C o n t e n t s

1............................................................................................... Introduction11.1........................................................................................... Animation11.2............................................... Character Animation by Computer21.3.................................................. Traditional Character Animation21.3.1......................... Traditional Animation Production Process31.3.2........................................ Principles of Character Animation31.3.3.................................................................................. Limitations41.4....................................................................... Computer Animation51.4.1............................... Computerizing Traditional Animation51.4.2............................ Totally Computer-Generated Animation61.5........................................................................... Summary of Thesis62......................................................................... 3D Character Animation32.1........................................................................................ Introduction32.1.1......................................................................... Model Structure42.1.2............................................................................ Model Control52.2........................................................................................ 3D Modeling52.2.1......................................................... Vector and Affine Spaces62.2.2............................................................. Homogeneous Vectors62.2.3...................................................... Homogeneous Transforms72.2.4..................................................................................... Hierarchy82.2.5.................................................... Transformation Hierarchies82.2.6............................................................ Directed Acyclic Graphs82.2.7................................................................ Attribute Inheritance92.2.8........................................................................................ Copying92.3...................................................... Elementary 3D Motion Control92.3.1.................................................................... Rigid Body Motion92.3.2............................................ Scripting vs. Interactive Systems112.3.3.............................................................. Key Frame Animation122.3.4.................................................................. Spline Interpolation122.3.5............................................................. Time Parameterization142.3.6................................................................................ Applications142.3.7........................................................... Multi-Track Animation152.4............................................................................ Articulated Figures152.4.1........................................................................................ Robotics162.4.2...................................................................................... Skeletons162.4.3............................................................................................. Joints172.4.4............................................................................................. Links172.4.5.................................................................. Forward Kinematics172.4.6................................................................................. Rotoscoping182.4.7.................................................................... Inverse Kinematics182.4.8................................................. Key Joint Angle Interpolation212.4.9....................................................................... Other Techniques222.5................................................. Deformable Character Techniques222.5.1.................................................................. Rectangular Meshes23

2.5.2..................................................................... Triangular Meshes232.5.3............................................... Polygonal Shape Interpolation232.5.4........................................................................... Spline Surfaces242.5.5......................................................................... Implicit Surfaces252.5.6............................................................................. Superquadrics262.5.7.................................................................................. Soft Objects262.5.8................................................................. Global Deformations272.5.9.............................................................................................. FFDs282.6........................................................................ Layered Construction292.6.1............................................................. Skeleton and Envelope302.6.2................................................... Construction vs. Animation302.6.3................................................................ Deformation at Joints312.6.4....................................................... Spline Surface Animation312.6.5.............................................................. Hierarchical B-Splines312.6.6........................................................................................ Blobbies322.7........................................................ Physically-Based Deformation323...................................................................... Physically Based Modeling333.1........................................................................................ Introduction333.1.1.................................................................................... Definition333.1.2.......................................................................................... Physics343.1.3........................................................ Numerical Programming353.1.4................................................................... Computer Graphics363.2........................................................................... Classical Mechanics363.2.1................................................................................... Definitions363.2.2................................................................................... Kinematics373.2.3....................................................... Newton’s Laws: Dynamics373.2.4.................................................................... Conservation Laws383.3....................................................................... Differential Equations403.3.1................................ Modeling Using Differential Equations403.3.2.......................................... Newtonian Differential Equation413.4...................................................................... Constraints and Forces413.4.1............................................................. Adding Internal Forces413.4.2......................................................... Modeling External Forces423.4.3.............................................................. Constraint Techniques423.4.4.................................................................... Penalty Constraints433.4.5................................................................. Dynamic Constraints433.4.6................................................................. Reaction Constraints433.4.7..................................... Augmented Lagrangian Constraints433.4.8............................................................ Space-Time Constraints443.5.......................................................................... Numerical Solution443.5.1........................................... Convert to First Order Equations443.5.2.............................................................. Initial value problems453.5.3....................................................... Boundary value problems463.6................................................ Building a Physically Based Model473.6.1............................................................ Modeling Methodology473.6.2.................................................. Create a Higher-Level Model483.6.3................. Representation as a Force Differential Equation483.6.4......................... Different Types of Physically Based Models483.7.................................................................................. Particle Systems493.7.1................................................................. Free Particle Systems50

3.7.2............................................................ Free Particle Force Laws503.7.3................................................................. Mass-Spring Systems513.8......................................................................... Continuous Systems513.9....................................................................... Rigid Body Mechanics523.9.1............................. Generalization of Multi-Particle Systems523.9.2........................................................ Moment of Inertia Matrix533.9.3.................................................. Multiple Rigid Body Systems533.10.................................................................... Layered Elastic Models543.10.1............................................................................................ Goop543.10.2................................................................. Snakes and Worms553.10.3................................................................... The Critter System553.10.4......................................... Layered Elastic Facial Animation563.10.5............................................. Other Physically-Based Models574............................................................ The Elastic Surface Layer Model594.1........................................... Problems of 3D Character Animation594.1.1......................................................................... Joint Animation594.1.2...................................................................... Skin Deformation604.1.3...................................................................... Elastic Simulation604.1.4......................................................... Interactive Environment604.1.5.................................................................................. Limitations614.1.6................................................. Construction and Animation614.2........................................................................... Modeling Anatomy614.3................................................... A Character Animation Pipeline634.4.................................................................................. A Hybrid Model644.5..................................................... The Elastic Surface Layer Model654.5.1.................................................................................... Skin Layer654.5.2.......................................... Fat and Connective Tissue Layers664.5.3............................................................................... Muscle Layer674.5.4............................................................................ Skeleton Layer674.6.................................................................. The Physical Simulation684.6.1................................................................... Deformable Surface684.6.2.............................................................. Environmental Forces704.6.3.......................................................... Spring Constraint Forces714.6.4...................................................... Reaction Constraint Forces724.6.5................................................... Discretization And Solution754.7......................................................................... Results and Analysis774.7.1................................................................ Deformation at Joints784.7.2.......................................................................... Dynamic Effects795................................................................................ The LEMAN System815.1........................................................................................ Introduction815.2......................... Implementing The Elastic Surface Layer Model825.3............................................................................ User Environment825.4.................................................................. Constructing a Character835.4.1...................................................................... Skeleton Building845.4.2.......................................................................... Adding Muscles855.4.3...................................................... Attaching the Skin Surface865.4.4............................................ Activating Reaction Constraints865.4.5................................ Binding Surface Points to the Skeleton865.4.6............................................................. Sculpting the Fat Layer875.4.7................................................................................... Animation87

5.4.8.................................................. Interpolation of Key Postures875.4.9......................................... Increasing the Surface Resolution875.4.10....................................................................... Timing Statistics885.5............................................................... Input and Event Handling885.5.1................................................................. Asynchronous Input885.5.2................................................................. Event-Driven Model895.5.3................................................................. Representing Events905.5.4................................................. Event Handlers and Messages905.5.5............................................................... Distribution of Events905.6............................................................... 3D Interaction Techniques925.6.1................................................................... 3D Graphical Model925.6.2........................................................................................ Widgets935.6.3.................................................................. Direct Manipulation945.6.4................................................................. Mouse-Based Events945.6.5...................................................................... Transform Events945.6.6..................................................... Transform Event Response955.7.................................................................... LEMAN System Design955.7.1..................................................................... Design Philosophy955.7.2....................................................................... System Overview965.7.3..................................................... IPC Event Message Protocol975.7.4.................................................................................. File Format975.7.5.............................................................. Memory Management985.7.6........................................................................ Modeling Classes985.7.7......................................... Maintaining Internal Consistency995.7.8.......................................................................... Event Handling1005.7.9........................................................................................ Drawing1015.7.10........................................................................ Motion Control1015.7.11.............................................................. Attribute Inheritance1025.7.12................................................................ Inside-Outside Tests1025.7.13........................................................................................ Picking1035.8................................................................................................ Analysis1036................................................................................................. Conclusion1057............................................................................................... Bibliography107

11 . I n t r o d u c t i o n

Traditional character animation is a highly-developed artform, but it has several creative and economic limitations.Computer animation techniques have had great success inother aspects of commercial animation, but have onlyrecently begun to make inroads into the area of characteranimation. Nonetheless, 3D character animation bycomputer has the potential to be a flexible and creativemedium of expression. This thesis will present the currentstate of the art and a solution to some of its currentlimitations in the form of a new type of 3D animatedcharacter model and an experimental animation system.1.1.Animation

The term animation literally means bringing to life. With the development ofthe motion picture camera, the term has come, in this century, to denote anentire communication and artistic medium. The final result is always the same:an animated film or video presenting an illusion of life, or at least of the naturalor physical world. The techniques by which this result can be achieved are varied,ranging from paper cut-outs to clay figures, but the most common and perhapsmost highly developed technique of all is the animated cartoon or drawing. Notonly does the drawn or painted image provide the greatest flexibility andexpressiveness, but it also can call upon thousands of years of artistic tradition inthe development of what is still a very new aesthetic idiom.Starting with Windsor McCay, and perhaps perfected at the Disney Studio in thefirst half of this century, artists have been able to devote their skills to creatinganimated characters, be they animals, humans or (normally) inanimate objects,which appear to live and breath, even though they are nothing more than asuccession of static drawings. The medium provides an extremely creativeenvironment for the animator: he usually specializes in drawing a particularcharacter, and is able to experiment with and research every detailed aspect of itsbehavior. In this way he can make the character an artistic extension of his ownpersonality, providing a rich medium for individual artistic expression.This situation is unlikely to fundamentally change in the near future, despite thewave of new technology now coming into the animation industry, and hand-drawn character animation will doubtless always remain an important

2animation technique. Nonetheless, there are disadvantages to hand-drawncharacter animation, and therefore alternative techniques have been developed.For example, the drawn image is an inherently two-dimensional medium, and agreat deal of burden is placed on the animator to consistently render a three-dimensional character in two dimensions. The technique of stop-motion or clayanimation has been around for as long as hand drawn animation, and it allowsthe animator to work with a three-dimensional model, letting the camera handlethe rendering. Stop-motion animation has its own limits too, particularly in itsdegree of expressiveness and its physical complexity.It is therefore not unexpected that the computer, which is becoming increasinglyuseful in other aspects of the animation process, should have the potential toprovide a new technique for character animation. Computer animation of certaintypes of inanimate objects, for example, is already quite standard in the industry,and computerized paint systems are rapidly making traditional ink-and-paintwork obsolete. Character animation, however, is a much more subtle anddifficult subject than any of these, and despite more than a decade of research,commercial character animation systems remain rather limited.I believe, nonetheless, that computer-generated character animation, using three-dimensional character models, holds great promise and will eventually rivaltraditional techniques not only in speed and economy of production, but also inexpressive power. In this dissertation, I argue why I believe this to be so, presentmy own three-dimensional character model as a solution to some of theproblems of computer character animation, and present the software system Ihave built to implement it.1.2.Character Animation by Computer

Computer generated character animation remains an open research subject.While many other aspects of commercial animation have developed well-established computerized techniques, character animation is still, for the mostpart, the domain of the traditional animator drawing by hand or the stop motionanimator working with plastic or clay models. In the two-dimensional realm,computerized ink and paint, morphing and image processing have becomestandard tools. In the three-dimensional area, computer animation ofbackgrounds and rigid bodies are common techniques. Making deformable,anthropomorphic characters on the computer that have the appeal and subtletyof hand-drawn characters, however, is a much more difficult problem. Thisdissertation will discuss 3D character animation, which represents one approachto the problem of animating characters by computer.1.3.Traditional Character Animation

Some writers (e.g. [Solomon 83, 87]) feel that the first fully developed animatedcharacter ever created was Gertie the Dinosaur. Produced in 1914 by the cartoonstrip artist Windsor McCay, it consisted of over 5,000 ink drawings on paper, withbackground scenes retraced by an assistant. The smooth motion and distinctpersonality of the dinosaur displayed the most essential quality of character

3animation: appeal. Used in the animator’s sense of the word, this means theability to suspend disbelief and to elicit an emotional response from the audience.Most animation historians agree, however, that it was the Disney studio in the1930s that brought the production techniques and aesthetics of characteranimation to its perfected form. Not only did Disney develop most of theproduction methods associated with commercial animated film production, buthe also placed an emphasis on artistic quality and sophistication which has set astandard for character animation ever since. This is the standard against whichany character animation by computer must be judged.1.3.1.Traditional Animation Production ProcessDisney attacked the immensely complicated and labor-intensive animationproduction process by breaking tasks down into a rigid hierarchy and developinga standard production procedure consisting of many stages [Solomon 83]. Thisseries of production steps might be termed, in modern computer graphicsparlance, an animation pipeline.First, a story or screenplay is written and documented down to a scene-by-scenelevel using a storyboard. This storyboard is basically a cartoon strip with a roughdrawing of each shot in the entire film. From the finished storyboard and dialog,a voice track is then recorded and exposure sheets are made from it giving theexact timings of the action to the sound track. The storyboard and exposure sheetsare then handed out to the background artists and to the key animators. Thebackground artists paint the static scenes over which the action will take place.The key animators draw in pencil the characters in their key or extreme positionsaccording to the exposure sheets. This job is considered by many to be the mostchallenging and creative one in the entire animation process. It is the job of thekey animators to create the basic personality of the character and fit its motioninto the rigid timing constraints of the storyboard and exposure sheets. Thesekey-frame drawings, together with exact timing information, are then given tothe assistant animators or inbetweeners. These artists fill in the missing framesby interpolating between the key frame drawings. The completed pencil-drawnframes are then filmed and viewed to check the animation for any mistakes orartistic problems. This preliminary film is called the pencil test.Once the drawings have passed the pencil test, they are sent to the clean-upartists, who trace them onto a new sheet of paper with a single clean outline toreplace the rough sketches and construction lines of the animators. Thesecleaned-up drawings are transferred to sheets of clear acetate, which are calledcels. This transfer was done originally by hand tracing the cleaned-up drawingdirectly onto the cels in ink, using a brush or pen. Later this was donemechanically using a photocopy process directly onto the acetate. The cels arethen colored in by painting the reverse side with acrylic paints, resulting infinished cels.These cels are then sent to the camera operator, who layers them on top of thebackgrounds created by the background artist and photographs them insuccession. This stage can become quite elaborate with multiple layers of cels and

4multi-plane cameras to simulate a kind of perspective. The processed film is thenedited together to form the final film master.1.3.2.Principles of Character AnimationThe Animators of the Disney studio did not just develop a production process.They also developed a stylistic idiom for the new art-form of animation. Some ofthe essence of this style can summed up in a list of general principles of characteranimation which were presented for the computer graphics community by JohnLasseter [Lasseter 87, 89]:¥Squash and Stretch -- Defining the rigidity and mass of an object bydistorting its shape during an action.¥Timing -- Spacing actions to define the weight and size of objects and thepersonality of characters.¥Anticipation -- The preparation for an action.¥Staging -- Presenting an idea so that it is unmistakably clear.¥Follow Through and Overlapping Action -- The termination of an actionand establishing its relationship to the next action.¥Straight Ahead Action and Pose-To-Pose Action -- The two contrastingapproaches to the creation of movement.¥Slow In and Out -- The spacing of the inbetween frames to achieve subtletyof timing and movement.¥Arcs -- The visual path of action for natural movement.¥Exaggeration --- Accentuating the essence of an idea via the design and theaction.¥Secondary Action -- The action of an object resulting from another action.¥Appeal -- Creating a design or an action that the audience enjoys watching.Some of these style principles are influenced by the hand-drawn medium itself,but many are independent of the medium and could be equally applied tocomputer animation. One goal of computer character animation therefore is tomake these stylistic principles available in the computer medium, only with theaddition of advantages one would expect from a computer such as ease of use,quick visual feedback and iterative editing capability.Character animation styles themselves varied considerably, forming a spectrumfrom pure caricature on the one hand (e.g. anthropomorphizing inanimateobjects such as trees or cars), through natural-looking but non-the-less talkinganimals, to realistic portrayal of the moving human form. The first importantexample of this style of human animation was Snow White in the movie SnowWhite and the Seven Dwarfs, and it is notable that Disney was forced to base

5many of her movements on live-action footage to make it convincing enoughfor his standards.1.3.3.LimitationsA natural question to ask is: why does this traditional animation process need tobe computerized? There is a legitimate concern that the computer will removemuch of the creative aspects of the process. The answer, in my opinion, is thatthere are several important limitations of the traditional process. Theselimitations are not only economic, but also creative. First of all, the sheer amountof labor required in the traditional process can be economically prohibitive: goodanimated films are simply not getting made because they are too expensive. Oneattempt to deal with this problem is to export the labor-intensive portions to low-wage countries. Computerization could therefore be a way of increasing theefficiency of animation workers and making animation production more globallycompetitive. Secondly, the slow turn-around time and large number of handsthrough which a simple animated sequence must pass make it difficult for acreative animator to get the kind of immediate feedback necessary for a trulyiterative artistic process. The computer therefore presents the possibility for theanimator to immediately see the finished results of his work. By reducing thenumber of people required, more individual creativity becomes possible. Withthe computer, it may even become possible for a single person to create an entirefeature film by himself. This alone could bring about a significant stylistic changein the medium.Studying the traditional animation production process is important for thedevelopment of new computer animation techniques for two reasons. First of all,the computer techniques can be very similar to the traditional ones and in factare often modeled after the traditional ones. Computer graphics modeling isalways searching for metaphors to make the abstractions of the subject moreaccessible and the traditional techniques provide just such metaphors. Secondly,it seems fairly certain that the introduction of computer techniques to thecommercial animation industry will continue to be more an evolutionary thanrevolutionary process. Although there is already a niche within the industry fortotally computer generated animation, computerization of the mainstreamanimation production process has taken, and will continue to take, the form of astep-by-step encroachment onto its various stages, normally replacing the mosttedious and least creative ones first.1.4.Computer Animation

1.4.1.Computerizing Traditional AnimationTo take a look at just how much computer techniques have already taken hold inthe industry, let’s start with a non-computer technology that immediatelyreplaced one stage in the traditional process in the 1960s: xerography. Thiseliminated the need for hand-tracing drawings to cels. Later, in the 1970s, videopencil-test systems speeded up the feedback loop to the animator and all buteliminated the need to shoot pencil tests on film.

6By the nineteen eighties, two computer graphics techniques became well enoughestablished and understood that they could start to be applied to the traditionalanimation process. First, two-dimensional image processing and frame-buffertechniques became of sufficient quality that drawings or even live-action filmcould be digitized, manipulated on the computer, and then output directly tofilm. This presented the possibility that the latter stages of the animation process,such as ink-and-paint and camera work, could be computerized. Secondly, theability of the computer to render and animate rigid polygonal bodies from anycamera angle became well-established. This offered the potential for certain typesof static backgrounds, such as architecture, to be completely generated on thecomputer, as well as certain types of foreground objects such as cars, spaceships,etc. These could either be output as pen-plotted line drawings for photographingon a traditional animation camera stand, or composited directly with digitizeddrawing on a computer paint system.With the release of Disney’s Beauty and the Beast, we can see that at thebeginning of the nineteen nineties both of these aspects of computerization havebecome accepted. This was the first Disney animated film to be colored in anentirely paintless system. All line drawings were inked in by hand and thendigitized, into the computer paint system. From that point on, all coloring,compositing of images, and image-processing effects were done on the computerand then output directly to film. In addition, several background scenes, forexample the ballroom interior, were done completely using a 3D computeranimation system.1.4.2.Totally Computer-Generated AnimationSo far, we have been talking about an evolutionary approach to computerizationof the animation industry. There is another, more revolutionary approach tocomputer animation: the completely computer-generated animated film. Theidea here is to work completely within the creative limits of the computer as amedium, and perhaps to generate a new kind of aesthetic in the process. This sortof computer animated film has existed since the 1970s, especially in the areas ofexperimental animation, with such pioneers as Larry Cuba and the kind of workfostered by the National Film Board of Canada.Initially, these films would take advantage of what the computer could do best,focusing on geometrical shapes and simple two-dimensional shape interpolationand inbetweening techniques. Commercially, the completely computer-generatedfilm (or video) achieved its fame and seemed to find its niche with the notorious"flying logo" sequences on television. This took advantage of something that 3Dcomputer animation could do very well: rigid body and camera motion. It has, infact, achieved its own sort of aesthetic based on the grace and smoothness of largeglittering objects in motion.Totally computer generated 3D animation entered the field of Disney-typecharacter animation with short films such as Pixar’s Luxo Jr. and T h e Adventures of Andr� and Wally Bee, which were animated by a traditionally-trained animator, John Lasseter [Lasseter 87]. Luxo Jr. used an articulated figure ofrigid objects to animate a Luxo lamp, demonstrating that, by using the stylistic

7principles of traditional animation, it is possible to make a photo-realistic, rigidobject come to life and be appealing. At the other end of the spectrum of realism,the film Rendevouz � Montr�al demonstrated 3D character animation. in theform of realistic human animation using synthetic actors [Thalmann 87], while amore caricatured type of human animation was displayed in the film Tony dePeltrie [Bergeron 86].The state-of-the-art in 3D character animation by computer is now perhapsembodied in a subsequent Lasseter film for Pixar, which won an academy award,called Tin Toy. This film featured a somewhat successful attempt to animate ahuman baby with deformable skin. As a result of its success, this film serves tohighlight not only the successes of 3D character animation to date, but also itslimitations.1.5.Summary of Thesis

This thesis will review these successes and limitations in a survey of the currentstate of the art in 3D character animation. It will also present some of the latestmodeling and animation techniques, in particular, interactive 3D graphics andphysically-based modeling. It will then go on to identify some of the specificproblems with current 3D character animation and how these can be approachedthrough the use of layered elastic models, which utilize physically-basedmodeling techniques. An original layered elastic model, the elastic surface layermodel, will then be presented, followed by a description of its implementationusing the LEMAN animation system which was designed and programmed bythe author.