92.3D CharacterAnimation

Movement results not only from physical structure of thecharacter, but from its higher-level control as well.Animated characters are modeled after real-life animalsor humans who are composed of both rigid interiorskeletons and deformable exteriors. Articulated figureanimation techniques are well-developed and can modelthe skeleton quite well, while deformable surface modelsfor the skin are more complex and have not been assuccessful. Layered construction techniques attempt tocombine these two approaches.2.1.Introduction

Before we can start to animate characters on the computer, we must firstexamine the nature of movement itself and consider what aspects of acharacter we wish to move in order to bring about an appealing animation.Any real human or animal character moves in an extremely complex andsubtle manner, resulting from a number of underlying causes. First, from apurely mechanical point of view, the character motion is a directconsequence of the geometrical and physical structure of its componentsand their various physical properties. This illustrates the stronginterdependent relationship between modeling and animation. Thestructure of our character model will determine to a large degree itsmotion when animated.In addition, this passive motion is under the control of a active muscleswhich themselves are controlled by a nervous system and brain. Not onlydoes this active nervous system control use feedback based on multi-sensory input, but it also has "intelligence", making decisions and planningtasks based on some sort of internal model of the external world. When

10dealing with animated as opposed to real characters, we are confrontedwith another cause of animated movement: the artistic intent of theanimator. In other words, animated characters don’t just move according tophysical or behavioral laws, they move the way the animator wants themto move. What the animator wants is very much dependent on his creativepersonality, artistic style and aesthetics, but it also has an objectiverelationship to the human visual system. For example, we humans areunusually good at recognizing and discriminating the motion of human andanimal figures, and human facial expressions, so any imperfection orexaggeration of these aspects will naturally provoke a strong response inthe viewer.2.1.1Model StructureA central problem in 3D character animation is model structure: what kindof a computer model do we build? One extreme approach is to build asphysically realistic a model as possible of a real human or animal character.Although this is an important avenue of research, for animation as well asfor other fields such as medical graphics, it is not practical for acommercial, entertainment oriented animation system. Not only would sucha system be too complicated and inefficient for interactive work, but itwould also be too limiting for a creative animator. Animation, howeverrealistic appearing, is, like any representative art form, an abstraction ofreality. The nature of the abstraction is a combined result of the limits ofthe medium, the structure of the human visual system, and the stylisticintent of the animator. To determine a useful structure for 3D characters,we therefore must find an appropriate set of computer graphics modelingtechniques which can be put together in a way that emulates real-lifecharacters, but is efficient enough to be used interactively and is flexibleenough to allow artistic control.A way to approach this problem is to start with a simple structural modelof a 3D character which can move in simple ways, and then refine it toincorporate more sophisticated kinds of motion. The simplest type ofstructure from an animation point of view is a rigid body. The mathematicsof rigid bodies is well-defined and any type of solid or surface modelingtechnique that is affine invariant can be animated using rigid body motionsimply by rotating or translating the coordinate system in which it isembedded. This forms a good starting point for animating characters, andallows us to control the large-scale motions of our charactersindependently of the details of their model or of their small-scalemovements.

11The next level of refinement is to view the character itself as a collection ofconnected rigid bodies, called an articulated figure. Articulated figures areone of the most successful and developed areas of 3D character animationnot only because real-life character motion depends so much on theunderlying skeletal motion, but because the mathematics of such structuresis well-developed. Furthermore, our visual system is so attuned to themotion of articulated characters, that even a simple stick figure skeletoncan be very convincing if its motion is well designed. So, the animation ofarticulated figures forms a well-defined area of research in itself.Articulated figures of rigid bodies will always look mechanical and robot-like, regardless of the techniques used to model their links, so the nextlevel of refinement is to take a layered approach, in which an interiorskeleton, containing many joints, is used to move a single exterior skinsurface such that there is a smooth deformation at the joints. This problemis an active area of research, and one approach to it will be presented insubsequent chapters.A final step in the refinement of 3D character models is to recognize thatsurface deformations result not just from skeletal motion but also frommuscle movements, environmental forces, collisions with external objects,and the whims of the animator. In order to implement these movements,we turn to global space deformation, local surface deformation andphysically-based techniques.2.1.2Model ControlSelection of an appropriate model structure gives us a 3D character modelwhich is constrained to move in a physically realistic (or at leastacceptable) way. It also gives us a set of appropriate low-level numericalparameters (for example the joint angles) which can be varied to animatethe character over time. What the structure does not contain is anyrepresentation of the nervous system of the character which makes itmove. The passive model structure is therefore like a puppet without apuppeteer. To make the puppet move in an appealing and natural way, asthough it had its own intelligence, it is necessary to build higher levels ofmotion control on top of the low-level parameters.As we move from lower-level to higher level aspects of motion control, theproblem becomes increasingly complex, not only because the task itself iscomplex, but also because we really don’t yet understand the behavior ofneural motor control. We also get more into the domain of what theanimator would consider to be the creative and artistic aspects of characteranimation. Some animators would like to be able to issue a simple, task-

12level command to a character such as : "walk over there!", while otherswould prefer to work at a lower level in order to control the manner of thewalk. An ideal animation system would allow the user to work at any level.Zeltzer, in fact, defines a continuous spectrum of control levels with "task-level" at the top and "machine level" at the bottom [Zeltzer 90]. Ananimator can therefore work at whatever level he is most comfortable.If 3D character animation techniques are going to be successful and beaccepted by professional animators, we need to identify those low-levelareas of the motion control process which the animator considers to be themost tedious and least creative and attack them first, moving onprogressively to higher levels of control. Two of these "lower-level" higher-level control techniques are inverse kinematics, and constrained dynamics.2.2.3D Modeling

The recent advances in interactive 3D graphics have been fueled by theincreased hardware capabilities of graphics workstations. In fact, a newtype of computer, the 3D Workstation, has been identified which specializesin being able to render complex objects in three dimensions, with lightingand texture mapping, at interactive speeds. These machines can beequipped with multidimensional input devices and can be made to drivevirtual reality devices such as Data Gloves and Eyephones. An even newertype of workstation has been defined: the multi-media or digital-mediaworkstation, which builds in such capabilities as digital audio, digital videoand CD-ROM access. Such machines present the possibility of bringingtogether all forms of electronic media in one integrated environment.It is important to distinguish between three-dimensional display devices,most of which use stereo viewing techniques, and 3D graphics, which canbe rendered using stereo output devices but which is generally renderedon flat two-dimensional screens. What distinguishes 3D from 2D graphics isthat 3D graphics uses three-dimensional models of the world, upon whichall operations are performed except for the final rendering stage when it ismapped, using a perspective transformation, onto the two-dimensionalscreen.The advantage of this is not only in rendering, where illumination modelscan be used to heighten a sense of realism, but also in modeling, becausethe world can be manipulated in its entire three dimensions. Since the realworld in which we humans operate is a three-dimensional one, the user aswell as the programmer can bring their real-world intuition to bear on the

13problem. With 3D input devices, this can be enhanced to use our three-dimensional motor skills to manipulate 3D objects interactively.The addition of the third dimension, however, considerably complicates thesubjects of both rendering and modeling. Interaction techniques, inparticular, become more varied and the mathematics required becomesmore sophisticated. The mathematics used in 3D computer graphics isgenerally based on the subjects of linear algebra, three-dimensionalcalculus and differential geometry. There are some particular techniquesused by the computer graphics community, which will be outlined here.2.2.1Vector and Affine SpacesVector spaces can be defined very formally as a set containing elementscalled vectors with certain operations defined on it, such as addition andscalar multiplication, which must have certain properties, such ascommutivity and associativity. Intuitively, we can think of three-dimensional vectors as arrows in 3D space with a magnitude and directionwhich can be decomposed into three elements. Given a coordinate origin,vectors can therefore be used to represent points in space by their offsetfrom the zero coordinate origin. This can be misleading, however, becausepoints and vectors are not the same thing. In particular, points can not beadded together or multiplied by a scalar and there is no such concept as azero point because there is no preferred location in geometric space.Points in space can in fact be defined to belong to something called anaffine space [Foley 90]. Most of the operations associated with a vectorspace are not defined in an affine space. However, it is possible to take thedifference between two points of an affine space, which yields a vector,and to add an affine point to a vector which yields another affine point.This distinction between vectors, which belong to a vector space, andpoints, which belong to an affine space, is very important in 3D computergraphics.2.2.2Homogeneous VectorsThis distinction has been incorporated into the mathematical techniques ofcomputer graphics through the use of homogeneous coordinates, which arenow the standard way of representing points and vectors for computergraphics. Homogeneous coordinates represent 3D points and vectors assubspaces of a four-dimensional vector space. The fourth coordinate,usually called w , is set to the value 1 for points, and to the value 0 forvectors, so points form an affine 3D subspace of the 4D homogeneous space,while vectors form a vector subspace. It can easily be seen that the

14difference of two points will form a vector with w = 0, while adding twopoints is meaningless since w is no longer 1.2.2.3Homogeneous TransformsThe real power of using homogeneous coordinates, however, comes whentransforming coordinate systems, which is done frequently in computergraphics. These transformations usually involve both a translation and arotation, as well as scaling and shear, and are called affine transformations.Although these operations can be maintained separately, by using 4x4homogeneous transform matrices, it is possible to represent all of theseoperations in a single matrix. These operations can then be composited byusing ordinary matrix multiplication, so that the result of many suchtransformation operations can be combined into a single matrix.Unfortunately, much of the computer graphics community has adopted astandard different from almost all previous use of matrix transforms in thefields of mathematics, physics and robotics, by representing vectors asrows and post-multiplying matrices rather than using column vectors andpremultiplying matrices. A point in a local coordinate system is thereforetransformed to a global one by post-multiplying it with the local-to-globaltransformation matrix:

pglobal = pM transform

For affine transformation this can be expressed as:

pglobal = p1 p2 p3 1

[ ] M_{11} M_{12} M_{13} 0 M21 M22 M23 0

M31 M32 M33 0 t1 t2 t3 1

where

t1,t2,t3

are the translation component of the affine transformation.The 3x3 submatrix

Mij

represents the concatenation of a scaling, a shearand a rotation operation. It is a pure rotation for that subset of affinetransformations known as rigid body transformations. The

Mij

matrix canbe decomposed into its component operations as follows:

M = s1 0 0

0 s2 0

0 0 s3 1 h12 h13 h21 1 h23 h31 h32 1 R11 R12 R13 R21 R22 R23

R31 R32 R33

15where

si

are the scaling factors,

hij

are the shearing components, and

Rij

isthe general rigid body rotation.A non-affine transformation which can also be expressed as ahomogeneous matrix is used to calculate the perspective transformation foran observer on the z axis viewing a scene projected on the x-y plane from adistance d:

1 0 0 0

0 1 0 0

0 0 1 − 1 d

0 0 0 1

This transforms points into a distorted "clipping" coordinate space wherethe z-axis now represents distance from the eye or depth.2.2.4Hierarchy3D graphics models can become very complicated, often involvingthousands or even millions of polygons. An important modeling issue,therefore, is how to manage this complexity effectively. One of theprincipal techniques for dealing with this problem is to organize modelsinto hierarchies. The basic form of modeling hierarchies is a tree datastructure, however, this can be augmented using multiple referencing tomake a directed acyclic graph or other more complicated structures.2.2.5Transformation HierarchiesThe most important use of hierarchical representations is to organizetransformations between coordinate systems. This type of transformationalhierarchy can be described as an n-ary tree of nodes with a homogeneoustransform matrix at each node. The matrix represents the node’s localcoordinate transformation with respect to its parent, that is, multiplying apoint by this matrix will transform it from local coordinates into thecoordinate system of its parent. Every node can therefore store itsgeometric information it its own local coordinate system, which does notchange even if the node is moved to a different location in the hierarchy.The global coordinates of the geometric information can then be calculatedby walking up the hierarchy to the root node, concatenating each localmatrix to form the final local-to-global transformation matrix. Multiplyingby this matrix will then transform a local coordinate point into a globalcoordinate one.

16One way to visualize this process is to draw a coordinate system diagram asa graph with nodes representing coordinate systems and arcs representingtransformations. Moving along an arc is equivalent to multiplying by thatarc’s transformation matrix and moving backwards along an arc isequivalent to multiplying by the inverse transformation. This provides apowerful technique for organizing large assemblies of rigid bodies. It isparticularly useful for interactive 3D graphics because it allows us tomanipulate the transformations at any point in the hierarchy and thereforereposition all of its descendants at the same time.2.2.6Directed Acyclic GraphsAn extension to the strict tree structure is to allow nodes to be multiplyreferenced, although not by their own descendants. This results in adirected acyclic graph structure or DAG. This can be useful for representinglarge assemblies with many identical components: each instance of thecomponent is just a multiple reference from a different node. As amodeling technique, this can have its difficulties since there is no longer aone-to-one correspondence between visual object and node. It also canpresent some implementation problems and normally a DAG node structuremust be "unrolled" into a tree structure before rendering.A simpler use of the DAG structure is to limit multiple referencing to other,non-hierarchical data such as color, material, and shape. This allowssharing of certain frequently-used attributes without the complexities of afull DAG hierarchy.2.2.7Attribute InheritanceThe defining feature of hierarchical modeling which makes it so useful forcomputer graphics is inheritance. When a node is attached to a parentnode, it "inherits" the coordinate system of its parent. Other attributes of anode can be inherited as well such as color, material, texture, visibilitystatus, or other more domain-specific attributes of the model. A standardway to do this is to implement these attributes as pointers to a datastructure. If the pointer has a null value, it is considered to be undefinedand the attribute will therefore be inherited from the node’s parent. In thisway, for example, "colorless" nodes can be moved from one parent toanother, taking on the color of each parent in succession.2.2.8CopyingThe use of a DAG structure has an important relationship to the issue ofcopying. Multiple referencing a single data structure provides a powerful

17alternative to copying it, especially when it is necessary to go back andchange the structure later. With attribute inheritance, it is possible to haveeach reference displayed with different attributes. However, if it is desiredto change the internal (i.e. non-inherited) attributes of one "incarnation" ofthe referenced structure but not the others, it is necessary to make a copy.2.3.Elementary 3D Motion Control

Much of the success of early three-dimensional animation of the flyinglogos variety is due to ease and simplicity of moving rigid bodies in threedimensions. There are some subtleties to the subject, however, which isreferred to as three-dimensional motion control.2.3.1Rigid Body MotionSince the positions of three-dimensional objects in 3D graphics are usuallyspecified using 4x4 homogeneous transform matrices, the simplest way toanimate them is just to make the components of the matrix functions oftime, or of interactive input. This can work well for the translationcomponents of the transformation matrix, because they are independent ofthe other components and of each other. The position of the rigid body cantherefore be controlled quite easily simply by controlling these elements ofthe transform matrix.For the rotation components, however, this is not quite so simple. Since arotation in space requires no more than three components in itsrepresentation, the nine upper-left components of the transform matrix areinterdependent, containing as they do scaling and shear components whichare not used for rigid body transformations. It is therefore necessary toparameterize rotations in a more fundamental way so that they areindependent of each other. The traditional way to do this is by Euler angles.Euler proved that any orientation in space could be represented by a singlerotation about an arbitrary axis, and that this rotation is equivalent tothree successive rotations about the x, y and z axes. An arbitrary rotationin space can therefore be parameterized by these three angles.This parameterization of rotation space has at least two problems [Watt92]. The first, known as gimbal lock, occurs when the second parameterangle (y roll) is set to 90 degrees. In this situation, which is a singularity inthe parameterization, a degree of freedom is lost and not all rotations canbe represented. The second problem with Euler angles concernsinterpolation, which is an important property for motion control. Since thethree Euler angles are not truly independent parameters in rotation space,there can be more than one way to represent a single orientation and more

18than one way to interpolate between successive orientations. Interpolatinga motion between two successive orientations by simply linearlyinterpolating their Euler angles, as though they were Cartesian coordinates,will generally result in a contorted motion and not the smooth rotationabout a single axis that one would expect from Euler’s theorem.Furthermore, this motion will depend on the orientation of the coordinatesystem.A solution to this problem, which was developed originally for spacecraftorientation control and later introduced to the computer graphicscommunity by Shoemake [Shoemake 85] is to represent rotations by unitquaternions. Quaternions were developed by Hamilton in the 19th centuryas an extension of imaginary numbers into three dimensions. Just asimaginary numbers are well suited to represent certain kinds of one-dimensional cyclic phenomenon (such as waves), it turns out thatquaternions are well suited to represent cyclic rotations in three-dimensions.Mathematically, a quaternion is defined as a number which is the sum offour components:

q = a +bi +cj + dk

where a, b, c and d are scalars and

i2 = j 2 = k2 = − 1 ij = − ji = k jk = − kj = i ki = − ik = j

A more useful notation for computer graphics is

q = (s,v)

where s is a scalar and v is a three dimensional vector

(s,v) = s +vxi +vy j +vzk

The product of two quaternions is another quaternion and can be shown tobe:

q1q2 = (s1s2 − v1 ⋅v2,s1v2 + s2v1 + v1 × v2 )

And the magnitude of a quaternion is defined as:

q_2 = s_2 + v_2

Since quaternions form a four-dimensional space, unit quaternions lie onthe three-dimensional surface of a unit hypersphere which can representthe space of possible 3D rotations. It can be shown that multiplication ofunit quaternions corresponds exactly to a rotations in three-dimensionalspace. Unlike rotation matrices, the four quaternion components can beinterpolated, resulting in a smooth rotation from one orientation to thenext. Since unit quaternions lie on the surface of a four-dimensionalhypersphere, linearly interpolating the quaternion components will resultin non-unit quaternions so spherical interpolation must be used.2.3.2Scripting vs. Interactive SystemsOnce we have a set of parameters with which to control the rigid body, itbecomes necessary to specify exactly how each of these parameters willchange in time. Since early computer animation systems were notoriouslynon-interactive, it became common to design a scripting language withwhich to specify the motion parameters. The entire animation can then becreated by writing an animation script. Parameters can be directlyspecified as functions of time, or as results of more complicated algorithms.Examples of script based systems are ASAS (Actor Script AnimationSystem) [Reynolds 82] which is a Lisp-like language, MIRANIM [Magnenat-Thalmann 84] which uses an extension of Pascal called CINEMIRA, theobject-oriented Clockworks system [Breen 87] and SOLAR [Chua 88].The advantages of script-based systems are ease of implementation, since asimple parser is just about all that is necessary for input handling, and ifthe scripting language is general enough, almost unlimited flexibility. Thedisadvantages are the lack of immediate feedback and sense of directmanipulation that are the hallmarks of interactive systems, and virtualinaccessibility to anyone who is not a computer programmer.As the performance of graphics workstations has improved, scriptingsystems are giving way to interactive animation systems. Interactiveanimation systems are usually more intuitive to understand and moreaccessible to non-programmers, who are ultimately likely to be the endusers of commercial animation systems. They can be very difficult toimplement, however and, since they are non-symbolic, they are generallynot as flexible as script-based systems. Practical systems should allowsome combination of both approaches to animation, and Zeltzer has defineda continuous spectrum of interactivity ranging from purely interactive"guiding" to purely script-based "programming" [Zeltzer 90].

202.3.3Key Frame AnimationInteractive systems therefore need some kind of model or technique foranimation which can be parameterized in such a way that theseparameters can be easily and intuitively manipulated in an interactiveenvironment. The most common technique used for animating rigid bodiesis key-frame animation. The term comes directly from the traditionalanimation process of drawing key frames which are then in-betweened. Inthis case, the user of a key-frame animation system is considered the keyanimator. Rather than drawing the key frames, he instead places the rigidbody into key positions and orientations, and the computer calculates theinbetween positions automatically.Interactive key frame animation requires at least three proper componentsto be effective: an appropriate set of parameters to key on (unlike, forexample, Euler angles), an interpolation method for calculating the valuesof the inbetween frame parameters, and an interactive technique forsetting the key parameter values, that is, placing the object into its keypositions. For rigid body motions, the three Cartesian coordinates forposition and the four quaternion coordinates for orientation form anappropriate parameter set. The various interactive techniques, such as thevirtual trackball and spaceball input devices can be used by the animatorto specify the key-frame positions. The remaining problem is to determinea method for interpolating the inbetween values of the parameters. Thesimplest and most intuitive way to do this is straightforward linearinterpolation: the difference between two adjacent key parameters isdivided by the number of inbetween frames to determine the parameterincrement for each frame. Linear interpolation does not usually givesatisfactory results, however, because of discontinuities at the key values,and usually it is necessary to compute a smoother curve between the keyvalues.2.3.4Spline InterpolationFortunately, the problem of interpolating smooth motions in space is almostidentical to the problem of interpolating smooth curves in space. In fact, ifa space curve is represented parametrically, the curve parameter mapsdirectly onto time in the motion curve. The mathematics of interpolatingsmooth curves, called splines, through points in space, called control points,is well developed, and can easily be generalized to any number of degreesof freedom, although for interpolating orientation, special quaternionsplines must be used. In this section we will see how splines has beenadapted for motion control.

21There are an immense variety of spline curve techniques that have beendeveloped by the computer graphics community for interpolating orapproximating control points. It was shown by Duff that many of these, inparticular local splines of degree n, can be characterized by a system oflinear equations written as a matrix [Duff 86]:

SM(t +i) = tn− jk=0s− 1∑j=0n∑ MjkPi+k 0 ≤ t <1,0 ≤ i < m− 3

where

SM(t)

represents the parametric curve as a function of the parametert,

Pi

is a set of m control points, and

Mjk

is the spline matrix, the values ofwhich represent the type of spline. In the case of cubic splines, which arenormally the most useful type, this formula reduces to:

SM(t +i) = t3 t2 t 1 [ ]M PiPi+1Pi+2Pi+3 0 ≤ t <1,0 ≤ i < m− 3

2.3.4.1.B-SplinesThe most popular type of spline in use is probably the Cubic B-Spline, anda variation on it, the Non-Uniform Rational B-Spline (NURBS), is becomingan industry standard. B-Splines exhibit a number of desirable propertieswhich justify their popularity such as affine invariance, local control, and

C2

continuity. However, they do not generally interpolate their controlpoints, so it is necessary to find a second set of B-Spline control points thatwill generate the desired interpolating curve. There are several techniquesfor doing this.2.3.4.2.Hermite SplinesThere are other types of spline curves, however, that do interpolate theircontrol points, and these have been used successfully for key-frameinterpolation. Hermite splines, which use the Hermite basis functions,interpolate their control points and are controlled in addition by ingoingand outgoing tangents at each point. Hermite spline curves between anytwo control points can be represented in matrix form as follows:

22_{SHermite(s) = s3 s2 s 1[ ] 2 − 2 1 1− 3 3 − 2 − 10 0 1 01 0 0 0 PiPi+1DiDi+1 0 ≤ s <1}where s is the parametric coordinate,

Pi

and

Pi+1

are the endpoints of thecurve segment and

Di

and

Di+1

are the tangent vectors of the curve at theendpoints.2.3.4.3.Kochanek-BartelsA variety of interpolating spline curves can be derived from the Hermitespline by using different values of the incoming and outgoing tangentvectors. One way of determining the tangents is to average the sourcechord with the destination chord , resulting in the Catmull-Rom splinewhich is defined as:

Di = 12(Pi+1 − Pi− 1)

Another parameterization, called the Kochanek-Bartels spline, wasdeveloped specifically for animation purposes [Kochanek 84]. This splinespecifies the curve shape in terms of three parameters: bias (b), tension (t)and continuity (c). These parameters control the ingoing and outgoingtangents of the Hermite basis spline segments at each point as follows:

Di = 12(1− t)(1− c)(1+b)(Pi − Pi− 1)+ 12(1− t)(1+c)(1− b)(Pi+1 − Pi )

Di+1 = 12(1− t)(1+c)(1+b)(Pi+1 − Pi )+ 12(1− t)(1− c)(1− b)(Pi+2 − Pi+1)

and can be controlled globally or locally. The tension parameter controlsthe straightness of the line segments between control points. Curves withincreasing tension will approach their control polygon. The bias parametercontrols the degree of undershoot or overshoot of the curve as it passesthrough the control point. The continuity parameter controls the degree ofinward or outward "kink" of the curve at the control point. These threeform an intuitive set of parameters which can be tuned by the animator tocontrol the manner in which the curve interpolates the control points.2.3.5Time ParameterizationA serious problem with using splines for interpolating motion is that,although it is possible to have good control over the shape of the curve in

23space, it is very difficult to control the speed at which the curve istraversed in time. Kochenek-Bartels splines allow a certain amount oftiming control by adjusting the tension and continuity parameters, but thisis limited because the parametric coordinate which determines the splinevalues does not necessarily represent anything physical about the curve.To make this coordinate represent an actual distance in space, we mustreparameterize it in terms of arc length. This is not a trivial problem, andusually has to be done numerically. Once we have a function relating splineparameter to arc length, it is possible to control the speed (i.e. magnitude ofthe velocity) of the motion along the curve, by creating a velocity curve.Although arc length is a useful concept for Cartesian space, it is notnecessarily an important metric for controlling animation of otherparameters. Steketee and Badler developed a technique called the doubleinterpolant method in which a one-dimensional spline, called a kineticspline, provides a mapping from the time coordinate into the positionspline coordinate, referred to as key-frame number [Steketee 85]. Thisallows the overall geometrical path to be controlled fairly independently ofthe velocity curve.2.3.6ApplicationsBy key framing the three position and orientation parameters, and theninterpolating these values using spline curves for the position parametersand quaternion splines [Pletincks 89] for the orientation parameters, it ispossible to build an interactive system for animating rigid bodies: theobject is positioned and oriented interactively using, for example, aspaceball input device, and a key frame is recorded. This process isrepeated until all the key frames have been recorded at which point themotion sequence can be played back. Key frames can be edited, insertedand removed, and the kinetic curve can be specified using a two-dimensional spline editor. If we are using Kochenek-Bartels splines, thetension, bias and continuity parameters can be adjusted and fine tuned asthe motion is being played back, and the entire process can be conducted inan interactive way.This technique can be applied to any of the transformations in a generalmodeling hierarchy, resulting in hierarchical motion control. Rigid bodymotion control works very well for animating flying logos in space or forcontrolling the overall motion of more complicated characters. For example,if a bird character is required to fly through the air and flap his wings, themotion of the bird’s center of gravity could be animated with a key frametechnique, while another technique is used to animate the wings on astationary bird.

24It is perhaps most useful for animating the virtual camera, which can bethought of as a rigid body as well. So, key-frame animation can be used toanimate walk-throughs of architectural or other static scenes as well.Several popular commercial animation systems such as Wavefront andAlias use this kind of technique.2.3.7Multi-Track AnimationThe key frame interpolation technique can be extended beyond rigidbodies to animate any parameter of a graphical model. For example, thecolor, size, or shape parameters of an object can be key framed. Manyanimation systems allow virtually any floating point parameter of themodel to be animated in this way, such as CINEMIRA’s MUTAN system[Fortin 83], and the Twixt system [Gomez 84].Just as transformations can be arranged in hierarchies, motion splines canbe placed in hierarchies. An example of this type of motion splinehierarchy can be found in the Animator system, described in [Gobbetti 93].Any node in the hierarchy can be interactively animated along a splinecurve using a type of interpolating spline, C-splines [Duff 86], resulting incomplex, hierarchically-controlled motions of the leaf nodes in thehierarchy. This type of hierarchical animation, however, is generally tooflexible and difficult to control for use in character animation2.4.Articulated Figures

One of the interesting things we notice, when contemplating the animationof anthropomorphic characters, is that characters display two opposingcharacteristics: they act, in some respects, as flexible and deformableobjects, and in other respects, as collections of rigid bodies. This fact is aresult of the endoskeletal construction of vertebrate animals. Wevertebrates are made, in fact, of a soft exterior surrounding a rigid interior.Since rigid bodies are easier to animate than deformable ones, and sinceearly display devices could only display simple line drawings at interactiverates, it is not surprising that the first attempts at 3D character animationhave focused on rigid articulated figures.Articulated figures are collections of rigid bodies which are connectedtogether in hierarchies so that their motion is constrained. These rigidbodies are called links, and they are attached together in such a way thatthey can either rotate or translate with respect to each other. These pointsof attachment are called joints and they are categorized by whether theyare rotational or translational and the number of degrees of freedom theypossess. A ball joint, for example, possesses three degrees of rotational

25freedom, while a single bearing possesses only one. In practice, multi-DOFjoints can be composed of several single-DOF joints, so we only have toconsider two types of joint: rotational or revolute and translational orprismatic. A simple type of articulated figure is an articulated chain, whichconsists of a base connected to an end-effector by a single chain of links.2.4.1RoboticsThe mathematics of articulated figures, particularly articulated chains, wasdeveloped initially for the study of robotics but has since been taken up bythe computer animation community for representing skeletons. Denavitand Hartenberg developed the first matrix formulation for representing thekinematics of articulated chains and a notation, DH notation, for describingit. In DH notation, which can be thought of as link-based, each link isrepresented by four parameters, q, d, a, and a, which represent the jointangle, distance from the origin, offset distance, and offset anglerespectively [Fu 87]. The relations between links (i.e. the joints) can thenbe represented using homogeneous 4x4 matrices (unfortunately forcomputer graphicists, using column vectors rather than row vectors).Forward kinematics calculations can therefore be made simply byconcatenating these matrices in the same manner as computer graphicstransformation hierarchies.2.4.2SkeletonsThe theory of articulated figures was eventually adapted for computergraphics in order to represent the skeletal motions of humans, animals andanimated characters, because the human and animal skeleton can berepresented very well by such a structure. Stick figures of humans weredemonstrated early as 1970 by Withrow [Withrow 70] and several simplehuman models were developed for industrial ergonomic studies in theseventies [Fetter 82] [Dooley 82]. Two early researchers in animatingskeletons are Norman Badler, who developed an articulated figure withspheres as links called Bubbleman [Badler 82], and David Zeltzer wholiterally animated a human skeleton (a real visualization of human bones)with 22 degrees of freedom [Zeltzer 82]. Most computer graphics work inhuman skeleton motion, however, has regarded a "skeleton" as a simplestick figure of connected joints, to which rigid body links can be attached torepresent the various body parts. The focus of research here is onachieving natural-looking or appealing joint motion, leaving the problem ofputting a flexible "skin" on the skeleton as a separate issue.When applied to 3D character skeletons, the link-oriented DH notation ofrobotics is not necessarily appropriate, and cannot handle branching

26structures well. A better approach is therefore based on joints, in which theskeleton can be thought of as a hierarchy of joints, to which links (whichare purely graphical objects) can be attached at each node. In this way, anarticulated skeleton hierarchy can be thought of as an extension to thestandard computer graphics transformation hierarchy, the extension beingthe addition of a single degree of freedom (rotational or translational) ateach node in the hierarchy. This type of articulated figure representation isreferred to by Sims and Zeltzer as axis-position joint representation [Sims88].2.4.3JointsWe can therefore integrate articulated skeletons into a traditionalcomputer graphics hierarchy by extending the hierarchical node so that itmaintains an extra degree of freedom, thereby becoming a joint. Thisrequires maintaining information about the type of joint (rotational ortranslational), its value (an angle for rotational joints), information aboutthe joint limits, and a default or rest position for the joint. Joint limits areimportant to prevent the skeleton from being placed into unrealisticpositions, while the rest position is useful for certain types of controlalgorithm. The joint also should contain a pointer to a graphicalsubhierarchy which represents the link attached to that joint.If we think of the entire hierarchical structure as a fixed, rigid body, it canbe considered to have six degrees of freedom for purposes of animation:three translational and three rotational. For each node that is made into ajoint, an additional degree of freedom is added to the hierarchy. Thesedegrees of freedom can be treated as motion parameters just as the rigidbody ones, and can be animated using the same techniques such as key-frame animation.2.4.4LinksA consequence of this separation of joint hierarchy from the links is that askeleton can be described independently of the links which populate it.This has advantages in that the same skeleton can be reused many timeswith different geometrical objects as links. In the simplest case, theskeleton can be rendered with simple lines between the joint coordinatesystem origins, resulting in a pure (in the computer graphics sense) stickfigure skeleton. A disadvantage of this separation is that it can becomedifficult to place the links in the correct positions with respect to the joints.There is nothing is the data structure guaranteeing the ends of each linkwill line up with the appropriate joints, and this must normally be assuredby the user of the system. There is no reason that the links themselves

27must be simple geometrical objects, and in general they are separategraphical hierarchies. So, the entire skeleton data structure can be thoughtof as a collection of link subhierarchies hanging off of a top level jointhierarchy.2.4.5Forward KinematicsAlthough articulated skeletons are collections of rigid bodies, we are nowdealing with a much larger number of degrees of freedom than with asimple rigid body, and the question naturally arises in animation as to howso many motion parameters can be controlled. It might seem at firstapproach that it would be fairly easy for an animator to interactivelyadjust the individual joint angles of a 3D character skeleton to achieve thedesired posture or motion, after all, this is just what our own brains dowhen we move our body. This type of control is called forward kinematiccontrol, and in practice it turns out to be quite difficult. The mappingbetween joint angle coordinate space of the skeleton and the Cartesianspace coordinates of an end-effector, for one thing, is not at all trivial orobvious. Furthermore, the actual articulated motion of a real animal orhuman results from a complex combination of physics and musclebehavior. It also turns out that we as humans are extremely sensitive tothe motion of articulated figures and, like our ability to recognize humanfaces, this seems to be a pattern recognition skill that our brains haveevolved to do particularly well. Therefore, controlling and animatingarticulated skeletons to the level of accuracy necessary to suspend oursense of disbelief is a very difficult problem.2.4.6RotoscopingOne approach to solving this problem is based on a technique that was usedin the Disney studios called rotoscoping. The traditional rotoscopingtechnique was to project successive frames of a live action film onto paperand trace over the outlines of the human or animal figures as a guide forthe animator. For purposes of animating 3D skeletons, this is modified toincorporate multiple camera views of the action, while markers are placedon the important joints of the actor. The resulting parallax views can thenbe digitized and the joint angle motion inferred from the motions of themarkers in three dimensions. This joint angle motion data can then be usedto drive a 3D skeleton of similar dimensions to the live actor.Rotoscoping has obvious limitations: every motion sequence must be filmedfirst, and the animated skeletons must conform fairly closely to the live-action ones, which does not leave very much room for creativity andcaricature. However, techniques have been developed by which some types

28of periodic rotoscoped motion data, such as walk sequences, can bemodified according to functional higher level parameters and can even bemade to meet specified constraints [Boulic 92].2.4.7Inverse KinematicsRotoscoping is generally too inflexible to be used for all but the mostrealistic forms of character animation. In order to give animators as muchcreative freedom as possible, it is necessary to use a more general purposecontrol method. Although forward kinematic control of skeleton jointangles is usually not very intuitive, specification of end-effector motion canbe a very natural way to control a skeleton. The analogy here is to apuppet or stop motion clay figure being manipulated by moving, forexample, a hand, which causes the entire arm to move accordingly. Thistype of control is called inverse kinematic control, and is the oppositeproblem of forward motion control.Inverse kinematics was also developed originally by the roboticscommunity and normally is applied to articulated chains only. It ispossible, however, to apply it to portions of a general articulated figure,and this was first done by Girard in the PODA system [Girard 85, 87] . Wecan think of the forward and inverse kinematics problem as one ofconversion between two coordinate vector spaces. We have on the onehand, joint coordinate space which is represented by a joint angle vector, q,containing the angles of each joint in the chain, and on the other hand thesix-dimensional rigid body coordinate space of the chain’s end-effector, X,containing three translational and three rotational coordinates. Theproblem of forward geometry is, for a given articulated chain, to find X asa function of q, . The inverse geometry problem is to find q as a function ofX. Since an articulated chain very often has more degrees of freedom thanthe end-effector, there can be in general many possible joint vectors thatresult in the same end effector position. The inverse kinematics problemcan therefore have an infinite number of solutions.While the forward geometry problem is quite easy to solve, simply bymultiplying together the local transformation matrices of each joint, theinverse geometric problem is a highly non-linear one, and therefore ingeneral quite difficult to solve. One simplifying approach is to linearize theproblem by considering only differential motion. If we move each jointslightly in turn, and observe how it affects the position of the end-effector,we can build up a linear mapping between differentials in joint space anddifferentials in end-effector space. This differential problem is calledinverse kinematics.

292.4.7.1.Jacobian MatrixThis linear transformation can be expressed as a matrix and is called theJacobian. It is defined as follows:

Jij (θ) = ∂Xi∂θ j

The Jacobian matrix is a multidimensional version of the derivative, theresult of differentiating a vector variable with respect to another vectorvariable, representing in its rows and columns all the partial derivatives ofthe first vector variable with respect to the other. With it we can convert asmall, differential motion in joint space into its resulting motion in end-effector space simply by multiplying the joint angle differential vector bythe Jacobian.

dX = J(θ)dθ

or in velocity terms:

Ẋ = J(θ)θ̇

where J i s a ( n o n - l i n e a r ) f u n c t i o n o f q . This is simply a differential versionof the formula for forward kinematics. What is important about this is that,now that we have a linear operation from joint angle space to end-effectorspace, albeit a differential one, we can invert the Jacobian matrix to obtainthe inverse mapping.

θ̇ = J − 1(θ)Ẋ

This means that, although we cannot solve the inverse geometric problemdirectly, we can solve the inverse kinematic problem, so that given aninitial joint angle vector, we can calculate its end-effector position and thenmove incrementally towards the desired position through velocity control.This provides a local solution and eventually a local minimum. Since it isusually more desirable for robots and computer graphics skeletons to movecontinuously from one point to the next, this is not a significant limitation.This is also well-suited for interactive manipulation of skeletons becausewith a human in the loop, it is very intuitive to interactively push an endeffector towards the desired position.

302.4.7.2.Pseudo-InverseThis formula only works, however, when the dimensions of the joint anglevector are the same as the dimensions of the end-effector coordinates (i.e.when the Jacobian is a square, non-singular matrix and hence invertable).In general, the number of joint angles is usually larger than the end-effector dimensions, so the Jacobian will be wider than it is high. Forexample, for the simplified case of a two-dimensional articulated chainwith four links, and an end effector whose orientation is not considered, wehave four-dimensional joint-angle space and a two-dimensional end-effector space. The inverse kinematic equation can then be written as:

Ẋ1Ẋ2 = J11J21 J12J22 J13J23 J14J24 θ̇1θ̇2θ̇3θ̇4

Although the inverse of a non-square matrix is not defined, it is possible totake the pseudo-inverse of such a matrix. Since the problem isunderspecified, many possible inverses could be correct, and the strategy isnormally to minimize some criterion, such as the mean squared norm. Thepseudo-inverse is designated as

J +

so the inverse kinematic problem fornon-square Jacobians becomes:

θ̇ = J +(θ)Ẋ

Numerically, the inverse kinematics problem using the pseudo-inverseJacobian method has two components: calculating the Jacobian andcalculating its pseudo-inverse. The problem of finding the Jacobian for agiven value of q is fairly straightforward and can be derived in severalways. [Watt 92], [Fu 87] and [Klein 83] describe some of them in detail.Calculating the pseudo-inverse is a standard linear algebra numericalproblem, and an algorithm can be found for it in [Press 92]. One particularproblem is handling the ill-conditioning of the solution near singularities.These regions in joint angle space correspond to chain configurations wherelinks are colinear and a small change in end-effector space can causediscontinuous changes of joint angle values. This is commonly handledusing a damped least square numerical method, details of which can befound in [Maciejewski 90].A common extension to the pseudo-inverse control method is to add asecondary task which is optimized over the null-space of the inverseJacobian. The space of all possible inverses to a non-square matrix is called

31its null-space. For an articulated chain, this corresponds to all of the chainconfigurations possible while maintaining the same end-effector position. Arobot or animated character might prefer certain of these positionsaccording to some criterion such as minimizing overall torque or avoidingjoint angle limits. This criterion is called a secondary task, and the inversekinematic formula can be extended to optimize this by modifying theequation to add an optimization criterion:

θ̇ = J +ẋ + a(J +J − I)∇ H(θ)

Where a i s a w e i g h t i n g f u n c t i o n , I i s t h e i d e n t i t y m a t r i x a n d H is a scalaroptimization criterion function to be minimized. This was first proposed byLi�gois and was used in [Girard 85]. More details on this technique can befound in [Klein 83].2.4.7.3.Skeleton PositioningInverse kinematic techniques generally only work on articulated chains. Toextend them to manipulation of general skeletons for animation purposes,it is necessary to isolate certain paths of the hierarchy and consider themto be chains. In fact, we can think of the chain as an external inversekinematic engine which can be attached at will between a joint and any ofits descendants [Watt 92]. It can be attached to extremities such as arms, orto higher-level portions of the hierarchy such as the backbone, in whichcase the non-controlled branches simply follow along as rigid bodiesattached to the controlled joints. Multiple inverse kinematic engines can beattached to separate portions of the same skeleton, for example two armscan be bound to the same end effector position so that they move inconcertOne problem with this technique is that all skeleton motion must be maderelative to the upper levels of the hierarchy, that is, the joint which ishighest level in the hierarchy must remain fixed. This often works wellbecause the highest levels in the skeleton hierarchy usually corresponds tothe center of gravity of the figure. In certain situations, most notably whena foot is fixed to the floor, it becomes more useful to interchange the end-effector and base of the chain so that, for example, the pelvis is free tomove with respect to a fixed foot. It is therefore necessary for the inversekinematic engine to be able to reverse direction or for the skeletonhierarchy to be reconfigurable so that any joint can temporarily be madethe root.In general, the inverse kinematic technique must be carefully integratedinto a general interactive skeleton positioning system to make it practical,

32and there are many situations where other more domain-specifictechniques are necessary, such as simple or higher-level forward kinematiccontrol.2.4.8Key Joint Angle InterpolationInverse kinematics can be integrated with key-frame animation in twopossible ways. The first is to specify the key positions in end-effectorspace, interpolate a curve through these points and then use inversekinematics to move the end effector to the interpolated points. This methodhas several problems, suffering in particular from the fact that thedifferential inverse kinematics solution is a result of past history, so that tobe repeatable, the entire motion sequence must be recalculated from aknown initial configuration. This can be a very CPU-intensive task and maynot be possible at interactive rates. Another problem is that this techniquecan be hard to integrate together with other skeleton control techniques,although it has been used for Cartesian-based correction of predefined jointmotions [Boulic 92].A much simpler and more practical way to animate skeletons, which wasused in the PODA system [Girard 85] is to use inverse kinematics tointeractively position the skeleton in its key positions, and then simply tointerpolate the joint angle values using interpolating splines to obtain theanimated motion. The interpolated motion can be thought of as a singlemulti-dimensional spline curve in joint-angle space. Obviously, this space isnot flat and, like interpolating Euler angles, will not necessarily result instraight end-effector motion. If the key frame positions are not too farapart in joint-angle space, however, these deficiencies are not very obviousand in practice the technique works quite well. The most notable problemswith it are when the end effector must track a moving target, such as a footon the floor, if the foot is not the base of the skeleton hierarchy.2.4.9Other TechniquesA number of other techniques exist, many of them very specialized, forcontrolling articulated skeletons. Fortunately, almost all of them use thesame type of skeleton data structure as a basis, and therefore can usuallybe easily interchanged and combined. Badler used a technique for skeletonpositioning called multiple constraint positioning [Badler 91]. The PODAsystem [Girard 85] makes use of a variety of kinematic input techniquestogether with an analysis of legged animal motion and walk cycles.A natural enhancement to kinematic techniques for animation is to adddynamics to make a more physically realistic simulation. For skeleton

33motion this necessitates enhancing the skeleton data structure to maintainmass and moment of inertia data for each link, and force and torqueinformation at the joints. Dynamic or physically-based techniques generallyfall into two categories: forward dynamics, in which the skeletal motion isdetermined from specified input torques and forces, and inverse dynamics,in which a skeletal motion is specified as input, and the required forces andtorques necessary to achieve that motion are determined. Generally,physically based methods can give very realistic results for skeletonswhich are moving in a relatively uncontrolled manner (e.g. bodies in freefall). Making the skeleton perform a desired task and still exhibit naturalmotion is a difficult problem, requiring constraint techniques. Space-timeconstraint techniques, perhaps the most sophisticated of the physically-based methods, attempt to meet certain specified constraints whileminimizing certain global functions such as energy expended. Physically-based skeleton techniques will be discussed in more detail in Chapter 3.2.5.Deformable Character Techniques

Unlike rigid body techniques, for which the division between modeling andanimation is fairly clear-cut, the animation of deformable bodies is moreclosely intertwined with the type of model used, and the line betweenanimation and modeling becomes more blurred. Unlike hierarchicaltransformation and skeleton representations, which are fairly standard andaccepted as adequate for animating rigid bodies, there exists no suchuniversal technique for representing deformable objects.2.5.1Rectangular MeshesPerhaps the simplest conceptual way to model a deformable surface is torepresent it as a three-dimensional function of the surface’s local two-dimensional coordinate space (uv-space). The surface can then bediscretized in u-v coordinates and each 3D point stored in a rectangulararray. This type of representation, called a rectangular mesh, can either bea sampling of a pure surface function, or the actual primary datarepresentation resulting from digitized or interactively sculpted surfacedata. This is the standard way, for example, that data from 3D laserdigitizers is stored. This type of surface representation has severaladvantages: it has a simple data structure, the connectivity of each pointwith its neighbors is well-defined, the u-v coordinate system makes it easyto map textures onto the surface, it is mathematically straightforward towork with, it can easily be resized, and is simple to render. Also, it is easyto calculate partial derivatives and other differential geometric quantities.

34Unfortunately it also has some disadvantages. Chief among these is that theresolution in u-v space is fixed, and it is not possible to locally increase theresolution at regions of high curvature. Secondly, its topology is limited torepresenting roughly flat or cylindrical objects. It works very well forrepresenting a head, for instance, but not well at all for an entire humanbody with protruding arms and legs.2.5.2Triangular MeshesTriangular meshes solve both these problems. Arbitrary topologies arepossible and triangle size can be reduced as much as desired aroundregions of high surface curvature. For this reason, triangular meshesremain the most flexible low-level way of representing arbitrary surfaces.However, triangular meshes are more complicated conceptually thanrectangular ones and do not have all of their other nice properties. Thedata structures are more complex, connectivity is more difficult to keeptrack of, changing surface resolution is more difficult, and the mathematicalproperties of the surface are much more complicated, since there is nolonger a clear u-v coordinate system, which can make it more difficult toapply such techniques as texture mapping.2.5.3Polygonal Shape InterpolationOnce we have a surface representation in either a rectangular or atriangular mesh form, animating its shape can be done simply by varyingthe x, y and z coordinates of each point as a function of time. In fact, anytwo surfaces which have the same topology and connectivity can beinterpolated simply by interpolating its mesh points in three-dimensionalspace, so the same sorts of key-framing techniques developed for rigidbodies can be used for mesh surfaces. This type of key-frame shapeinterpolation of pure polygonal surfaces was used to great effect by ChrisWedge in the Tuber’s Two Step video [Wedge 87]. This technique worksparticularly well for interpolating between similar mesh shapes that havebeen digitized using a 3D digitizer (for example a laser scanner) since thesedigitized surfaces all have the same topology as a result of the scanningprocess. This allows a kind of three-dimensional morphing to beperformed, where one 3D character transforms smoothly into another, as inthe film Galaxy Sweetheart.A variation on this method is to take a series of digitized surfaces andconsider them to be set of basis functions from which linear combinationscan be made. This works particularly well for facial animation, as in thefilms Toney de Peltrie [Bergeron 86], where a series of facial expressionswere digitized from a real person and then combined dynamically to create

35animated facial expressions. This kind of shape interpolation has recentlybecome a popular cinematic special effects technique used, for example inthe film Terminator II.2.5.4Spline SurfacesBoth rectangular and triangular meshes suffer from a common problem:they have a fixed surface resolution. In other words, the closer you zoom inon a mesh surface, the more it resembles what it really is--a discretepolygonal object--and the less it resembles a smooth surface. In order tohave a truly resolution independent representation of a curved surface, itis necessary to use some kind of continuous function, which can bepolygonalized to whatever resolution is necessary for display purposes. Theshape of the surface is then controlled by a relatively small set ofparameters which do not depend on the resolution. Commonly, there aretwo kinds of mathematical surface representation techniques used: implicitrepresentations and parametric representations.Parametric surface representations are usually based on extendingordinary splines, which are functions of a single parameter, into splinesurfaces, which are functions of two parameters, much like the rectangularmesh. These are also called tensor product surfaces because they can bedefined using a double tensor product:

vSM(u +i,v+ j) = u3 u2 u 1

[ ]M Pi, jPi+1, jPi+2, jPi+3, j Pi, j+1Pi+1, j+1Pi+2, j+1Pi+3, j+1 Pi, j+2Pi+1, j+2Pi+2, j+2Pi+3, j+2 Pi, j+3Pi+1, j+3Pi+2, j+3Pi+3, j+3 MT v3v2v1

where u and v are the two parametric surface coordinates,

Pi, j

are therectangular mesh of control points, and M is the spline matrix. Commontypes of tensor product surfaces are B�zier surface patches, whichinterpolate their (alternating) control polygons but do not guaranteecontinuity, Catmull-Rom patches which do guarantee continuity, and B-Spline surfaces, which guarantee at least

C2

continuity but do notinterpolate their control points.Although spline surfaces are resolution-independent in the sense that theyare guaranteed to generate a smooth curve, they are not necessarilyresolution-independent from the point of view of deformation oranimation. Animating a spline surface normally is accomplished byanimating the control points. Since moving a single control point willchange the shape of the surface within the entire region surrounding it, we

36can see that our ability to control and animate a spline surface is limited bythe resolution of the control point mesh. In fact, for animation purposesordinary spline surfaces suffer from many of the same problems asrectangular meshes, including inability to control resolution locally andlimitations on surface topology.In the worst case, therefore, spline surface animation techniques can beconsidered little more than a way of interpolating smoother surfacesthrough a rectangular mesh surface representation. Nonetheless, it can be avery effective technique. The baby in Pixar’s Tin Toy film was animatedusing several thousand Catmull-Rom spline patches, the control of whichrequired a hierarchical structure.One way to attack the resolution problems of the spline control mesh is tosubdivide certain portions of the mesh which require higher resolution intofiner meshes. This type of technique was used by Forsey and Bartels tocreate a type of refinable spline called the hierarchical B-Spline [Forsey88]. This allows any portion of the rectangular mesh of control points to bereplaced with a mesh at twice the resolution, thus allowing regions of highcurvature to be represented at a higher resolution without subdividing theentire mesh. This technique shows promise for animating deformablesurfaces, although it does not overcome the topological restrictions of therectangular mesh.There are several promising research directions being explored currentlyto solve the topological problems of parametric surface representations. AB-Spline surface of arbitrary topology, based on S-patches, was proposedby Loop and deRose [Loop 90], and the Cao En Surface allows for thecreation of surfaces with spherical topology [Wyvill 92].2.5.5Implicit SurfacesImplicit surfaces are an alternative to parametric methods for representingsurfaces mathematically. Rather than being functions of an independent setof parameters, implicit surfaces are defined by a single scalar implicitinside/outside function of the spatial coordinates x, y, and z:

fio(x,y,z)

Points for which this function is equal to one (or some other predefinedvalue) are said to be on the surface. For example, the implicit function for asphere is simply:

fsphere (x,y,z) = x2 + y2 + z2

37This type of representation has certain advantages over parametric ones.Since there is no parametric coordinate system, topological restrictions arenot a problem. The surface always represents a geometrically well-definedsolid, since it divides space into three regions: inside, outside and on thesurface, and it is very easy to test if a point is in one of these regions. Thiscan be useful for collision detection. It is also very easy to determine thenormal to the surface at any point because this is proportional to thegradient of the inside/outside function. Most interestingly, implicit surfacescan be summed together to form combinations, which are themselvesimplicit surfaces.Implicit surfaces have several disadvantages, however. There is nostraightforward way to render them, since there is no parametriccoordinate system to serve as a basis for sampling. They can usually beray-traced directly, but polygonalization generally must be done using athree-dimensional space sampling technique such as the marching cubesalgorithm which can be very time consuming.2.5.6SuperquadricsOne family of implicit surfaces is particularly interesting because, amongother things, it has a parametric representation as well as an implicit one.These are the superquadrics which were developed by Alan Barr [Barr 81].Superquadrics, of which the subset called superellipses are probably themost useful, and can be expressed parametrically as functions of thespherical parameters h and w (latitude and longitude, respectively). Theformula for a superellipse is:

vS(η,ω) = a1 cosε1 η cosε2 ω a2 cosε1 η sinε2 ω a3 sinε1 η

where

a1

,

a2

and

a3

are the scaling parameters in the x, y a n d z dimensionsrespectively and the

ε1

and

ε2

exponents are the two shape parameterswhich control the degree of squareness of the superellipse in the lateraland longitudinal directions respectively. When these are set to one, thesuperquadric is identical to an ellipsoid with dimensions controlled by the

a

parameters. As the

and

parameters increase, the surface becomesflatter and then more beveled. As they decrease below one, it becomesmore square. Superellipsoids have the following inside-outside function.

38_{fsupere(x,y,z) = xa1 2/ε2 + ya2 2/ε2 ε2 /ε1 + za3 2/ε1}When this is equal to one, the point ( x , y , z ) i s o n t h e s u r f a c e o f t h e s u p e r e l l i p s e . S u p e r e l l i p s e s p r o v i d e a u s e f u l s e t o f s o l i d p r i m i t i v e s w h i c h c a n b e v a r i e d c o n t i n u o u s l y f r o m e l l i p s o i d s t h r o u g h c y l i n d r o i d s t o n e a r l y c u b i c a l s h a p e s . T h e y a r e p a r t i c u l a r l y u s e f u l w h e n u s e d i n c o n j u n c t i o n w i t h s p a c e d e f o r m a t i o n t e c h n i q u e s . B a r r a l s o p r o v i d e s f o r m u l a s f o r t h e n o r m a l to the surface, which is itself a superellipse in normal space.2.5.7Soft ObjectsSince they are defined by a scalar function of three-dimensional space,implicit surfaces can therefore be thought of, via the line integral theorem,as equipotential surface contours of some kind of conservative force field,much like the equipotential surfaces of an electrostatic field resulting froma collection of charges. Jim Blinn was the first to recognize the computergraphics application of this type of surface and used it to representmolecules as implicit surfaces formed from summing the individual surfacefunctions of the molecule’s constituent atoms [Blinn 82]. If we think ofthese atoms as control points, and their individual force field potentials asblending functions, then we can construct a general class of surfaces whichcan be manipulated in a manner similar to parametric ones.This technique was developed by Geoff Wyvill, who introduced the termsoft objects [Wyvill 86, 89], and by Nishimura et al [Nishimura 85], foranimation and CSG modeling purposes. This can be made more powerful byallowing for negative potentials, which allow control points to subtract aswell as add to the overall surface potential function. Unfortunately, whileparametric surfaces tend to interpolate or at least approximate theircontrol points, soft object surfaces tend to avoid their control pointsaltogether and modeling surfaces with them can be quite difficult and non-obvious. However, their ability to interpolate smoothly between surfaceswith varying topologies and guaranteed solid surface properties makethem quite attractive for modeling certain types of shape.2.5.8Global DeformationsAn alternative approach to animating surface models directly is to animateglobal deformations of space instead. Global deformations are mappings ofthree-dimensional space into three-dimensional space, in other words, adistortion of space, and can be thought of as three-dimensional extensionsto two-dimensional image warping techniques. Any surface embedded

39within this space will also appear to deform along with it. By animating thedeformation of the space around a surface, the surface itself can beanimated. This has some attractive advantages over animating the surfacedirectly. It can be applied to any type of surface model (at least in its finalpolygonal form), and it provides a clear separation between the modelingand animation operations, as exists for rigid bodies. In fact, globaldeformations can be thought of as an extension to the affinetransformations that can be represented with 4x4 homogeneous transformmatrices.Global deformations were developed for computer graphics by Alan Barr[Barr 84]. He defined a collection of simple, intuitive non-lineardeformations which could be applied to space in a hierarchical manner. Aglobal deformation can be defined as a mapping from undeformed space,expressed in (x, y, z) coordinates, to deformed space, expressed in (X, Y, Z)coordinates. Using this notation, a simple scaling operation can beexpressed as:

X= a1x

Y= a1y

Z = a1z

Barr defined a tapering operation along the z axis as:

r = ftaper (z)

X= rx

Y= ry

Z = z

A twist along the z axis results from:

θ = ftwist(z)

X= xcosθ − ysinθ

Y= xsinθ + ycosθ

Z = z

While a global bend around the y axis is defined as:

40_{θ =} k(ymin − y0 ), _{k(y− y0 ),k(ymax − y0 ),} if y≤ ymin_{if ymin < y< ymaxif y≥ ymaxX= xY= − sinθ(z− 1k)+ y0,− sinθ(z− 1k)+ y0 +cosθ(y− ymin ),− sinθ(z− 1k)+ y0 +cosθ(y− ymax ), if y≤ yminif ymin < y< ymaxif y≥ ymaxZ = cosθ(z− 1k)+ 1k,cosθ(z− 1k)+ 1k +sinθ(y− ymin ),cosθ(z− 1} k )+ 1

k +sinθ(y− y_{max} ), if y≤ y_{min}

if y_{min} < y< y_{max}

if y≥ y_{max}

Barr also provides formulas for calculating the normal vectortransformation as well, which can be useful for lighting calculations, forexample. Global deformations provide a small set of intuitive deformationparameters which can be animated just like any other parameter in a keyframe animation system. They also can be arranged in hierarchies, whichcan be thought of as subjecting the space to a series of deformations,resulting in operations such as a tapered twist, or a twisted taper.2.5.9FFDsAlthough Barr’s global deformations can generate a large variety ofdeformation effects, they are normally not general-purpose enough toanimate all of the subtleties of a three-dimensional character. In particular,they lack the sort of local control associated with parametric or polygonalmesh surfaces. A more general-purpose technique based on control pointswas developed by Sederberg which he called free-form deformations orFFDs [Sederberg 86]. Conceptually, we can think of free-form deformationsas being analogous to placing an object inside a cubical piece of jello, inwhich is embedded a cubical lattice of control points. The control points arethen moved, deforming the shape of the jello and correspondingly theshape of the object. This process is directly analogous to control-point-based 2D image warping techniques.Mathematically, the FFD deformation mapping can be expressed as avector-valued trivariate Bernstein polynomial:

v X^{FFD} = l i i=0

l ∑_{(1− s)l− s si m}^j^{j=0} m ∑_{(1− t)l− s ti n}^k^{k=0} n ∑_{(1− u)l− sui vP}ijk

where

vX^{FFD}

is the deformed coordinates in Cartesian space, (s, t, u) are theundeformed coordinates of

vX

in the local lattice frame, ( l , m , n ) are thenumber of control points in the lattice for each dimension, and

vPijk

are thecontrol points in Cartesian space.Very successful 3D character animation of a certain style can be achievedusing FFDs to deform a 3D character shape and animating it using keyframe interpolation of the control point positions. Traditional effects suchas squash-and-stretch, anticipation and follow-through, as well as certaintypes of emotional expression can be accomplished this way. It isparticularly appropriate for animating "inanimate" objects such as cars,toasters, etc. which are not expected to move in as sophisticated a way as,say, an animal would. FFD-based animation has been implementedcommercially in TDI’s Explore Software.Two extensions to FFDs have been developed by Coquillart. The first, calledextended free-form deformations or FFDs extend the cubical control pointmesh to a variety of different shapes, for example, a cylindricalarrangement [Coquillart 90]. This permits a wider range of possibledeformations. The second, called animated free-form deformations, orAFFDs, allow the control point lattice to be moved freely about the spacewhich it is deforming, causing the object to deform in an animated way asit passes through the space deformation [Coquillart 91].2.6.Layered Construction

Both surface deformation and global space deformation techniques sufferfrom two common deficiencies when applied to character animation: theydo not take into account the internal structure of the character, and they donot model the dynamic physical behavior of moving objects. They thereforetend to work well for highly stylized types of animation, where the viewerdoesn’t particularly expect the character to have any internal structure, orfor very realistic sorts of animation based on digitized shapes, where theimplied internal structure comes from the real world.Most commercial animated characters, however, are based on humans oranthropomorphic versions of animals, whose overall appearance is verymuch influenced by their internal skeletal and muscle structure. Fordesigning such animated characters, a common approach taken by artists

42and traditional animators is to work in layers. First a stick figure is drawn,representing the skeleton, followed by rounded forms to represent theflesh, followed by the finished outline, representing the skin [Culhane 88].This same sort of approach is taken in clay animation, where plasticene iswrapped around a metal armature. It is therefore natural to consider thatcomputer animated characters should also be constructed in layers.2.6.1Skeleton and EnvelopeThe first attempts at designing layered animated characters focused ontrying to reconcile the two very different ways of modeling a character: asa rigid skeleton and as a skin surface envelope. Since a real (vertebrate)animal skeleton lies entirely within its skin, this conceptually leads to thesimplest form of layered construction which consists of an inner skeletonlayer and an outer skin layer. As with a real animal or clay animationfigure, moving the skeleton should cause the skin layer to move along withit and to deform appropriately.There are two basic approaches to building this kind of a layered model. Inthe first, which can be thought of as fleshing out the skeleton, a skinsurface is sculpted around an existing skeleton model. This is a naturalextension to the process of adding rigid links, and is perhaps mostappropriate for an artistic person interactively building up a more stylizedcharacter from scratch. In the second approach, which might be termedskeletonizing the skin, a skeleton is created to fit inside an existing skinsurface model. This is appropriate for more realistic types of humancharacter modeling, where the skin surface is obtained from digitized data.In either case, we are presented with a difficult problem from a surfacemodeling as well as data representation point of view. Whereas before wehad, on the one hand a strictly hierarchical arrangement of joints, and onthe other a mesh of points with local connectivity, we are now presentedwith a more complicated thing: a kinematic hierarchy terminating in a setof leaf node points which are themselves connected to each other locally.2.6.2Construction vs. AnimationOne of the major advantages of layered character models is that it allowsthe animation process to be divided into two stages: character construction,in which the behavior of the layers and attachment to the skeleton isdefined, and character animation, in which only the skeleton motion isspecified. The outer layers then derive all their input from the skeletonmotion alone, greatly simplifying the animation process. Such an approachto character animation works because so much of a character’s skin shapeand behavior is determined solely by the position of its skeleton, but it

43does have its limitations. There is obviously a great deal of expressivnessvisible on the surface of an animated character which is conveyed bymuscles not involved in moving the skeleton, or which results directly fromthe stylization of the character itself. However, these animation problemscan be attacked using other techniques (e.g. FFDs).2.6.3Deformation at JointsThe first and most obvious problem to be solved with two-layeredcharacter models is how to maintain smooth deformation of the surface atthe articulated figure’s joints. For polygonal mesh surface models, any pointon the skin surface can be bound to a link in the skeleton hierarchy simplyby placing it in the link’s local coordinate system. However, this is nodifferent from attaching rigid links to the skeleton and where the skinsurface makes a transition from one link to another, there will be adiscontinuity, resulting in a robot-like effect when animated.One solution to this problem is to use specific local deformation routines,called joint-dependent local deformation operators or JLDs. These wereused to implement joint deformation in the film Rendez-vous � Montr�al,[Magnenat-Thalmann 87, 88]. This technique, which uses a polygonal meshskin envelope digitized from a sculpture, assigns each vertex point to aspecific joint on the skeleton. Deformation is then implemented by writingspecialized procedures for each joint which deform the surface as afunction of joint angle. Similar techniques are used in the Softimagecommercial animation system.Higher-level control schemes have been used for polygonal mesh skinsurfaces, in particular for animating human faces. Parke did some of theearliest work in facial animation using parameterized models of facialexpressions [Park 75]. Later work in facial animation has been done byPlatt and Badler [Platt 81], the Thalmanns [Magnenat-Thalmann 88] andKeith Waters [Waters 87], among others.2.6.4Spline Surface AnimationUsing spline surfaces to represent the skin envelope provides resolutionindependence and can help to smooth out the larger discontinuities at thejoints, but control points still need to be moved in the regions around thejoints and to implement facial expressions. Pixar used Catmull-Rom splinesto interpolate a rectangular mesh digitized from a clay model of baby forthe film Tin Toy [Reeves 90]. They then used a variety of higher-levelcontrol schemes to control the deformation of the skin, including ageometric "shrink wrap" algorithm to warp the skin around an underlying

44cylindrical link structure at the joints, and an abstract muscle modelsimilar to the one developed by Waters [Waters 87] to animate the face.2.6.5Hierarchical B-SplinesSpline techniques are still limited by the topological restrictions of therectangular mesh, which make it difficult to represent an animatedcharacter with thin arms and legs. Forsey addressed this problem, and thejoint deformation problem, by using hierarchical B-splines with controlpoints attached to the various links of a skeleton for modeling animals andhuman joints. By attaching the control points in a hierarchical manner, hewas able to use the interpolating properties of the spline surface itself toimplement smooth joint deformations [Forsey 91]2.6.6BlobbiesA rather different approach to attaching a skin surface to a skeleton is touse soft objects, sometimes called blobbies or metaballs. If we attachmultiple soft object control points to the skeleton and adjust their strengthsappropriately, a sculpted implicit surface envelope can be created aroundthe skeleton. Since the skin envelope is an isosurface of a continuousfunction of space, it will smoothly deform automatically as the joints aremoved [Wyvill 86],[Bloomenthal 90]. This technique was used in the filmThe Great Train Rubbery, and is used in the Softimage animation system.Pacific Data Images used a blobbie technique to animate the singing globsof toothpaste in the Crest Sparkle Singers television advertisement [Gould89].2.7.Physically-Based Deformation

An major limitation of all the deformation models described so far is thatthey are purely kinematic or geometric models. However, real charactersexist in the real world and must obey the laws of physics. Much of theappeal and lifelike quality of traditional animation comes from a proper orexaggerated use of physical behavior. For example, heavy objects willaccelerate more slowly than light ones, and flexible objects will deform involume-conserving ways when they collide. In traditional animation, theburden of making the motion appear physical is placed on the animator,but since physical laws are well-understood and can be representedmathematically, it would seem reasonable that the computer should beable to take over this task and automatically generate physically realisticmotion. This technique is known as physically-based modeling, which willbe covered in Chapter 3. In Chapter 4 we will discuss how physically-based

45models can be applied to character animation in the form of layered elasticmodels.