
Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Overview

� Animation: Rapid display of slightly di�erent images reate the illusion of motion.� Traditional approah: Keyframed animation. Need to onsider ar-lengthparameterization, interpolation of orientation, amera animation.� Supporting tehniques: Squish-box deformations and skeletons, motion apture,kinematis and inverse kinematis.� Other animation approahes: Physially-based dynamis, onstraint-based animation,proedural animation, behavioral animation.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Traditional 2D Cel Animation

An overview of 2D el animation, introduing the onept of keyframing. Some disussionof the \art" of animation, �a la Disney.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)2D Cel Animation

To Do
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Keyframes and Inbetweening
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)The Art of Animation
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Issues in Automated Keyframed Animation

A general overview of keyframed animation to ferret out the issues: we end with a disussionof transformation matrix animation and show why and how it fails. This motivates the restof the module.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Automated Keyframing

� Replae the human inbetweener with interpolation algorithms.� Keyframes orrespond to setting of parameters at di�erent points in time.+ The omputer provides repeatability and automati management of keyframes.{ Interpolation is not as smart as a human inbetweener. The animator may have to providemore key frames and/or additional information to get a good result.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Utility of Key Parameters

A good keyframe animation omputer system limits the number of key parameters andmaximizes the utility of eah.� Parameters should have immediate geometri or visible signi�ane. Entries in atransformation matrix are not good parameters.� Properties of objets that are stati should be maintained automatially.� Relationships between parts of artiulated objets should be maintained automatially.� Interpolation routines should be optimized to partiular parameter types. Motion paths,orientation, amera attitude, and surfae properties all require di�erent types of ontrol.� A real-time interfae should be provided to interatively set parameters and iterativelyimprove the animation.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Funtional Animation

� An independent salar funtion is spei�ed for eah \keyframed" parameter.� Funtional animation is a basi apability that supports all others.� Most useful for truly salar quantities: brightness of a light soure, for example.� Splines are useful for representing funtions.� Continuity ontrol is a must: both its automati maintenane and seletive breaking.� The funtions an be edited both expliitly, as graphs, or impliitly, through a diretmanipulation interfae.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Linear Interpolation

� The most basi interpolation tehnique for supporting animation is linear interpolation,or the lerp.� Given two parameters p0 and p1 at times t0 and t1, an intermediate values if given byp(t) = t1 � tt1 � t0p0 + t� t0t1 � t0� Disadvantage: Disontinuities in derivative exist at all key frame point.� Advantage: The rate of hange within a segment is onstant (and so an easily beontrolled).
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Veloity Control

� Given a onstant rate of hange, we an reate a spei� variable rate of hange.� Given an funtion � = f(t), reparameterize with � .� For the lerp, p(�) = p(f(t)) = f(t1)� f(t)f(t1)� f(t0)p0 + f(t) � f(t0)f(t1)� f(t0)p1
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Spline Interpolation

� Instead of linear interpolation, spline interpolation an be used.� Advantages:{ Continuity ontrol an be obtained.{ Fewer keyframes may be required for a given level of \quality."� Disadvantages:{ Extra information may be required at keyframes, suh as tangent vetors.{ Splines are more expensive to evaluate.{ Splines are more diÆult to implement.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Spline Types and Animation

Di�erent spline types will have di�erent tradeo�s and apabilities:� B-splines: Give automati ontinuity ontrol, but only approximate their ontrol points.� Nonuniform B-splines: Needed to break ontinuity.� Nonuniform rational B-splines (NURBS): Provide additional loal ontrol over the shapeof a urve.� B�ezier splines: Require additional information for eah segment and do not automatiallymaintain ontinuity. However, they do interpolate the ends of segments.� Hermite splines: Require tangent vetors at eah keyframe.� Catmull-Rom splines: Provide only �rst derivative ontinuity.� Beta-splines: Provide automati ontinuity, ontrol over the tangent and approximate arlength of eah segment.

The University of Texas at Austin 13



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Transformation Matrix Animation

� One way to support an animation apability: interpolate a transformation matrix.� Keyframes would be \poses" of objets given by the animator.� Funtional animation would be applied independently to all entries of the transformationmatrix.� Disadvantage: This does not support animation of rigid bodies.Suppose two poses are given of an objet whih di�er by a 180Æ rotation. Under linearinterpolation, the objet will not rotate but will turn inside out, ollapsing to a plane inthe middle of the interpolation.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Rigid Body Animation

� Rigid body transformations only have 6 degrees of freedom, while general aÆnetransformation have 12.� To obtain good interpolation we have to onsider separately the three degrees of freedomthat result from translation and the three that result from orientation.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Motion Path Animation

Motion path animation in the ontext of spline interpolation of position. Deals mostly withproblems of ar-length-reparameterization and veloity ontrol.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Motion Path Overview

As a basi apability, we would like to translate a point through spae along a given path.We would like:� Independent ontrol of veloity along path.� Continuity ontrol.While splines an easily support ontinuity ontrol, veloity ontrol is more diÆult.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Spline Interpolation Problems

Spline position interpolation will give us ontinuity ontrol over hanges position, but:� An equal inrement in the spline parameter does not usually orrespond to an equalinrement in distane along the spline.� Di�erent segments of the spline with the same parametri length an have di�erentphysial lengths.� If we parameterize the spline diretly with time objets will move an a nonuniform speed.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Ar Length Parameterization

1. Given a spline path P (u) = [x(u); y(u); z(u)℄, ompute the arlength of the spline asa funtion of u:s = A(u).2. Find the inverse of A(u): u = A�1(s).3. Substitute u = A�1(s) into P (u) to �nd a motion path parameterized by arlength,s: P (s) = P (A�1(s)).Note that u (and thus s) should be global parameters, extending aross all segments of theoriginal spline.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Veloity Control

To ontrol veloity along a spline motion path,� Let s = f(t) speify distane along the spline as a funtion of time t.� The funtion f(t), being just a salar value, an be supported with a funtional animationtehnique (i.e., another spline).� The funtions f(t) may be spei�ed as the integral of yet another funtion, v(t) =df(t)=dt, the veloity. Note that the integral of a spline funtion an be foundanalytially, through a manipulation of the ontrol points.� The motion path as a funtion of time is thus given by P (t) = P (f(t)) =P (A�1(f(t))).
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Some Nasty Problems

There are some nasty problems with the ar-length parameterization approah:1. The ar-length s = A(u) is given by the integral

s = A(u) = Z u0 vuut� dx(v)dv �2 + � dy(v)dv �2 + � dz(v)dv �2dvwhih has no analyti solution if the motion path is a ubi spline.2. Sine A(u) has no analyti form, A�1(s) has no analyti form.We have to use numerial tehniques:1. Find A(u) with numerial quadrature. Preompute some values of s, at least at theboundaries of segments, to make this easier.2. Sine s is a monotoni funtion of u, for a given s� we an �nd the solution u� tos� = A(u�) by bisetion (binary searh).The University of Texas at Austin 21



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Real Time Issues

� Exat ar-length parameterization may not be feasible.� An alternative: ompute points on the spline at equally-spaed parametri values, anduse linear interpolation along these hords.� The linear interpolation should onsider the distane between samples to maintainonstant veloity.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Animating Camera Motion

Animation issues spei�ally dealing with amera motion. Some inemati perspetives aredeveloped through a look at the terminology used to desribe amera motion.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Overview of Camera Animation

While ameras ould be animated using a ombination of motion path and orientationinterpolation tools, the requirements for amera motion are somewhat di�erent:� The amera should always be level, unless we speify otherwise.� The image of objets of interest should be stable on the �lm plane.� Spei�ation of amera motion has a long inemati tradition that should be respeted.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Cinematis of Camera Motion

� An animated zoom hanges perspetive, whih an be disturbing and/or distrating. Adolly should be used instead to enlarge the image of an objet of interest.� The amera should almost never be rotated about its view diretion|unless a sea sikaudiene is the objetive.� Changing the foal depth an be used to trak objets of interest, but a sophistiatedrenderer is required to simulate fous.� Depth of �eld is rarely hanged in real inematography due to tehnial limitation, butmight be useful in omputer animation.� Smooth spline animation should almost always be used for amera animation. Quikamera moves should normally be replaed by uts (instantaneous hanges of sene)unless a speial e�et is desired.� Animation of spotlight soures is similar to the animation of a amera. Support of a\lights'-eye-view", therefore, is often useful.

The University of Texas at Austin 25



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Terminology of Camera Motion

Dolly: Move forward, along the line of sight of the amera (towards the objet of interest).Trak: Move horizontally, perpendiular to the line of sight of the amera. More generally,move in a horizontal plane.Crane: Raise the amera vertially.Tilt (Bank): Rotate about the horizontal axis perpendiular to the line of sight of theamera.Pan (Yaw): Rotate about the vertial axis of the amera (after tilt).In addition, ameras have other parameters that an be animated:Zoom (in, out): Change the angular �eld of view of the amera.Fous: Change the foal depth, i.e., the distane at whih objets are in fous.Depth of Field: Changing the aperture size has the e�et of hanging the depth of �eld,i.e., the range of depths over whih objets an be onsidered to be in fous.The University of Texas at Austin 26



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Spei�ation of Camera Motion

Sine with a amera we are usually more interested in what it's looking at than its exatorientation, amera animation may be spei�ed by1. A motion path for the amera itself.2. A motion path for a look-at point (possibly derived from the motion of an objet ofinterest).The amera would be moved along the motion path and the orientation of the amera wouldbe determined by the look-at point. Ideally, the \fous would be pulled" to math thedistane to the objet of interest at the look-at point. Tilt might be onstrained to lie withinertain bounds.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Skeletons

� Given a model with a large number of verties, verties an be grouped together andmanipulated as a unit. For example, in an arm, all points desribing the forearm movemore-or-less as a rigid body.� The onnetivity between groups of parameters an be represented by tying eah groupto a \bone" and arranging the bones in an artiulated \skeleton."� The bone and all its assoiated verties are treated as a single rigid objet for the purposesof transformation.� Movement of the bones is onstrained by the joints in the skeleton.� Di�erent kinds of joints (revolute, hinge, ball) an support spei� types of motion.� An animation an be previewed using only the bones, speeding rendering time.� In the �nal rendering, the model is shown without bones.� As an enhanement, verties may be inuened by more than one bone in a weightedfashion. This results in a more exible and realisti surfae near joints. For example, akneeap and its skin surfae might be a�eted by both the femur and the shinbone, andassume a position halfway between either.The University of Texas at Austin 28



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Free-Form Deformations

� Sometimes, a skeleton annot apture the desired shape hange of an objet. An exampleis the \squash and streth" of a bouning ball as it hits the ground. Suh global hangesin shape an be expressed using a deformation.� A deformation hanges the spae around an objet with a nonlinear transformation. Newoordinates for every point in a spae are determined as funtions of the old oordinates.1. A retangular \squish box" is usually plaed around a part of the model that needs to beanimated.2. The oordinates of all points within the box are determined relative to the frame givenby the box. Suppose a vertex P an be expressed as [u; v; w℄ relative to the oordinatesof the box.3. The new oordinates of P are given by a tensor produt B�ezier spline Bn1;n2;n3(u; v; w)with ontrol points Pi;j;k.4. If the Pi;j;k have oordinatesPi;j;k = [i=(n1 + 1); j=(n2 + 1); k=(n3 + 1)℄;The University of Texas at Austin 29



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)the transformation is given by the identity:[u; v; w℄ = Bn1;n2;n3(u; v; w):
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Normally, then the ontrol points are initially set to these values and are moved to e�eta deformation.5. Continuity onditions an be enfored. For example, if a hand is being deformed but thearm is not, the ontrol points along the edge of the box that uts the wrist should not bemoved, nor the next layer. This maintains both position and derivative ontinuity arossthe wrist.6. The objet should be �nely tesselated or radial deformations will not work properly. Forrealisti animation, typially only small deformations are used.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Using FFDs and Skeletons Together

Skeletons and free-form deformations an be used simultaneously. The number of ontrolpoints in a free-form deformation an be large, but if they are moved in groups relative to askeleton, exellent animation ontrol an be obtained for arbitrary models.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Kinematis and Inverse Kinematis

Kinematis: The study of motion independent of the fores that ause the motion. Inludesposition, veloity, aeleration.Forward kinematis: The determination of the positions, veloities, and aelerations of allthe links in an artiulated model given the position, veloity, and aeleration of the rootof the model and all the transformations between links. Forward kinematis is a neessityfor skeletal keyframed animation, and is, fortunately, easy to implement.Inverse kinematis: The derivation of the motion of intermediate links in an artiulatedbody given the motion of some key links.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Inverse Kinematis

� Unlike forward kinematis, inverse kinematis is often nonlinear, underdetermined oroverdetermined, and possibly ill-onditioned.� The omplexity of determining a solution to an inverse kinemati model is proportionalto the number of free links.� One free joint between two �xed ones an be solved fairly eÆiently, for example, withonly one spae degree of freedom.� Extra onstraints may be needed to obtain a unique and stable solution. For example,a joint may be required to point downwards in a gross approximation to gravity if it isnot otherwise onstrained. Joint motion onstraints (hinge vs. revolute vs. ball) are alsouseful.� An optimization objetive an be used instead (or in addition to) extra onstraints. Theresulting optimization problem an be solved iteratively as an animation proeeds.Example optimization objetives: minimize the kineti energy of a struture, minimizethe total elevation of a struture, minimize the maximum (or average) angular torque.
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Use of physial simulation for animation.Comparison with keyframed animation, derivation of an example using a spring-mass system.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Physially-Based Animation

Idea: To obtain a physially plausible animation, simulate the laws of Newtonian physisating on objets in the environment. In ontrast to kinematis, this is alled a dynamisapproah.� Have to ontrol objets by manipulating fores and torques, either diretly or indiretly.� Animated objets may be passive: bounding balls, Jello, wall of briks falling down, et.Beause of the diÆulty of inverse dynamis (�nding solutions for fores to move a physialobjet along a desired path) most urrent appliations are of the \passive" variety. This isstill useful for seondary e�ets in a keyframed animation; e.g.,� a mouse harater's ears should ap when it shakes its head� a T. Rex's gut should sway while it runs� a feather in a ap should wave when wind blows on it� loth should drape around an ator and respond to the ator's movementsThe University of Texas at Austin 36



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)� a wall of briks should fall down when a superhero rashes into itThe only problem with suh simulated seondary e�ets is that they an make bad keyframedanimation look even worse!
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Simulation

Setting up and solving a physially-based animation proeeds as follows:1. Create a model with physial attributes: mass, moment of inertia, elastiity, et.2. Derive di�erential equations by applying the laws of Newtonian physis.3. De�ne initial onditions, i.e., initial veloities and positions.4. Supply funtions for external fores (possibly via keyframing).5. Solve the di�erential equations to derive animation, i.e., motion of all objets in sene asa funtion of time.During the solution of the di�erential equations we have to be prepared to deal withdisontinuities due to ollisions. As an example, we will disuss the simulation of spring-massand point mass models. Both have useful appliations and are relatively simple to simulate.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Spring-Mass Models

1. Create a model:� A spring-mass model is omposed of a mesh of point masses mi onneted by springswith spring onstants kij and rest lengths lij.� Let Pi(t) = [xi(t); yi(t); zi(t)℄ be the position of mass mi at time t.� Let Ni be the set of all indies of masses whih are onneted to mass mi. If j 2 Ni,then mi and mj are onneted by a spring.� The springs exert a fore proportional to their displaement from their rest length, andin a diretion whih tends to restore the rest length:~fsij(t) = �kij(lij � jxi(t) � xj(y)j) xi(t) � xj(t)jxi(t) � xj(t)j~fsi (t) = Xj2Ni ~fsij(t)� The masses are assumed to be embedded in a medium whih provides a damping foreThe University of Texas at Austin 39



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)of ~fd = pi~vi(t)where ~vi(t) is the veloity of mi at time t. (Damping ould also be provided on thederivative of the hange in rest length of the springs, whih would be oordinate-systemindependent.)
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)2. The motions of eah mass is governed by the following seond order ordinary di�erentialequation: mi~a(t) = �pi~vi(t) + ~fsi (t) + ~fei (t)where ~fei (t) is the sum of all external fores ating on node i and~a = � d2xi(t)dt2 ; d2yi(t)dt2 ; d2zi(t)dt2 � ;~v = � dxi(t)dt ; dyi(t)dt ; dzi(t)dt �

3. Initial onditions: user supplies initial positions of all masses and veloities.4. The user supplies external fores: gravity, ollision fores, keyframed fores, wind,hydrodynami resistane, et., as a funtion of time.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)5. Simulation.� Fator seond-order ODE into two oupled �rst-order ODEs:~v = [vxi(t); vyi(t); vzi(t)℄= � dxi(t)dt ; dyi(t)dt ; dzi(t)dt �

~a = " dvxi(t)dt ; dvyi(t)dt2 ; dvzi(t)dt #

= 1mi ��pi~vi(t) + ~fsi (t) + ~fei (t)�� Solve using your favorite ODE solver. The simplest tehnique is the Euler step: pika �t. Then ompute the values of all positions at t+�t from the positions at t by
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)disretizing the di�erential equations:~ai(t +�t)  �tmi ��pi~vi(t) + ~fsi (t) + ~fei (t)�~vi(t +�t)  vi(t) + ~a(t)�tPi(t +�t)  Pi(t) + ~v(t)�t
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Collisions

� The simulation may be interrupted by a ollision. When this ours, a ollision foreshould be generated to reet the momentum of the olliding masses. It may beneessary to use a �t muh shorter than the frame time and/or bak up the simulationafter interpenetration to handle ollisions reasonably robustly.� As another example, orbital mehanis an be simulated using gravitational fores betweenall point masses, and no damping or spring fores. For a large number of point massesthis an be omputationally expensive.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Alternative

A olletion of alternative animation tehniques and tehnologies. Currently only motionapture is disussed, but behavioral and proedural animation should also be inluded.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Motion Capture

Rather than setting keyframes manually, the data an be aptured from real objets, reaturesand/or ators performing the desired motion. The positions of some key points on the atorare traked and these motions are mapped to orresponding points in the model. It mayoften be neessary to generate seondary ations for the omputer model, as traking isexpensive. Traking tehnologies inlude:1. Eletromagneti position and orientation sensors. Requires a wire to eah sensor. Readingsan be distorted by metal and magneti �elds. Limited working volume.2. Ultrasoni range�nder triangulation. Cheaper but less aurate than magneti sensors.3. Optial triangulation. Reetive or emissive markers are attahed to objets, then twoameras triangulate position. Can trak more points heaply, without wires, but pointsan be oluded.4. Body suit. Fibers in instrumented lothing detet angles of all joints.5. Rotosoping. Arbitrary video from two ameras is onverted to motion paths eitherthrough manual seletion of key points or use of omputer vision. Prone to error andolusion. Tedious if done manually.The University of Texas at Austin 46



Department of Computer Sienes Graphis { Fall 2005 (Leture 25)6. Puppetry. Real-time data is olleted from an arbitrary input devie an mapped to aomputer model, whih is displayed in real time during apture. A speial-purpose inputdevie in the shape of the objet being animated may be built.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 25)Problems with Motion Capture

Motion apture tends to require more-or-less exoti tehnology. Even puppetry requires atleast real-time graphis. Problems with motion apture inlude:1. How do we map motion paths to objets of a di�erent shape and sale (the ostrih-to-T.Rex problem)?2. How do we deal with noise and missing data?3. How an we redue the number of samples?4. How an we generalize motion (i.e., We have a walk and a turn, how do we get an atorto follow a path)?
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See Physially Based Models and Proedural Tehniques pg 512 - 513 in Reommended Text.Please also trak the News setion of the Course Web Pages for the most reentAnnounements related to this ourse.(http://www.s.utexas.edu/users/bajaj/graphis25/s354/)
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