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This paper introduces particle systems--a method for modeling fuzzy objects such as fire, clouds, and 
water. Particle systems model an object as a cloud of primitive particles that define its volume. Over 
a period of time, particles are generated into the system, move and change form within the system, 
and die from the system. The resulting model is able to represent motion, changes of form, and 
dynamics that are not possible with classical surface-based representations. The particles can easily 
be motion blurred, and therefore do not exhibit temporal aliasing or strobing. Stochastic processes 
are used to generate and control the many particles within a particle system. The application of 
particle systems to the wall of fire element from the Genesis Demo sequence of the film Star  Trek H: 
The Wrath of  Khan [10] is presented. 
Categories and Subject Descriptors: 1.3.3 [Computer Graphics]: Picture/Image Generation; 1.3.5 
[Computer Graphics]: Computational Geometry and Object Modeling; 1.3.7 [Computer Graph- 
ics]: Three-Dimensional Graphics and Realism 
General Terms: Algorithms, Design 
Additional Key Words and Phrases: Motion blur, stochastic modeling, temporal aliasing, dynamic 
objects 

1. INTRODUCTION 

Modeling phenomena  such as clouds, smoke, water, and fire has proved difficult 
with the existing techniques of computer  image synthesis. These "fuzzy" objects 
do not have smooth, well-defined, and shiny surfaces; instead their surfaces are 
irregular, complex, and ill defined. We are interested in their dynamic and fluid 
changes in shape and appearance. T h e y  are not  rigid objects nor can their 
motions be described by the simple affine t ransformations tha t  are common in 
computer  graphics. 

This paper presents a method for the modeling of fuzzy objects tha t  we call 
particle systems. The  representat ion of particle systems differs in three basic 
ways from representations normally used in image synthesis. First, an object is 
represented not by a set of primitive surface elements, such as polygons or 
patches, tha t  define its boundary,  but  as clouds of primitive particles tha t  define 
its volume. Second, a particle system is not  a static entity. Its particles change 
form and move with the passage of time. New particles are "born"  and old 
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Principles of Traditional Animation (1987)
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PRINCIPLES OF TRADITIONAL ANIMATION 
APPLIED TO 3D COMPUTER ANIMATION 

J o h n  L a s s e t e r  
P i x a r  

San  Ra f ae l  
Ca l i fo rn ia  

"There is no particular mystery in animation.., it's really very simple, and 
like anything that is simple, it is about the hardest thing in the world to 
do." Bill Tytla at the Walt Disney Studio, June 28, 1937. [14] 

ABSTRACT 

This paper describes the basic principles of  traditional 2D hand drawn 
animation and their application to 3D computer animation. After describing 
how these principles evolved, the individual principles are detailed, 
addressing their meanings in 2D hand drawn animation and their application 
to 3D computer animation. This should demonstrate the importance of 
these principles to quality 3D computer animation. 
CR Categories and Subject Descriptors: 
1.3.6 Computer Graphics : Methodology and Techniques - Interaction 

techniques; 
1.3.7 Computer Graphics : Three-dimensional Graphics and Realism - 

Animation; 
J.5 Computer Applications : Arts and Humanities - Arts, fine and 

performing. 

General Terms: Design, Human Factors. 

Additional Keywords and Phrases: Animation Principles, Keyframe 
Animation, Squash and Stretch, Luxo Jr. 

I .  INTRODUCTION 

Early research in computer animation developed 2D animation techniques 
based on traditional animation. [7] Techniques such as storyboarding [11], 
key/tame animation, [4,5] inbetweening, [16,22] scan/paint, and multiplane 
backgrounds [17] attempted to apply the eel animation process to the 
computer. As 3D computer animation research matured, more resources 
were devoted to image rendering than to animation. Because 3D computer 
animation uses 3D models instead of 2D drawings, fewer techniques from 
traditional animation were applied. Early 3D animation systems were script 
based [6], followed by a few spline-interpolated key/rome systems. [22] But 
these systems were developed by companies for internal use, and so very 
few traditionally trained animators found their way into 3D computer 
animation. 

"Luxo" is a trademark of Jae Jacobsen Industries AS. 
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The last two years have seen the appearance of reliable, user friendly, 
keyframe animation sys tems from such companies  as Wavefront  
Technologies Inc., [29] Alias Research Inc., [2] Abel Image Research (RIP), 
[1] Vertigo Systems Inc., [28] Symbolics Inc., [251 and others. These 
sys tems will enable people to produce more high quality computer 
animation. Unfortunately, these systems will also enable people to produce 
more bad computer animation. 

Much of this bad animation will be due to unfamiliarity with the 
fundamental principles that have been used for hand drawn character 
animation for over 50 years. Understanding these principles of  traditional 
animation is essential to producing good computer animation. Such an 
understanding should also be important to the designers of  the systems used 
by these animators. 

In this paper, I will explain the fundamental principles of  traditional 
animation and how they apply to 3D keyframe computer animation. 

2. PRINCIPLES OF ANIMATION 

Between the late 1920's and the late 1930's animation grew from a novelty 
to an art form at the Walt Disney Studio. With every picture, actions 
became more convincing, and characters were emerging as true personalities. 
Audiences were enthusiastic and many of the animators were satisfied, 
however it was clear to Walt Disney that the level of animation and existing 
characters were not adequate to pursue new story lines-- characters were 
limited to certain types of  action and, audience acceptance notwithstanding, 
they were not appealing to the eye. It was apparent to Walt Disney that no 
one could successfully animate a humanized figure or a life-like animal; a 
new drawing approach was necessary to improve the level of  animation 
exemplified by the Three Little Pigs. [10] 

FIGURE 1. Luxo Jr.'s hop with overlapping action on cord. Flip pages 
from last page of paper to front. The top figures are frames 1-5, the bottom 

are frames 6-10. 
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Principles of Traditional Animation (1987)
❖ squash and stretch

❖ timing

❖ anticipation

❖ staging

❖ follow through & overlapping action

❖ straight ahead and pose-to-pose 
action

❖ slow in and out

❖ arcs

❖ exaggeration

❖ secondary action

❖ appeal



Jurassic Park (1993)



–George Lucas

“it was like one of those moments in history, like the invention of the 
light bulb or the first telephone call… A major gap had been crossed 

and things were never going to be the same.”



Toy Story (1995)



1995-2015

The Golden Age of Computer Animation



The “Special Effects Problem”

explosions, tidal waves, city buildings destroyed by robots, aliens, super-
villains, etc.



Eulerian Viscoelastic Fluids

Goktekin, Bargteil, O’Brien [SIGGRAPH 2004]



DreamWorks Animation’s Bee Movie (2007)



Finite Element Destruction: A Success Story



Finite Elements

ACM SIGGRAPH 99, Los Angeles, California, August 8–13, 1999

(a) ( b)

Figure 4: Tetrahedral mesh for a simple object. In (a), only the ex-
ternal faces of the tetrahedra are drawn; in (b) the internal structure
is shown.
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Figure 5: A tetrahedral element is defined by its four nodes. Each
node has (a) a location in the material coordinate system and (b) a
position and velocity in the world coordinate system.

degrees of freedom for deformation, they have few degrees of free-
dom for modeling fracture because the shape of a fracture is defined
as a boundary in material coordinates. In contrast, with linear tetra-
hedra, each degree of freedom in the world space corresponds to a
degree of freedom in the material coordinates. Furthermore, when-
ever an element is created, its basis functions must be computed.
For high-degree polynomials, this computation is relatively expen-
sive. For systems where the mesh is constant, the cost is amortized
over the course of the simulation. However, as fractures develop
and parts of the object are remeshed, the computation of basis ma-
trices can become significant.
Each tetrahedral element is defined by four nodes. A node has

a position in the material coordinates, , a position in the world
coordinates, , and a velocity in world coordinates, . We will refer
to the nodes of a given element by indexing with square brackets.
For example, [2] is the position in material coordinates of the
element’s second node. (See Figure 5.)
Barycentric coordinates provide a natural way to define the linear

shape functions within an element. Let = [b1, b2, b3, b4]T be
barycentric coordinates defined in terms of the element’s material
coordinates so that

[
1

]
=
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1
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1
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1
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1
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. (12)

These barycentric coordinates may also be used to interpolate the
node’s world position and velocity with

[
1

]
=

[
[1]

1
[2]

1
[3]

1
[4]

1

]
(13)

[
˙
1

]
=

[
[1]

1
[2]

1
[3]

1
[4]

1

]
. (14)

To determine the barycentric coordinates of a point within the
element specified by its material coordinates, we invert (12) and
obtain

=
[

1

]
(15)

where is defined by

=
[
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1
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1
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1
[4]

1
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Combining (15) with (13) and (14) yields functions that interpolate
the world position and velocity within the element in terms of the
material coordinates:

( ) =
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˙ ( ) =
[

1

]
(18)

where and are defined as
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[
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Note that the rows of are the coefficients of the shape functions,
and needs to be computed only when an element is created or the
material coordinates of its nodes change. For non-degenerate ele-
ments, the matrix in (16) is guaranteed to be non-singular, however
elements that are nearly co-planar will cause to be ill-conditioned
and adversely affect the numerical stability of the system.
Computing the values of and within the element requires the

first partials of with respect to :

∂
∂ui

= i (21)

∂ ˙
∂ui

= i (22)

where
i = [δi1 δi2 δi3 0]T . (23)

Because the element’s shape functions are linear, these partials are
constant within the element.
The element will exert elastic and damping forces on its nodes.

The elastic force on the ith node, (ε)
[i] , is defined as the negative

partial of the elastic potential density, η, with respect to [i] inte-
grated over the volume of the element. Given (ε), , and the po-
sitions in world space of the four nodes we can compute the elastic
force by

(ε)
[i] = −vol

2

4∑

j=1

[j]

3∑

k=1

3∑

l=1

βjlβikσ
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Similarly, the damping force on the ith node, (ν)
[i] , is defined as

the partial of the damping potential density, κ, with respect to [i]

integrated over the volume of the element. This quantity can be
computed with
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Summing these two forces, the total internal force that an element
exerts on a node is

el
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❖ Fundamental physics simulation

❖ Rigid movement

❖ Bending, twisting, stretching

❖ Dynamic tearing, cracking, ripping

❖ Wide range of materials
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Finite Elements
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Graphical Modeling and Animation of Ductile Fracture

O’Brien, Bargteil & Hodgins [SIGGRAPH 2002]



Graphical Modeling and Animation of Ductile Fracture

O’Brien, Bargteil & Hodgins [SIGGRAPH 2002]



Graphical Modeling and Animation of Ductile Fracture

O’Brien, Bargteil & Hodgins [SIGGRAPH 2002]



Digital Molecular Matter

Parker & O’Brien [SCA 2009]



Moving Picture Company’s Kali

Cole [SIGGRAPH 2011 Talk]



2010

2011

MPC Films using Kali / DMM



2012



2013



2014



2015 Technical Achievement Award



The State of the Art
❖ special effects are almost universally achieved through computer graphics

❖ almost all films contain some computer animation

❖ an artist can create almost any effect they can imagine

Groundhog Day (1993) Edge of Tomorrow (2014)



The Future

more, better tools

interactive animation

virtual/augmented/mixed reality

content creation



A Specialized Tool for  
Large-scale Splashing Liquids



Small Scale Liquids

Enright, Marschner & Fedkiw [SIGGRAPH 2002]



2012Deep Impact

The Day After TomorrowBattleship



like a good physicist we observe the 
phenomena we wish to model







An Observation About Splashes

surface tension causes liquids to pinch 
off into droplets, which then mix freely 

with air and…
…the liquid appears to expand



A New Model
Unilateral

Incompressibility

fluid in <= fluid out

Bilateral 
Incompressibility

fluid in == fluid out



Traditional Fluid Simulation: Incompressible



New Model: Unilateral Incompressibility



Incompressible Fountain



Unilaterally Incompressible Fountain



Four Dams



Flooded Terrain



City Flooding



Flathead & Philips
bilateral 

incompressibility
unilateral 

incompressibility



Beyond Special Effects: 
Interactive Animation



Learning an Upsampling Operator



Learning an Upsampling Operator



Model Reduced Fluids



Energizing Fracture

Default



take away: 
making offline methods faster is not enough, 

interactive animation requires new techniques



Virtual / Augmented / Mixed

Reality is Going to Drive

Computer Animation 



Content Creation 
(the elephant in the room)



let’s look at physics-based animation / 
simulation



(1) simulation is a tool for artistic expression 
(2) good tools are easy to use



are physical simulations easy to use?



no.



Physics is like a cat…

… it does what it wants



Artists want dogs



Dynamic Sprites 

bring images to life by

letting artists define the behavior and

letting physics handle interaction & timing



Step 1: Draw a “Stuntman”





Step 2: “Rig” Drawing



Step 3: Deform Drawing



Step 4: Create “Example Manifold”





Step 5: Define Navigation in the Manifold

High VelocityCollisions



Other Controls

❖ Applying additional controls is simple in position based framework 
❖ Controls can depend on arbitrary properties of the object 

❖ speed 
❖ orientation 
❖ angular momentum 
❖ ... etc







Simulation



`





Applied to Destruction



Authoring

Input
geometry Rig Characteristic

Deformations



Example Manifold



Simulation

Unmodified Rigid Body Simulation



Simulation

Collect Impulses



Simulation

Update Example Interpolation Weights

Interesting
and

Tricky



Sample Result



Car Launch





Example Iteration



+



Physics imitating art imitating physics







JJ Abrams Fanfic







A Grand Challenge: Artistic Authoring of  
Stylized, Interactive Content by Novices



ACM SIGGRAPH



Enabling Everyone to Tell Their Stories



Enabling Everyone to Tell Their Stories



Enabling Everyone to Tell Their Stories



Enabling Everyone to Tell Their Stories



Call to Action



Become a Member!

$50: Professional Member $19: Student Member

*We are working to add member benefits, 
contact me if you have ideas.



Volunteer

We have a lot of jobs that are 40-80 hours per year.



Volunteer



Thank You!


