only for piecewise rigid motion, and therefore does not allow

squashing and stretching the character. Additionally, the solver requires a fair amount of

smoothing, realized by adding a smoothness term and by representing the motion with

a low-dimensional spline interpolation scheme—which in consequence, prevents from

an exact match between the character and the line. This solver could be improved and

allow squash and stretch—which is done in the next chapter (Section 5).

I made a first step into allowing dynamic transitions between body parts fulfilling

the line over time. For the moment, the user specifies the constraints at key moments,

but we could foresee a future where these transitions could be inferred automatically. For

instance, we could approach the problem from a different direction: by using a controller

for a simulated 3D character, and have the character seek to maximize the fulfillment of

the moving line. Information from the character’s 3D dynamics, such as balance and
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contacts could be used to determine when the body parts should join or depart from the

line.

The concept is demonstrated only with articulated humanoid characters, but the

methods are applicable to other morphologies such as quadrupeds. In the future, it

would be intersecting to investigate ways of fulfilling the motion with more abstract mat-

ters such as fluids that dynamically change topology.

6 Conclusion

By viewing the line of action as an elastic rod, the animator can create energetic move-

ments for 3D characters by sketching fewer strokes. The dynamic line can change body

parts over the coarse of its motion. To realize this, I provide a 3D motion synthesis pro-

cedure that supports smoothly changing body parts that are being driven by the elas-

tic line over time. While the physically-based interpolation method requires fine-tuning

stiffness parameters, it was able to reproduce cartoon motions. In particular, we demon-

strated its effectiveness for producing anticipation and follow-through.

The line of action from Chapter 3 helps create more expressive and readable poses,

but quality animation involves more than a small sequence of expressive poses. To create

appealing motions, it requires coordinating motion over time. Something which the line

of action provides no direct control over. In this chapter, I made a first step towards pro-

viding control over coordinated motion by adding physics to keyframed lines of action.

In the next chapter, I introduce a sketch-based abstraction called the space-time curve

that allows drafting a full coordinated motion with a single stroke.
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5 | Space-time sketching of charac-

ter animation

Summary

The line of action is mainly a static abstraction of motion and previous chapters focused

on the idea of keyframing lines of action. This chapter introduces a new sketch-based ab-

straction of character motion allowing animators to draft a full coordinated movement

from a single stroke. It also introduces the concept of motion composition allowing to

layer different motions on top of one another. These different sketches translate into a

dynamic line of action driving the character’s motion. The way the character is matched

to the moving line is improved (upon the previous chapter) with a fast and exact match

that allows squash and stretch of the character’s bones. This chapter also holds an im-

proved LOA interpolation technique.

∙ Published in ACM TOG (in proceedings of SIGGRAPH 2015).

1 Introduction

Quality character animation requires more than a few expressive poses, it requires the

careful coordination of the character’s shape over time. However, in the main approach

to free-form motion design (i.e. keyframing), the animator is always focused on the

shape at a specific instant in time—preventing the animator from directly controlling the

overall coordination of the motion. Hence, achieving quality results with the standard

keyframing approach remains beyond the ability of unskilled users and time consuming

for skilled artists.
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Figure 5-1: In the first image on the top, the character is animated with a trajectory for the
root path, along the conventional “point-to-point” interpolation of the three keyframes
(lines of action with the pose rendered in solid). This show how it is challenging to cre-
ate path-following styles of movements with current interpolation methods. This anima-
tion requires a minimum of 5 keyframes with timing adjustments for a low quality path-
following motion (see video). On the second image we see our approach where the anima-
tor simply draws a path to fluently animate the character as to follow the path. Later in
this chapter (Section 3.2), sketched paths are composed on one another to sculpt complex
motions such as a flying locomotion.

In this chapter, I introduce a novel space-time sketching abstraction enabling an

animator to draft a full coordinated movement—that includes shape deformation over

time—by sketching a single stroke called the space-time curve (STC). Further strokes

(LOAs) can be used to progressively refine the resulting animation. While strokes have

been used in the past to specify both temporal and spatial iso-values of motion—with

static lines of action (LOA) serving as shape abstraction at a given time as well as trajecto-

ries describing the successive positions over time of a single point—space-time sketching

was never used to define animations. In my approach, the user is allowed to control both
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the shape and trajectory of a character by sketching a single space-time curve.

To illustrate my approach, consider the simple example of animating a flying dragon

(Fig. 5-1). Animating the dragon requires the coordination of its shape over time as to

follow the path’s shape. With my approach, the basic animation can be created with

a single sketched stroke. The stroke is used not only to provide the path of travel, but

also to define how an abstraction of the character’s shape (its line of action) changes

over time. Additional strokes can be used to refine the movement, or add details such as

the flapping of the wings. Creating such motion with existing techniques would require

coordinating a large number of keyframes that specify deformations and positions along

the path, or a method for puppeteering the degrees of freedom of the dragon.

Figure 5-2: Inspiration: a hopping mug. The artist made the lines of action “dynamic” by
having them match the blue trajectory (green marks were added on the right to show the
matching parts). This shows that the blue stroke carries both shape and path information.

The key to my approach is an interpretation of the space-time curve defining a 2D

dynamic skeletal line abstraction, or dynamic line of action (DLOA). From the STC, we ex-

tract the DLOA’s shape at discrete moments in time, or continuously over time—depending

on the curve’s features. In simple cases, such as Fig. 5-1, a path-following DLOA is defined

as a moving window within the parametric space of the stroke. The speed at which the

stroke is drawn directly controls squash and stretch deformations. Looking closely at ex-

isting ways of sketching animations (see Fig. 5-2 and Fig. 5-6), we observe that the stroke

encodes shape near singular points (Fig. 5-2) as well as between self-intersections (Fig. 5-

6). We use these observations to directly define bouncing and rolling motions from the

STC. The animation can be further refined by adding wave and twist specifications, by

over-sketching lines of action or by adding secondary lines—possibly drawn from other

viewpoints.

In addition to synthesizing a complete DLOA from a space-time curve, a second chal-

lenge is to animate a 3D character matching the shape of the DLOA over time. A frame-
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by-frame computation of the character’s 3D pose from its LOA using the matching method

from Chapter 3 (Section 3) is not sufficient to produce smooth motions in the dynamic

case. Minimizing for smoothness and using lower-dimensional splines helps ensure

smoothness but makes it hard to get a tight match between the skeleton and the moving

line, as done in the previous chapter (Chap. 4). Additionally, in previous chapters ( 3, and

4), I solved only for rigid bone transformations which does not allow squash and stretch.

To solve these problems, I provide a robust line matching algorithm combining closed-

form solutions with dynamic programming yielding a tight match between the character

and the DLOA over time, possible including squash and stretch of the character.

I evaluated this approach with an informal pilot user study showing that space-time

sketching is much faster than using keyframes alone—even compared with sketching

expressive lines of action. Moreover, it shows that free-form animation is possible for

beginners.

Technical overview

The main concept in this chapter is space-time sketching through a single stroke, called

the space-time curve. From this curve and the speed at which it was drawn, we automat-

ically initialize a dynamic line of action (DLOA), which itself drives a specific body line

in the character model (e.g. spine, tail, wings, etc—or combination of these). We enable

refinement of the resulting coarse motion through over-sketching the DLOA at specific

times or adding secondary lines or controls.

Both the space-time curve and the DLOA are planar, defining projective constraints

for the 3D animated character. This allows simpler user input and enables decoupling

expressive motion specification—done from a given camera viewpoint—from a specific

3D character model. The same DLOA constraint can be applied to other body parts or

to different characters, enabling the user to draft animations even before the character is

fully modeled.

The different ways a dynamic line of action can be initialized from strokes are dis-

cussed in Section 2. In Section 2.1, I lay some foundations were strokes are used to con-

trol only shape. Then I build on this foundation to control both shape and trajectory with

a single stroke (the space-time curve (STC) described in Section 2.2). The STC can be used

to produce path-following DLOAs, critical to creating styles of animations such as Fig. 5-
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1, where standard keyframing falls short. In the abstract form, the STC initializes DLOAs

such as bouncing and rolling. I describe in Section 3 how to refine the animation by

mixing and composing the resulting DLOA with other strokes, as well as controlling their

twisting orientation via space-time cans. Lastly, in Section 4 I present a robust method

to match a 3D character’s skeleton to the DLOA.

2 Sketching dynamic lines of action

A dynamic line of action (DLOA) is a 2D parametric surface 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡), where 𝑡 is time and

𝑠 is the parameter along the line. This surface can be displayed as a moving line by suc-

cessively showing temporal iso-lines 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑖), 𝑖 = 0...𝐼. Fig. 5-3 shows a visualization of

the whole DLOA surface.

In this section, I describe how such a surface can be created from sketches. I first in-

vestigate the extension of the standard keyframing concept to LOAs (similar to last chap-

ter). I then introduce a new abstraction, the space-time curve, and explain how it can be

used to quickly draft and then refine the DLOA in a principled way.

The 2D stroke the user draws is denoted 𝐶 = [𝑐0, ..., 𝑐𝑁−1] ∈ R2×𝑁 (𝑐𝑗 ∈ R2 ∀ 𝑗), where

the 𝑐𝑗 are the samples recorded by the input pen device. A smooth curve is built with a

set of piecewise linear basis functions {𝑏𝑗}𝑁−1
𝑗=0 ∈ [0, 1] centered at the parameterization

points 𝑈 = [𝑢0, ..., 𝑢𝑁−1] ∈ [0, 1]𝑁 , resulting in:

𝑐(𝑢) =
𝑁−1∑︁
𝑗=0

𝑐𝑗𝑏𝑗(𝑢),

which can be written in matrix form, 𝑐(𝑢) = 𝐶𝐵(𝑢), where 𝐵(𝑢) ∈ R𝑁×1. By default,

the parameterization is evenly spaced, i.e. 𝑢𝑗 = 𝑗
𝑁−1 . As the user does not sketch at con-

stant speed, the spacing between uniformly sampled points will vary, i.e. the curve will

be locally squashing and stretching. Using a constant arc-length re-parametrization will

produce uniform local lengths (eventually leading to uniform stretch of the character).

2.1 Keyframing lines of action

While this paper is focused on specifying DLOAs from a single space-time curve, I first

describe the interpolation of static LOAs at key moments 𝑘, 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑘), 𝑘 = 0...𝑀−1. The
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user can create a DLOA by sketching multiple key-LOAs, as shown in Fig. 5-3.

Figure 5-3: The user can create the space-time surface (DLOA) by sketching strokes (red)
at key moments. Our matching method (Section 4) allows squash and stretch of the char-
acter’s bones. Note that squash and stretch may require volume preservation which is not
provided by linear blend skinning used in these figures.

Enabling this keyframing process to take place in screen space is different from using

each key-LOA to pose the 3D character and interpolating the character’s configuration

space, as done in Chapter 3. 2D interpolation is an improvement over the prior approach

as it can be used to ensure fluidity in the perceived motion, and has the advantage of

decoupling animation specification from the 3D character model. However, two issues

need to be solved for good quality interpolation between LOAs: length preservation and

C1-smooth motion.

Local length-preserving interpolation. Static LOAs are 1D shapes. Interpolating two

of them—best in a rigid as possible manner—requires local length preservation: if parts

of the two extreme LOAs have the same length, the same part in all the intermediates

should have the same length as well. Simply interpolating between their cartesian points

(e.g. 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑘) and 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑘+1)) does not preserve length.

We can achieve length preservation by decomposing each LOA 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑘) into po-

lar components as in [Sederberg and Greenwood, 1992, Alexa et al., 2000]—angles and

lengths of each polyline—perform the interpolation, and then recover the interpolated

curve by integrating the rotated polylines. The angles and lengths are respectively de-

noted Θ = [𝜃0, ..., 𝜃𝑁−2] and 𝐿 = [𝑙0, ..., 𝑙𝑁−2]. Given angles lengths, and a root position
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𝑥0, the curve is recovered with:

𝑥𝑗 =

𝑗∑︁
𝑛=0

𝑙𝑛𝑅(𝜃𝑛) �̄� + 𝑥0, (5.1)

where �̄� = (1, 0) is the reference 𝑥-axis and 𝑅 is a rotation the 2D plane.

Then we compute the absolute angle between each polyline 𝑥𝑗+1 − 𝑥𝑗 and the refer-

ence 𝑥-axis �̄�:

{𝜃𝑗 , 𝑙𝑗} = {∠ (�̄�, 𝑥𝑗+1 − 𝑥𝑗) , ‖𝑥𝑗+1 − 𝑥𝑗‖} . (5.2)

C1-smooth motion. Linear interpolation of sparse keyframes can produce discontinu-

ities at keyframe transitions—imagine a robot performing one action at a time. To al-

low creating fluent motion with few keyframes, we need an interpolation that provides

smooth first derivatives (tangents). To do so, we use cubic Hermite spline interpolation,

where the tangents at the key frames are computed automatically using Catmul-Rom av-

eraging.

Suppose we want to interpolate between two key-lines 𝑥(𝑠, 𝑡𝑘) and 𝑥(𝑠, 𝑡𝑘+1) over a

time interval [𝑡𝑘, 𝑡𝑘+1]. The polar components [𝜃(𝑠, 𝑡𝑘) 𝑙(𝑠, 𝑡𝑘)𝑥(0, 𝑡𝑘)]𝑇 are sequenced

into a matrix Ψ = [Θ(𝑠) 𝑙(𝑠)𝑋0]
𝑇 ∈ R3×𝑀 of 𝑀 lines (in our example 𝑀 = 2 ). We build a

C1-smooth interpolation by sequencing the first derivatives (the tangents) Ψ̇ to the right

of the matrix
(︁[︁

Ψ Ψ̇
]︁
∈ R3×2𝑀

)︁
, and using Hermite basis functions 𝐵(𝑡) ∈ R2𝑀×1:

⎡⎢⎢⎢⎣
𝜃(𝑠, 𝑡)

𝑙(𝑠, 𝑡)

𝑥(0, 𝑡)

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
Θ(𝑠)

𝐿(𝑠)

𝑋0

Θ̇(𝑠)

�̇�(𝑠)

�̇�0

⎤⎥⎥⎥⎦𝐵(𝑡). (5.3)

Given the smooth angles, lengths and root positions [𝜃(𝑠, 𝑡), 𝑙(𝑠, 𝑡), 𝑥(0, 𝑡)]𝑇 , we com-

pute a smooth dynamic line of action by following Eq (5.1):

𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) =

∫︁ 1

𝑠=0
𝑙(𝑠, 𝑡)𝑅(𝜃(𝑠, 𝑡)) �̄� 𝑑𝑠 + 𝑥(0, 𝑡).
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2.2 Space-time curves

Although keyframing is a useful building block for defining DLOAs, it cannot easily han-

dle cases shown in Fig. 5-1 and Fig. 5-2, where shape and movement need to be carefully

coordinated. The key idea to my approach is to enable the initialization of a complete

spatio-temporal surface 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) from a single sketched stroke by re-interpreting the

stroke parameter 𝑢 into separate space and time parameters 𝑠 and 𝑡.

We start by describing a simple path-following behavior, which is critical in gener-

ating styles of movement such as the one in Fig. 5-1. Then I extend the concept to

non-degenerate initialization, producing bouncing (hopping) and rolling motions. In all

cases, the resulting animation can be immediately shown to the user, and then refined

by adding more strokes and controls (Section 3).

Figure 5-4: Left image: character model and space-time curve (STC). Right image: we dy-
namically warp (red window) within the parametric space of the STC to produce a dy-
namic line of action. Squash and stretch is controlled directly by drawing faster and slower.

Path-following. Consider Fig. 5-4 (top), where a long curve 𝑐(𝑢) is drawn, and the char-

acter (or line of action) is expected to move through the curve. This is achieved by defin-

ing a moving window within the parametric space of 𝑐:

𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) = 𝑐(𝑤(𝑠, 𝑡)), (5.4)

where 𝑤(𝑠, 𝑡) is a warping function that scales and shifts in time a parameter 𝑠. To com-

pute 𝑤(𝑠, 𝑡), we first scale 𝑠 with a constant 𝑏. To some extent, 𝑏 reflects the character’s

length in parametric space (its computation being detailed bellow). Then we shift the

window forward in time with 𝑡; only 𝑡 has to be scaled, as to ensure the window remains

within the STC’s parametric space (e.g. ⊆ [0, 1])—leading to the following warping func-
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tion, to be used as the parameter in Equation (5.4):

𝑤(𝑠, 𝑡) = 𝑡(1− 𝑏 𝑠) + 𝑏 𝑠, (5.5)

The scale 𝑏 sets the length of the line 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑖) at a given time step 𝑡𝑖, and ultimately,

of the character in screen space.

The choice of parameterization 𝑈 for the input stroke also has an impact on the local

lengths of the dynamic lines: as the user rarely draws at a constant speed (sample points

along the curve are not evenly spaced), using a uniform parameterization 𝑈 leads to local

variations in length—useful for controlling squash and stretch along the dynamic lines.

This can be removed if desired by re-parameterizing the curve 𝑈 at constant arc-lengths.

A simple way to estimate 𝑏 given an arbitrary parameterization 𝑈 is to define it as the

average length ratio between the skeleton’s initial rest pose and the full length of the path:

𝑏 =

∫︀ 1
𝑠=0 ‖

𝜕𝑃𝑣𝑝𝑥𝑏𝑜𝑑𝑦

𝜕𝑠 (𝑠)‖𝑑𝑠∫︀ 1
𝑢=0 ‖

𝜕𝑐
𝜕𝑢(𝑢)‖𝑑𝑢

. (5.6)

Remembering that the DLOA 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) is a 2D surface, we can note that the simple

initialization just described is very specific: it fits the full surface into a curve. I now

describe two, more abstract ways of initializing DLOAs from a curve inspired by the way

people tend to sketch motion (Fig. 5-2 and Fig. 5-7). In these sketches, the singular

points and the self-interactions along the curve are interpreted as bouncing and rolling

indications, used to automatically create a non-degenerated space-time surface for the

DLOA. Note that in [Thorne et al., 2004] sketches are also used to specify motions, but

only to select pre-defined motion clips. In this work, we formally establish a geometric

link between the strokes and the shape of an abstract line; which in turn can be applied

to arbitrary character morphologies.

Bouncing Let’s consider the sketch in Fig. 5-2 used to represent a bouncing motion. In

this case, semi-circles are drawn to specify contact intervals, interleaved by in-air paths.

Important to note is how the semi-circles provide not only a rough trajectory, but also

the shapes at takeoff and landing (red lines of action).

Inspired from this sketch, I provide an automatic way to synthesize a DLOA from a

space-time curve 𝑐(𝑢) that holds singular points. From this single stroke, we extract both
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shape (the red lines) and trajectory, as well as timing—which is determined from the time

spent at the contact points when drawing the stroke.

I detect singular points along the curve and define a suitable warping window (Equa-

tion (5.5)) to pick-out individual key LOAs (the red curves touching the singular points in

Fig. 5-2), while setting their respective timing via the speed at which the curve was drawn.

Interpolating these key LOAs using Equation (5.3) gives a first intermediate DLOA that is

denoted �̂�𝑑𝑙𝑜𝑎. It has the right shape over time, but not the right trajectory yet—at least

not in the air stage between contact points.

We now adjust the trajectory of the intermediate DLOA �̂�𝑑𝑙𝑜𝑎 as to approximately

match the trajectory conveyed by the stroke. The solution is based on two steps: first,

we detect which point 𝑠*(𝑡) on the line needs to follow the trajectory, based on the off-

ground angle (detailed below). The second step is to ensure smoothness between contact

and flight stages by constructing a trajectory 𝑇 (𝑡) that will smoothly link 3 points for each

semicircle: takeoff 𝑐(𝑢1) , middle of semicircle 𝑐(𝑢2), and landing 𝑢𝑎𝑖𝑟 = (𝑢1 + 𝑢2)/2.

Given the point 𝑠*(𝑡) in the dynamic LOA that is to match the trajectory 𝑇 (𝑡), we de-

fine the constraint 𝑇 (𝑡) = 𝑥𝑑𝑙𝑜𝑎(𝑠*(𝑡), 𝑡). The constraint is linear and can be met by adding

a correction term ∆𝑥(𝑡) = 𝑇 (𝑡)−�̂�𝑑𝑙𝑜𝑎(𝑠*(𝑡), 𝑡), to the intermediate �̂�𝑑𝑙𝑜𝑎(𝑠*(𝑡), 𝑡); resulting

in the final bouncing DLOA:

𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) = �̂�𝑑𝑙𝑜𝑎(𝑠, 𝑡) + ∆𝑥(𝑡). (5.7)

The point in the line (eventually in the character’s body) 𝑠*(𝑡) that follows the tra-

jectory is computed based on the off-ground angle of the semicircle. For angles smaller

than a threshold, 𝑠*(𝑡) is the bottom tip of the LOA, and it goes to the middle of the line

for a vertical takeoff. The coordinate 𝑠*(𝑡) interpolates between the coordinate at the

takeoff keyframe 𝑠*1 and the coordinate at the landing keyframe 𝑠*2, resulting in: 𝑠*(𝑡) =

𝑠*1𝑡 + (1− 𝑡)𝑠*2.

Rolling Another abstraction is when the user sketches a loop to convey a rolling move-

ment (see Fig. 5-7). Indeed the loop could be interpreted as a single rigid rotation. How-

ever, looking closely, we see how the upper body of the character matches the shape

of the loop over time (dashed line in the right of Fig. 5-7). This is similar to the path-

following behavior described earlier, only the difference is that in the rolling case, the
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Figure 5-5: Our method parses the space-time curve for singular points, and uses a warp-
ing step function to pick individual key frames (red lines)—which are then interpolated
to provide the shape of the character over time, while the trajectory is determined by the
path. First row: the user sketches a space-time curve. Second row: the key frames that
are automatically picked out. Third row: interpolated motion with a trajectory correction.
Fourth row: the user edits the initial motion by over-sketching keyframes on the space-time
curve—automatically providing its timing.

trajectory and shape do not coincide; if a point in the body did follow the red curve in

Fig. 5-7, the body would move backward to the left before continuing its flight to the

right. In other words, between self-intersections we have a shape-following constraint

and the sketch only roughly indicates a trajectory. I use this interpretation of rolling ab-

stractions to automatically extract a rolling DLOA from a space-time curve 𝑐(𝑢) holding

self-intersections as follows.

To fulfill the dynamic shape-matching constraint between intersecting points, while

blending with the shapes at the landing and takeoff (similarly to the bounce near singular

points), we blend between a path-following DLOA �̄�𝑑𝑙𝑜𝑎, defined over the looping region,
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Figure 5-6: In these artist sketches, the char-
acter’s upper body matches the shape of the
red curve between the two self-intersecting
points (area outlined by the dashes). Suppos-
ing the character’s trajectory was matching
the path, the body would be globally moving
backward (see third row compared to second
and first), while the true global trajectory is
ballistic on the horizontal axis and only goes
forward. In Fig. 5-7 we can see the charac-
ter’s global trajectory in green, which does not
strictly match the drawn path.

and a bouncing DLOA �̌�𝑑𝑙𝑜𝑎, defined from the takeoff and landing keyframes, resulting

in an intermediate DLOA �̂�𝑑𝑙𝑜𝑎—that we finally correct for trajectory (to follow the green

trajectory in Fig. 5-7, using eq.( 5.7).

Figure 5-7: Shape and trajectory are both encoded in the roll abstraction. In Fig. 5-6, we
can see how the shape of the character dynamically varies to match the shape of curve. In
this drawing, we can see in green the trajectory the character should follow and how it only
approximates the overall path drawn by the artist.
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First, we detect singular points (indicating takeoff and landing) and self-intersections

in-between. Let (𝑢0, 𝑢1, 𝑢2, 𝑢3) be the four associated parameter values, where 𝑐(𝑢0) is the

takeoff point, 𝑐(𝑢1) = 𝑐(𝑢2) is the self intersection point, and 𝑐(𝑢3) is the landing point.

The path-following DLOA �̄�𝑑𝑙𝑜𝑎 is extracted using a continuous warping (eq. (5.4))

within the looping region of 𝑐(𝑢), i.e. between 𝑢1, and 𝑢2. The bouncing DLOA �̌�𝑑𝑙𝑜𝑎 is

defined as the interpolated keyframes extracted at takeoff and landing coordinates 𝑢0

and 𝑢3. With these two different DLOA motions, we perform a blending in order to go

from the takeoff shape, to the rolling motion, and back to the landing shape, following a

classic blending operation:

�̂�𝑑𝑙𝑜𝑎(𝑠, 𝑡) = 𝑡 �̌�𝑑𝑙𝑜𝑎(𝑠, 𝑡) + (1− 𝑡) �̄�𝑑𝑙𝑜𝑎(𝑠, 𝑡), (5.8)

where 𝑡 is equal to 1 at takeoff (influence interval for the first keyframe), then smoothly

drops to zero, which sets the DLOA to �̄�𝑑𝑙𝑜𝑎 (path-following), before the influence of the

second keyframe becomes non-zero and increases to 1. To perform this blending, we

use our length-preserving interpolation equation (5.3), where 𝑡 and 1 − 𝑡 in eq. (5.8) are

replaced by their Hermite basis function analogs 𝐵(𝑡) in eq. (5.3).

Lastly, the resulting (intermediate) DLOA �̂�𝑑𝑙𝑜𝑎 needs to be corrected in order to pre-

vent the backward motion we already mentioned. This is done by constraining the center

of mass �̂�(𝑡) of �̂�𝑑𝑙𝑜𝑎 to follow the green trajectory in Fig. 5-7. We build the green trajec-

tory 𝑇 (𝑡) by interpolating the three points 𝑐(𝑢0) (takeoff), 𝑐(𝑢𝑎𝑖𝑟) and 𝑐(𝑢3) (landing), with

𝑢𝑎𝑖𝑟 = (𝑢1 + 𝑢2)/2. We then add the correction term ∆𝑥(𝑡) = 𝑇 (𝑡) − �̂�(𝑡) to �̂�𝑑𝑙𝑜𝑎, where

�̂�(𝑡) is the intermediate center-of-mass after the blending operation eq.( 5.8); resulting

in both the expected trajectory and shape—over time—as shown in Fig. 5-8.

These constructions show that different DLOAs can be easily blended over time. Next,

I re-use and extend this methodology in order to allow the user to refine and extend the

rough animation he just created.
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Figure 5-8: The user sketches a loop shape (first column on the left). The resulting motion
blends between the key frames at the side (second column) and a path-following DLOA
in the middle section of the stroke—between self-intersecting points. Third column is the
intermediate DLOA before a trajectory correction.

3 Refining motion

3.1 Over-sketching keyframes

A natural way for a user to edit an animation is to stop it and over-sketch one or several

keyframes. Implementing this is straightforward when the DLOA was created using the

keyframing approach in Section 2.1: the user selects or inserts a keyframe at a time 𝑡𝑘,

and over-sketches the current line of action 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡𝑘) displayed by the system. Time

intervals are automatically re-set when a new keyframe is inserted. The user can edit

timing by sliding the 𝑡𝑘 values along a timeline.

This type of interaction is also supported when the DLOA is created from a space-time

curve (STC) (Section 2.2). A further benefit in this case is that the STC can be used as a

visual timeline where keyframe strokes can be directly sketched-over. As each point 𝑢𝑖 in

the STC maps to a time value 𝑡𝑖, we can identify the closest point 𝑢* to the drawn stroke,

providing us with a time 𝑡* where the new keyframe is to be inserted. Sketching over

the space-time curve greatly eases shape and motion coordination. However, since the

DLOA now holds continuous motion, blending is required to take the new keyframe(s)

into account.

Blending DLOAs. Let [𝑡𝑘−1, 𝑡𝑘+1] be the interval of influence of a new key-stroke (the

user can edit this interval using the timeline). Let 𝑥1𝑑𝑙𝑜𝑎(𝑠, 𝑡) be an existing DLOA on which

is sketched a second stroke 𝑥2𝑑𝑙𝑜𝑎(𝑠, 𝑡) defined as a constant keyframe shape. The goal is to

transition from 𝑥1𝑑𝑙𝑜𝑎 to 𝑥2𝑑𝑙𝑜𝑎 over [𝑡𝑘−1, 𝑡𝑘], before transitioning back to 𝑥1𝑑𝑙𝑜𝑎 over [𝑡𝑘, 𝑡𝑘+1].

This is done by using Equation (5.8), where �̄� is replaced by 𝑥1 and �̌� by 𝑥2. A result is

shown in Fig. 5-9, where the dragon’s tail first follows a path, is then constrained by the
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sketched curve at 𝑡𝑘, and then goes back to the path-following.

Figure 5-9: The user sketches a line of action stroke on top of a path-following DLOA to alter
the motion of the tail over a time interval. The path-following motion (a DLOA) blends
with another DLOA, the static key frame sketched for the tail, over a time interval. Right:
the user edits secondary lines onto a separate plane and view.

Sketching secondary lines. Another type of refinement consists in animating secondary

lines of action by sketching keyframes from other viewpoints. This can be used to ani-

mate secondary body-lines such as the wings of a dragon. To do this, the user chooses

another viewpoint, plays the animation, stops it when desired and over-sketches a few

key-LOAs for the secondary line. The secondary keyframes are thus easily synchronized

with the main DLOA. They are interpolated using the method in Section 2.1 and can be

played in loop if desired. See the image on the right in Fig. 5-9.

Note that the over-sketching method replaces the motion in an absolute way, i.e. if

we re-draw the STC, the tail will remain oriented the same way. Another method is to

treat the over-sketching as a displacement map layered on top of the coarse STC, which

is explored with wave refinements in the next section.

3.2 Wave curves

A wave curve is a layered refinement enabling the animator to edit the current DLOA in

a relative manner. It allows adding periodic wave motion to the DLOA, by composing it

with a periodic displacement map. To illustrate this concept, let us consider the following

scenario: instead of sketching a path and having a line of action follow it as in the path-
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Figure 5-10: First column: a straight static line. Second column: a periodic wave curve
(green) has its transformation (local angles) defined relative to the straight line. Third
column: the relative transformation is transferred to another (bent) line by adding its angle
offsets to the bent line.

following behavior (Section 2.2), we draw a curve and make the curve move through the

line of action over time, as shown in the first column of Fig. 5-10. This type of behavior is

often seen in spine-driven locomotion where a tail or flag follows an oscillating driving

mechanism.

Combining the current DLOA and this wave motion by directly applying the previous

blending method would completely replace the DLOA since the wave motion is periodic

and covers the full time range. In contrast, we would like to combine them in a way that

preserves the existing DLOA and allows subsequent editing of both the existing coarse

DLOA (e.g. by re-drawing keyframes) and the wave refinement (see Fig. 5-10).

To enable this, we define the motion of the wave (i.e. its shape over time defined by

angles 𝜃(𝑠, 𝑡)) as relative—or as an offset ∆𝜃(𝑠, 𝑡)—to a reference curve 𝑥𝑟𝑒𝑓 . This ref-
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Figure 5-11: Composing two layers of motion can facilitate creating complex motions such
as a flying locomotion. This examples was created with a periodic wave layer on top of a
keyframed layer defined by two strokes.

erence shape should be coarser and representative of the more complex wave motion.

As a reference shape, I use the vector defined between the two end-points of the wave

stroke 𝑥𝑟𝑒𝑓 = 𝑐(1)− 𝑐(0), as it naturally provides a coarse representation of the wave. We

compute the relative angle w.r.t. the reference axis as follows:

∆𝜃(𝑠, 𝑡) = ∠

(︂
𝑥𝑟𝑒𝑓 ,

𝜕𝑐(𝑤𝜋(𝑠, 𝑡))

𝜕𝑠

)︂
, (5.9)

where 𝑤𝜋 is a periodic warping function that evolves over time. Finally, the angle
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relative to the reference axis ∆𝜃(𝑠, 𝑡) is composed on top of an animated DLOA by adding

the angle to the shape blending Eq. (5.3), which is done by setting its temporal basis

function to 𝑏𝑤𝑎𝑣𝑒(𝑡) = 1. Fig. 5-10 depicts wave curves composed with keyframed DLOAs.

3.3 Twisting around a space-time curve

I use the “two cans” drawing tool described in the previous chapter (Section 3.1) to allow

the user to specify twist along the space-time curves (Section 2.2, as shown in Fig. 5-12).

The cans control a single angle 𝛾𝑖 that rotates around the stroke. The user adds cans along

the strokes, which are then interpolated into a smooth twist function 𝛾(𝑠). Different key-

LOA strokes over time define different 𝛾𝑗(𝑠) to be interpolated, while adding cans to a

STC directly defines 𝛾𝑗(𝑠, 𝑡). I blend between all the active cans at a time 𝑡 using the same

Hermite based interpolation as in Equation (5.3). The smooth twist angle 𝛾(𝑠, 𝑡) is then

used along the dynamic line of action 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) to control the character’s skeleton.

Figure 5-12: The cans are specified at space-time coordinates along the space-time curves.
In the bottom-right, we can see non-uniform stretching of the character as it gradually
enters an area of the curve that was drawn faster.

4 Dynamic line matching

The 2D dynamic line (of action) 𝑥𝑑𝑙𝑜𝑎(𝑠, 𝑡) corresponds to a projected skeletal line abstrac-

tion for parts of the character’s body such as: the spine, tail, wings, arms, or combinations

of them—called the body line in Chapter 3.

Unfortunately applying the method in Section 3 leads to inconsistencies between
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frames. Two aspects of the algorithm cause these the solver to fight between solutions

depending as the shape of the DLOA evolves over time. The first one is the fact that it

solves for the orientation only which makes it hard to exactly match the LOA at a given

instant in time. The second aspect is the fact that it minimizes the average distance be-

tween lines while trying to ensure that shape matches with a soft penalty—causing the

solver to fight between constraints.

Instead of turning the hard constraint into a penalty, I solve for the lengths of the

bones and orientations using closed-form solutions, combined with dynamic program-

ming where the optimal solution for the skeleton is the set of optimal solutions starting

from the root of the chains. I also remove the average distance and replace it with a single

point touching the line. I will use the root of the body part as the point in the skeleton

that has to touch the DLOA.

Similar solutions exist in the computer vision community, where dynamic program-

ming offers a global solution to the matching of 2D pictorial elements [Felzenszwalb and

Huttenlocher, 2005]. My solution is based on the idea that we can project the bones onto

a 2D plane and solve the 2D problem using closed-form solutions, and then transfer the

quantities back into the 3D pose, and then proceed to the next bone down the chain.

Hence I use the viewing plane constraint introduced in the previous Chapter 3, Sec-

tion 2, resulting in the following dynamic line matching problem:

min
𝑤𝑢(𝑡),𝑤𝑣(𝑡),Θ(𝑠,𝑡),L(𝑠,𝑡)

∫︁
𝑡
‖Px(𝑠*, 𝑡)− x𝑑𝑙𝑜𝑎(𝑠*, 𝑡)‖2 𝑑𝑡,

subject to
𝜕Px

𝜕𝑠
(𝑠, 𝑡) =

𝜕x𝑑𝑙𝑜𝑎

𝜕𝑠
(𝑠, 𝑡), ∀𝑠, 𝑡.

where we need to solve for the root trajectory 𝑤𝑢(𝑡) and 𝑤𝑣(𝑡), joint angles Θ(𝑠, 𝑡) and

local lengths L(𝑠, 𝑡) along the line. The position 𝑠* that has to touch the line is the root of

the body part.

In the next Section ( 4.1), I describe how to solve exactly for relative transformations

of each bone constrained by the DLOA at time 𝑡. This exact algorithm rapidly and ro-

bustly solves for the skeleton matching the DLOA while allowing squash and stretch by

adjusting the length of the bones. Fig. 5-15 shows the result when solving for relative an-

gles of the joints in the case of a humanoid. Note however that my results were produced
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with linear blend skinning of the surface geometry which does not preserve volume—a

feature essential for cartoon squash and stretch effects.

4.1 Exact solution for relative transformations

When each bone rotation is a relative to a parent orientation, we can start from the root

of the kinematic tree, solve for the relative angle and bone length, transfer the quantities

into 3D, and proceed to the next bone down the chain up to the leaf of each chain. The

process starts by setting the root position to its corresponding position on the line.

We denote the lengths of the bones as 𝑙𝑖(𝑡), the relative orientations 𝑞𝑖(𝑡), and the

absolute orientation 𝑄𝑖(𝑡). With the viewing plane constraint, we are looking for a single

(angle 𝜃𝑖(𝑡)) rotation in the viewing direction 𝑣𝑑𝑖𝑟, i.e. 𝑄(𝜃𝑖(𝑡), 𝑣𝑑𝑖𝑟), that rotates the bone

parallel to the viewing plane to match its corresponding line direction (see Fig. 5-14).

Figure 5-13: Both the body line and the DLOA at time 𝑡 are projected onto a plane located
at the root of the body part. For sketching secondary lines such as the wings, the character’s
main line (e.g. the spine) remains in a fixed reference pose. Last image on the right is the
pose at the time of the sketched DLOA key frame.

The first step is to project both lines onto a single plane. We start by inverse projecting

the DLOA (red stroke in Fig. 5-13) onto a plane located at the root of the body part and

oriented in the viewing direction. We cast rays along the DLOA 𝑥𝑑𝑙𝑜𝑎(𝑠𝑖, 𝑡) to recover the

corresponding positions on the plane denoted 𝑧𝑖(𝑡). We then project the bone positions

𝑥𝑖 onto the same plane using the projection operator denoted 𝑃 (blue in Fig. 5-13).

For each bone 𝑖, we compute the angle 𝜃𝑖(𝑡), and then recover the bone’s relative ori-

entation w.r.t. to the parent orientation 𝑄𝑖−1(𝑡):

𝜃𝑖(𝑡) = ∠(𝑃𝑥𝑖+1(𝑡)− 𝑃𝑥𝑖(𝑡), 𝑧𝑖+1(𝑡)− 𝑧𝑖(𝑡)),

𝑞𝑖(𝑡) = 𝑄−1
𝑖−1(𝑡)𝑄(𝜃𝑖(𝑡), 𝑣𝑑𝑖𝑟)𝑄𝑖(𝑡).
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Figure 5-14: Our skeletal line matching: blue and red are the projected bones and DLOA
directions. Dashed lines are offsets in the character’s kinematic tree. For each bone starting
from the root, we compute the angle, then adjust its length, and we repeat for each bone
down the chains.

For the length, we seek to preserve the length ratio between the initially projected

skeleton bone direction, and the length of the non-projected bone direction. Given the

initial projected bone direction length 𝑎𝑖(0) = ‖𝑃𝑥𝑖+1(0) − 𝑃𝑥𝑖(0)‖, the initial bone di-

rection length 𝑙𝑖(0) = ‖𝑥𝑖+1(0)− 𝑥𝑖(0)‖, and the sketched bone direction length at time 𝑡,

𝑎𝑖(𝑡) = ‖𝑧𝑖+1(𝑡)− 𝑧𝑖(𝑡)‖, we have the relation:

𝑎𝑖(0)

𝑙𝑖(0)
=

𝑎𝑖(𝑡)

𝑙𝑖(𝑡)
, (5.10)

and thus by extracting 𝑙𝑖(𝑡), we obtain:

𝑙𝑖(𝑡) =
‖𝑃𝑥𝑖+1(𝑡)− 𝑃𝑥𝑖(𝑡)‖

‖𝑧𝑖+1(0)− 𝑧𝑖(0)‖‖𝑥𝑖+1(0)− 𝑥𝑖(0)‖
. (5.11)

To prevent drift from accumulating, we initialize the orientations and lengths at each

frame with an initial pose, i.e. 𝑞𝑖(𝑡) = 𝑞𝑖(0), and 𝑙𝑖(𝑡) = 𝑙𝑖(0).

Including the twist: We incorporate the smooth twist angle 𝛾(𝑠, 𝑡) from Section 3 by

computing the differential twist angle of each segment ∆𝛾𝑖(𝑡) = 𝛾(𝑠𝑖, 𝑡) − 𝛾(𝑠𝑖−1, 𝑡), and

applying a local rotation around the local bone direction �̄�:

𝑞𝑖(𝑡) = 𝑞𝑖(𝑡)𝑄(∆𝛾𝑖(𝑡), �̄�). (5.12)

Secondary parts are automatically taken into account due to the hierarchical structure

of the skeleton. For instance the wings are attached to the spine of the dragon in Fig. 5-

9, and inherit the parent’s (spine) orientation, including the twist. Note, the length of
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Figure 5-15: Solving for relative orientations (of each joint), the matching method can
effectively solve for skeletons that have offsets in the kinematic tree, such as between the
pelvis and upper legs in humanoids. The method also allows stretching the bones robustly.

parent bones is not propagated to children bones with this formulation.

5 Results

Experimental results shown in the Chapter and the accompanying video were created

using my prototype implementation of the space-time sketching tools described in Sec-

tions 1, 2 and 3. In this section, I briefly describe the prototype and its user interface, then

describe a user study we conducted with both novice and expert animators to assess the

usability of the space-time sketching tools.

5.1 System description

The user is presented with a canvas for drawing keyframes and space-time curves, and a

timeline for changing their timing. By default the user draws keyframes. A special key is

pressed to sketch a space-time curve. The system automatically classifies the space-time

curve as bouncing, rolling or path-following based on the geometry. The user draws over

the path to automatically insert a keyframe, whose timing is retrieved from the path.

The user is first presented with a character in a reference pose and starts sketching.

When the user selects a body part by pressing a key and drawing over the reference pose,

the system snaps a plane onto the root of the body part, and is ready to animate the

character using our method in Section 4. At this point, the sketches are inverse-projected
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onto the action plane, and linked to a body part.

Because the 2D sketch is decoupled from the 3D counter-part, the user can apply the

same line motion to to a different character, given the same viewpoint. To edit secondary

parts of the body, the user can add a second sketching panel, and rotate the camera to a

side view. The secondary sketches are freely sketched and the user then selects the body

part which will snap the plane onto the root of the body part. The system will automat-

ically snap the secondary sketch to the position of the primary sketch. This is done by

taking the point at the intersection of the secondary plane and the primary DLOA and

assigning it to the root of the secondary line. In my system, the user can chose to see the

constrained parent-child sketches or the free-floating sketch; which is the default behav-

ior.

Many of the sketching tools described in this chapter evolved as a consequence of

user interaction and feedback. For instance, I initially offered only a basic keyframing in-

terface for creating animations such as the one in Fig. 5-1 and observed that users were

attempting to draw paths. After I introduced the path-following STC, users started draw-

ing abstractions such as bounce and roll doodles—expecting my system to understand.

I asked people to draw over a dragon flying animation, resulting in the wave shape that I

implement as a periodic path to create the animation in the video and Fig. 5-10.

5.2 Evaluation

As an initial evaluation of this approach, we ran an informal user study with eight partic-

ipants with varying levels of expertise in animation, ranging from complete beginners to

professionally trained animators. We asked each participant to reproduce three short an-

imations, first by keyframing lines of action ; then again by sketching space-time curves.

The target animations videos were not made with our system. Animation (1) is a path-

following motion of a dragon with a lot of twisting. Animation (2) is a flying locomotion

of the same dragon. Animation (3) is a lamp bouncing animation.

Participants had never seen or used my system. They were each given twenty min-

utes to learn the basic keyframing and space-time sketching tools in our system: the

participant was presented with the basic operations of adding keyframes to a timeline;

sketching the strokes; manipulating the twist cans; and editing secondary parts (e.g. the

wings). Then we showed each target animation and asked the participant to reproduce
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it, first with keyframing and then with space-time curves. In each case, the participants

were allowed to add twist cans. After completing each task, participants were asked to

self-evaluate the quality of their results on a scale from 0 to 5. Note that our experiment

did not control for order effects. In each case, we computed the time spent to complete

the task, the number of pen clicks, and the number of entities (strokes and cans) used to

obtain the final animation. The results are as follows:

Animation time entities clicks score
dragon1 353 s. 13 95 1.6
dragon2 321 s. 9 69 2.1

lamp 260 s. 11 55 3.3

Table 5.1: User response to keyframes (K): time spent, number of keyframes and twist cans,
number of clicks, and self-evaluation scores per participant.

Animation time entities clicks score
dragon1 139 s. 4 34 4.2
dragon2 229 s. 2 40 3.6

lamp 161 s. 5 48 4.5

Table 5.2: User response to space-time curves (STC): time spent, number of curves and twist
cans, number of clicks, and self-evaluation scores per participant.

We can see that space-time curves help the users achieve results quicker than keyframes

in all cases. We observed average speed-up factors as high as 20 between sketching

keyframes and sketching path-following curves. The effect is less visible when reading

the total time because participants can spend more time on refining and twisting the

curves. Space-time curves also receive significantly higher self-evaluation scores for all

three animation targets. While some of this may be explained by order effects, we feel the

effects are strong enough to warrant further study.

We observed novice users tended to be discouraged quickly by keyframing. Most of

the time, they were not able to finish the task. Some participants gave up after trying

for five minutes or more. In contrast, the space-time curves allowed all participants to

quickly obtain results that matched their desires and expectations, encouraging them

to spend more time polishing their animations. The twisting tool was used consistently

and comfortably by most participants. Some participants had difficulty using the wave

curves and found them counter-intuitive, although this may be an issue with the system’s

interface and our training procedure.

Advanced users performed slightly better with the keyframing tools than novice users,

108



but still preferred to use the space-time curves, as they obtained their results quicker and

more naturally. They also liked the fact that they had instantaneous results with space-

time curves followed by refinement and twisting.

6 Limitations and future work

Using sketching to freely create and refine 3D animations is a difficult problem. In this

chapter, we used sketching to specify 3D animations from a given viewpoint, therefore

limiting ourselves to projective control. To abstract the character’s body, I used the no-

tion of a moving line of action allowing the same moving LOA to be applied to different

body parts or characters.

Although possible, I showed that defining a DLOA only from keyframes (temporal

slices) is not the best way for coordinating motions. Taking an analogy from geomet-

ric modeling, this method is similar to shape design through sketching slices: getting a

smooth result is not easy, and the result can only be seen when all the slices have been

defined. In contrast, this new space-time abstraction for sketching motion (the STC) en-

ables an animator to initialize a full coordinated motion with a single stroke—providing

immediate display and allowing for rapid refinement.

This method brings several limitations. I focused on the motion of a single line and

illustrated the concept with simple character morphologies (lamp, cactus and dragon).

We can use the body swapping method from the last chapter (see Chap. 4, Fig. 4-4) to

semi-automatically animate a multi-legged figure (e.g. humanoid, or dog) from a single

moving line. It would require more work to so automatically.

I defined three specific ways of creating a DLOA from a space-time curve: path-following

and two richer mechanisms for extracting coordinated motion and trajectory from intu-

itive strokes. The resulting motion can then be refined, which increases the range of pos-

sible results. While we can detect which behavior to adopt between the bouncing, rolling

and path-following based on the geometric features found in the strokes, I did provide

an automatic way of between wave curves and other unit keyframes.

The focus of this work is on planar movement plus out-of-plane secondary motions

and twist, since many motions meant to be seen by viewers are in fact planar. I think

the dynamic LOA models could be directly extended to 3D curves; I see no reason why
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not. However, the actual editing of 3D curves remains a challenge today. Another route

to 3D motion could be to use our new 2D dynamic line constraints along data-driven

motion priors in a space-time optimization framework [Min et al., 2009]. However, one

of the main reasons we devise free-form tools for character animation is for the ability to

produce arbitrary movements that may include squash and stretch effects.

7 Conclusion

I introduced the new concept of space-time sketching for free-form animation of 3D

characters. Thanks to this new concept, a coarse but coordinated animation—possibly

including squash and stretch—can be drafted with a single stroke. Other strokes and

controls can then be added enabling the user to progressively sculpt and refine motion.

The animation is designed by sketching in 2D from viewpoints of interest: it defines a

dynamic line of action used as a projective constraint that robustly drives the 3D charac-

ter. The resulting independence between animation control and the 3D character model

enables the user to simultaneously edit the 3D model during the design stage.

At last, a new motion sculpting metaphor is a promising way of improving the ease

with which we can create quality animations.
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6 | Conclusion

Computer animation holds tremendous potential for expressing and enhancing our imag-

ination. However, the current free-form animation tools do not allow easily fulfilling

high-level artistic principles that help creating quality poses and animations. This thesis

adapts commonly drawn shape and motion abstractions for 3D character posing and an-

imation while remaining flexible. In other words, the tools provided in this thesis allow

stretching body parts and animating imaginary characters such as dragons. According to

the user evaluations performed in Chapters 3 and 5, these new tools have the potential

of helping experts and beginners alike achieving better quality animations quicker.

1 Contributions

The line of action allows an animator to create more readable and expressive poses by

directly sketching its overall flow with a single stroke. Realizing this concept required for-

malizing the line of action concept and providing a mathematical definition relating the

character’s shape to the shape of LOA. The projective nature of the line of action can eas-

ily lead to data-driven solutions for the pose synthesis. I managed in this thesis to reduce

the size of the problem while allowing flexibility in the resulting poses by constraining

the solution to viewing plane deformations—making this LOA posing tool compatible

with the free-form animation tool set.

I explored the idea of adding dynamics to the line of action strokes allowing the line to

be unleashed as an elastic ribbon. In this same work, I paved the way for driving the mo-

tion of multi-legged characters with a single moving line. How to automatically change

body parts dynamically and interact with the environment are interesting questions for

future investigation.
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Finally, the space-time curve allows an animator to draft a full coordinated motion

with a single stroke. The power of the motion models for the dynamic line—used as a

projective skeletal line constraint—is that they are independent from specific body parts

or characters and can be used in a free-form animation setting. The drafted motion can

then be progressively refined with extra strokes and twist cans. I showed that different

line motions can be sketched and composed together leading to control over rich mo-

tions with few strokes.

2 Future Directions

Automatically beautifying shapes

If we can automatically compute curve features from 3D shapes, then we can use the

line of action constraint from chapter 3 together with a metric of how close is a curve

to a beautiful curve—namely how close it is to a family of C- and S-shaped curves—to

automatically beautify the shape.

One possibility to compute curve features is to skeletonize the shape. However, the

problem with medial skeletonisation techniques (e.g. using the L2 distance) is that the

computed skeleton has too many branches and is typically noisy. To automatically com-

pute a skeleton that could be driven by a line of action requires filtering and pruning the

skeleton to remove the useless branches. One way to do this could be to look for a main

line. Recent work [Huang et al., 2013] uses the L1 distance to compute a curve skeleton,

and the work of [Zheng et al., 2015] automatically computes a “backbone” which could

be naturally deformed by a line of action.

We could also imagine extending this idea to beautifying contours and flowing be-

tween multiple shapes and characters.

Camera placements

The lines of action constraint introduced in Chapter 3 can be used to produce a more

aesthetic pose from a given viewpoint. This idea can be taken in the other direction:

given a pose or motion, find the most aesthetic viewpoints by taking the pose that admits

the LOA which is closest to the family of C- and S-shaped curves. This aesthetic principle

could be combined with other textbook photographic composition principles such as the
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rule of thirds, diagonal dominance and visual balance [Liu et al., ] which, for the moment

only considers straight lines.

Sculpting motion

The wave curves in Chapter 5 is one example of an intuitive “motion stroke”—a static

drawing that encodes a dynamic motion. We could very well imagine different shapes

and gestures translating into different motions that could be used to sculpt or paint the

motion. One of the limitations of the geometric methods used in Chapter 5 (i.e. warping

and blending) is that it is difficult to combine and weigh different constraints. For ex-

ample, a stylistic dance may require a wave to pass through the character’s arms, but

his hand may also require remaining fixed at some point in time. Combining these

constraints—matching the wave, while holding fixed positions—could be realized in a

constrained optimization framework. We could envision a system where the DLOA seeks

to match the shape of the dynamic wave curve as much as possible, while satisfying hard

position constraints in time. Additional motion strokes could be painted on top and

mixed with the underlying wave motion where the weight of each constraint would be

given by the amount of re-drawing and stylus pressure exerted by the artist.

Storyboard to animation

The premise of this thesis is that high-level artistic goals are indirectly controlled with

current animation tools. Telling stories with the body language of a character requires

tools that allow indicating motions and viewpoints at a much larger time scale than when

designing specific actions. It would be interesting to investigate how storyboard annota-

tions can be used to establish character motions.

This may also require inventing new sketch-based annotations. For instance, the in-

teraction between characters is an important aspect of narratives that could be specified

in a storyboard-like interface. How to naturally specify interactions is an very interesting

area of research where sketching could be prove beneficial. For example, two characters

holding hands can be sketched with a single stroke, as in show in Fig. 3-12 from chapter 3.

Another idea is how lines of action often “move out” of collision points. Hence specifying

a collision point could automatically generate a visible line of action for posing a charac-

ter.
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Aesthetically pleasing physics-based controllers

Generative motion is a very important area of research for interactive games. The abil-

ity to automatically and realistically react to the environment enriches the immersion in

games which currently use pre-defined (and repetitive) animations for interactions. As

physics-based controllers become more robust and versatile, they will start appearing in

games and virtual worlds. Eventually, we will want the character to not only realistically

perform actions, but have its own style and exhibit aesthetically pleasing poses whenever

possible. The line of action constraint presented in Chapter 3 could be used as objective

with online physics-based controllers to steer the movement towards aesthetically pleas-

ing shapes for the viewer by deriving virtual forces from the image space constraint.
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character motion from simple animation. ACM Trans. on Graphics (SIGGRAPH 2002).

[Liu et al., ] Liu, L., Chen, R., Wolf, L., and Cohen-Or, D. Optimizing photo composition.

[Liu et al., 2013] Liu, L., Yin, K., Wang, B., and Guo, B. (2013). Simulation and control of
skeleton-driven soft body characters. ACM Trans. Graph., 32(6):215:1–215:8.

[Ma et al., 2010] Ma, W., Xia, S., Hodgins, J. K., Yang, X., Li, C., and Wang, Z. (2010). Mod-
eling style and variation in human motion. In Symposium on Computer Animation
(SCA), pages 21–30.

[Mao et al., 2005] Mao, C., Qin, S. F., and Wright, D. (2005). A sketch-based gesture inter-
face for rough 3d stick figure animation. Proceedings of the 2005 Eurographics work-
shop on Sketch-Based Interfaces and Modeling.

[Min et al., 2009] Min, J., Chen, Y.-L., and Chai, J. (2009). Interactive generation of hu-
man animation with deformable motion models. ACM Transactions on Graphics
(TOG), 29.

[Mordatch et al., 2012] Mordatch, I., Todorov, E., and Popović, Z. (2012). Discovery of
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