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AbstratThis report desribes the design and implemention of Open Skeleton Li-brary, a harater animation library for realisti looking human basedharaters with a skeleton struture. The library inludes most elementsfound in other modern harater animation libraries. Additionally newmethods of ontrol and animation to make individual harateristis ofharaters easier to ahieve are inluded. A tehnique to import anima-tions from one model format to another by the use of skeleton mathingis also desribed.
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1 INTRODUCTION1 IntrodutionThe inreasing demand for games and other appliations that use detailedharater animation in varied situations, suh as a large rowd simulationor a lose view of a human speaking, reates a need for more advanedharater animation libraries. Almost all new games use some sort ofharater animation and very often advaned tehniques, for instane,motion apture for data aquisition. Flexible ways to handle di�erentmethods and integrate them is required to avoid spending heavy resoureson developing new modelling �le formats. Most ommerial game enginessuh as Cipher and Unreal Engine 3 have a very extensive and featurerih support for harater animation. There are also open soure systemswhih are quite extensive, but the ommerial systems are superior inmost aspets (see Figure 1 and 2). However, most of the systems, areintegrated in a game engine, whih makes them inaessable outside thatsystem.As the goal of this projet a new library superior to any other stand-alonelibrary was designed and implemented. It inludes modern features andnew methods for animation, espeially for easily variable animations andadaptation between modelling formats. These varied animations are wellsuited to use, for instane, on large rowds to simulate individuality whilestill using just a few models. This inreases the redibility of a sene whilenot imposing muh ustom programming on the reator. The adaptation,or model/skeleton �tting, was primarily designed to animate any skeletonor model using a set of motion apture data from another soure. Thelibrary was designed for modularity and useability, whih makes it suit-able for integration in game engines or for stand-alone appliations usingarbitrary modelling �le formats.Feature Cal3d Irrlih Nebula2a OSLbSkeleton animation X X X XMesh animation XBlending X X X XWeighted skinning X X XLevel of detail X X XVertex shader skinning XInverse kinematisSkeleton �tting XFuntion ontrolled e�ets XRigid bone attahment X X X XStand-alone X XaNebula Devie 2bOpen Skeleton Library Table 1: Open system's features1.1 Outline of ThesisThe �rst part of this report deals with the theory of harater animation,both established theory and new additions developed for Open Skeleton1



1 INTRODUCTION 1.1 Outline of ThesisFeature Cipher T3Da TV3Db UE3Skeleton animation X X X XMesh animation X X XBlending X X X XWeighted skinning X X X XLevel of detail X X X XVertex shader skinning X X XInverse kinematis XSkeleton �ttingFuntion ontrolled e�ets XdRigid bone attahment X X XStand-aloneaTorque 3DbTrue Vision 3DUnreal Engine 3dProedural skeletal ontrollersTable 2: Commerial game engine's featuresLibrary. Next, the report presents a review of harater animation in someof the leading game engines and animation libraries, both ommerial andopen soure, whih is found in Setion 3. The goal of this review was todetermine what the existing systems lak and how to build a better sys-tem. In Setion 4, the design of Open Skeleton Library will be presented.This part overs how OSL deals with the theory found in Setion 2. Thenext setion show how easy the library an be used, whih is illustratedby some example appliations. Finally, results and onlusions are drawnfrom what this report overs.
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2 THEORY AND CONCEPTS2 Theory and ConeptsIn this hapter the theoretial issues of lassial harater animation andskeleton strutures are desribed. Additionally new onepts developedfor OSL are overed.2.1 Keyframe AnimationStoring every step of an animation would require a lot of memory. Itis also hard to de�ne what a step is as the model would move di�erentdistanes between sreen-updates depending on the speed of omputerused. A solution to both these problem is a method of animation alledkeyframe animation. In this method the stored keyframes are furtherapart and are interpolated between to get the position of the model ata spei� time. By only storing relatively few keyframes there is a largeredution in the memory needed. Depending on how lose the keyframesare will determine how preise the animation will be, but this omes withthe ost of extra memory used to store the keyframes. This method isused with both Mesh animation and Skeleton animation, whih will bedesribed in the next two setions.Figure 1 shows a part of an animation sequene with three keyframes k0,k1 and k2. The time t shows the urrent position of the animaiton andthe next position t + ∆ to be sampled. It will then simply use keyframek1 weighted by a fator 0.4 and k2 by 0.6 produing an appropriate mixbetween the two. Figure 2 shows an example of three sequential keyframesfrom a ballet animation.
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Figure 1: Sampling of keyframes2.2 Mesh AnimationMesh animation or vertex animation is perhaps the simplest method ofharater animation. It works by building keyframes in a modelling soft-ware whih linear interpolation are then applied to. A keyframe onsistsof a omplete mesh of the harater at a partiular time in the animation.Mesh animation su�ers from several severe drawbaks. When perform-ing linear interpolating between two keyframes the relative dimensions ofthe polygon will not always be maintained [1℄. A wrongly interpolated3



2 THEORY AND CONCEPTS 2.3 Skeleton Animation

Figure 2: Ballet animation keyframepoint is shown in Figure 3 where the indented arh is not followed and thedimensions are hanged, whih result in deformation of the mesh. Thisproblem only gets worse when the animations are blended. Deformationan be limited by starting with more keyframes. But this only makes theother large problem mesh animation has more severe. For eah keyframethe position of every vertex needs to be stored. For omplex haratersthis reate a high memory demand and the inrease in keyframes will re-sult an inrease in memory used. Additionally all extra keyframes needto be modelled, whih is time onsuming. These limitations is why mostmodern game-designers no longer use mesh animation.
Figure 3: Mesh deformation2.3 Skeleton AnimationThe main reason for introduing a skeleton to animate haraters is tooverome some of the problems that arise from simple mesh animation.As desribed in Setion 2.2, serious problems arise during keyframe inter-polation but there is also the problem of having to animate every di�erentmodels mesh. By using a skeleton as an underlying struture, the meshan be attahed to it, following the skeletons movements in an appropriateway. This orrets the problem that arise with mesh animation. Figure 4illustrates the indented result of Figure 3, following the arh orretly.How to make the mesh follow the bones are desribed in the next setion.4



2 THEORY AND CONCEPTS 2.4 Skinning
Figure 4: Corret interpolationThe most basi skeleton is built by a hierahial struture of joints whihontain a 3x3 rotation matrix or quaternion and the length of the bone,often given by the o�set to its parent in the hierahial struture. Asimple setup of a skeleton struture an be ahieved with:Matrix jointRotations[nbrOfBones℄Vetor jointOffset[nbrOfBones℄int parentBone[nbrOfBones℄Using a setup of this type, a rotation matrix and o�set for eah joint,the joints global loation, JG

k , an be transformed to their new orretposition using the following reursive alulations. The result of this anbe seen in Figure 5.
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k . Inidently, this joint propagation tehnique is also known as forwardkinematis.2.4 SkinningSkinning is the tehnique used for sewing a mesh onto the skeleton. Themain idea is to attah a speial mesh to the skeleton and have it followit as it moves. A straightforward way of doing this is by assigning ev-ery vertex of the mesh to a joint. The vertex is also given an o�set tothe joint, whih is the vertex's position relative to the joint. The mesh'sverties are then transformed by the bones rotation and thus �tted over1The di�erent spaes will refer to the di�erent transformations used. More on this an befound in most modern omputer graphi books.5



2 THEORY AND CONCEPTS 2.5 Motion Capture Tehniques
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ΘFigure 5: The skeleton struture with rotationsthe bone. This simple sheme gives a disturbing artifat beause of theunability to deform the submeshes naturally, as the human body woulddo. The desirable e�et would be that they join together with eah otherby the joints smooth manner. There exist a solution for this problem butit omes with the prie of omplexity both for the mesh and algorithms.The solution is based on the ability for a submesh's vertex to hold dif-ferent weights linking it to several bones. All of these bone's transform'swill in�uene the �nal position of the vertex depending on their weightresulting in the following transform equation for a single vertex V :
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2 THEORY AND CONCEPTS 2.6 Blendingposition to rotation of the limb for whih the marker belongs to. Theproess is neither easy nor heap but in some ases neessary for the real-ism it brings. There exists other ways to obtain the data, for example bythe use of speial sensors at the desired points registering the movementsfrom the ator mehanially.2.6 BlendingOften it is not feasible to make new animations for every motion a har-ater will have to go through. Making one animation for walking and onefor running is no problem, but one would like to have all the intermediatestates in between the two to aomplish a smooth transition. It wouldnot be eonomial to make new animations for eah ombination whih iswhy the blending method is introdued. It works similar to keyframe an-imation in that it interpolates between two keyframes. However, insteadof two keyframes of the same animation, seperated in time, it interpolatesbetween two keyframes of di�erent animations. Using this it is enough tohave only one animation for walk and one for run, and then blend betweenthe two to get any intermediate state. The proess is simple, but an savea lot of modelling time and inrease �exibility for a relativly small inreasein proessing.This is all good for full body animation but a problem arises when only thein�uene of ertain bones are used for the ation. Imagine the ommonsenario where the harater is walking and the user triggers an ation,for instane the ator waving with one hand. If just a simple blend,using equal parts from eah animaiton, is used the ator will wave withthe arm and hand but the arm animation from the walk will have a 50%in�uene on the wave animation resulting in a half wave. Also the walkinganimation will be disrupted by the wave animations all other inativebones. This problem an be alleviated by keeping extra information forall bones in an animation to �ag if its ative of not. Model formats suhas MD5 used in the game Doom 3 3 stores 6 bits of information for eahbone of whih omponents it holds, where the omponents are X, Y andZ rotations and o�sets4. This sheme enables a triggered animation tohave priority over the bones that it in�uenes and replaing them withthe triggered animation. Note that this method replaes the blender witha simple on/o� hek for eah bone or omponent. For model formatsthat do not store this information it an be obtained at runtime by theblender or by proessing the keyframes o�ine.2.7 Inverse KinematisCalulating the end point from a series of joint rotations is alled forwardkinematis. In inverse kinematis the end point is known and the goalis to alulate the joint rotations. This is a muh more omplex problembeause of several fators. For instane, the problem does not always havea single solution, even when dealing with few bones. Also there has to besome onstraints on the joint rotations or else the joints may bend in aompletely unrealisti fashion. To stop this; some kind of joint onstraintsare usually implemented, generally by assigning degrees of freedom, orDOFs, to the joints as well as plaing limits on the rotation angles. Other3http://www.doom3.om4this is used to vary the size of the bones 7



2 THEORY AND CONCEPTS 2.8 Vertex Shader Driven Skinningways to ahieve this inlude measures suh as ollison detetion to avoidmoving a part of the model through another. Further, there is oftensome shemes that tries to limit how far the bones stray from a desiredon�guration or minimize how muh eah joint rotates. Sine it would beimpratial to use inverse kinematis on a whole skeleton, whih often has50 or more DOFs, inverse kinematis often divides the skeleton in severalbranhes. When animating the skeleton, the algorithm will only alulateas far bak as the branh root node. These branh root nodes are usuallythe shoulder and hip joints with, for instane head movements alulatedbak to the original root node.2.8 Vertex Shader Driven SkinningOne of the primary bottleneks in skeleton based harater animation isthe transformation of the mesh, the skinning. This an be alleviated bythe use of vertex shader driven skinning.With a programmable graphis ard it is possible to modify the output ofwhat is sent to the GPU5. Modern ards an be set to operate per vertexand/or per pixel whih has been given the names vertex shader and pixelshader6. Speial programs, alled shader programs, are loaded into thegraphi ards memory and subsequently the verties are sent there for theode to handle. Popular shading languages are nVidia's CG7, Mirosoft'sHLSL and the extension of OPENGL; GLSL. The reason for using shadersis the possibility to do nie e�ets in real-time, suh as fur, animated bumpmapping and a lot more whih was previously not possible to aomplishat run-time. The GPU being designed to proess graphis does heavyomputations suh as matrix multipliation in a fast way, whih is why itis desirable to move the skinning omputations to this proessor.Realling Equation 1, the same translation of verties is wanted for thistehnique but is applied to the verties by sending it to the GPU in theiroriginal form and then transforming them by the vertex shader at theGPU [2℄.2.9 New ConeptsThis setion desribes new onepts implemented in Open Skeleton Li-brary. These tehniques are not found in other libraries. However, lessadvaned variants of the funtion ontrolled e�ets desribed in this se-tion an be found in modern ommerial systems, suh as Unreal Engine 3.2.9.1 Skeleton FittingThe need for skeleton �tting arises when an animation for a ertain modelis desired to �t another skeleton. This means using the same animation ofbones for a di�erent skeleton model with a di�erent on�guration of bones.A funtion is therefore sought to transform the animation keyframes forthe original model A to another model B. For eah keyframe the new jointrotations B̂i,k will be alulated using A:s joint rotations.5Graphis Proessing Unit6Also sometimes refered to as the fragment shader.7www.nvidia.om 8



2 THEORY AND CONCEPTS 2.9 New ConeptsThe simple approah to aomplish this is to loate the orrespondingbones in the two skeleton models. Furthermore, if the �le format usea naming or indexing sheme for the bones that are the same for everymodel, it is possible to reate a generi funtion that performs the �ttingbetween these models. One still has to arefully oversee that the bindpose orresponds between the two formats. This is normally not the aseand therefore a slighty more advaned method must be applied whih isdesribed below.Mapping with O�set CompensationTo illustrate this method two example skeletons are used, depited inFigure 6. It is obvious that these two skeleton an not be mathed exatly.One method is to make a map of orresponding bones that should rotateto reate a similiar motion. They are easily identi�ed by hand and it isnot a very hallanging task for human. For instane looking more loselyon the models left shoulders as depited in Figure 7 the following bonesmath:
• A:Chest - B:Chest
• A:Shoulders - B:Chest2
• A:LeftShoulder - B:LeftShoulder
• A:LeftElbow - B:LeftLowerArm
• A:LeftWrist - B:LeftWrist

Figure 6: Two skeletons with di�erent skeletonsNote that A:LeftCollar and B:LeftUpperArm has been left out sine no ap-parent math exists for them. Another possible sheme would be to leaveB:LeftShoulder out and use the pair A:LeftShoulder and B:LeftUpperArm9



2 THEORY AND CONCEPTS 2.9 New Conepts

Figure 7: Close up of left shoulder and armto avoid the low shoulders model A would get. Moving on, the prob-lem with the di�erent bind poses of the models is addressed. Using thesuggested mapping above, three of the mathing bone pairs are shown inFigure 8. The interest here lies in their o�set. This de�nes the bones'diretional vetor whih in turn gives the pair's o�set angle φ, whih isthe desired ompensation for this partiular bone. A di�erene or om-pensation rotation Φi an then be derived by de�ning a rotation φ degreesaround the axis given by the ross produt VA × VB, where V is the di-retional vetor of the bone.
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Figure 8: The mathed bones bones and their anglesSine its ommon to de�ne the bones rotation at its parent bone (seeFigure 12), that is, building the skeleton with joints, there exists no possi-bility to rotate the bones orretly by using only the animation's rotationsfor joints that has more than one mathed hild. To alliviate this the bindpose must be adjusted by setting new o�sets for the joints. However, us-ing this solution may ause problems with the mesh sine it also must beompensated.Other Possible TehniquesThe next approah of doing a skeleton �tting would be of a more analytialnature. The ultimate goal would be to build a new animation sequenegiven any two skeleton model formats and an animation belonging to oneof them. The additional hallenge to this method ompared to that of themanually mapped o�set ompensation is to produe the bone mapping in10



2 THEORY AND CONCEPTS 2.9 New Coneptsan algorithmial manner. Possible ways to ahieve this would typiallyinvolve exploiting the knowledge of the proportions of the human body,at least when dealing with humanoid forms, to derive what bones shouldbe mathed.2.9.2 Funtion Control E�etsGiven a motion pattern onneted to a set of skeleton bones that is beau-tifully animated, it ould be disirable to hange this pattern slightly togive a wide variety of �avours. This is ahieved by the use of funtion on-trolled e�ets that is attahed to di�erent parts of the harater dependingon its de�nition.The possibilities of this tehnique are numerous. For instane it an beused on a rowd of people performing the same animation, but withslightly di�erent e�ets, produing individual smooth and elegant mo-tions without being fored to reate a unique pattern for eah harater.Further uses ould inlude an implementation of inverse kinematis orparametri dynamis8 as desribed by Ciehomski[3℄.By attahing an e�et as a funtion to a bone, the entire skeleton or even amodel's mesh an produe a ontrolled deviation whih will alter a modelin a �exible way. Some examples of simple skeleton e�ets would inlude:
• A slight forward bent applied to the bakbone to give the haratera slightly tired appearane
• Letting the spine have a bone osillate slowly to simulate drunkeness
• Adjusting the rotation of one leg to make the illusion of a rippledleg

Figure 9: Skeleton with osillating bakboneOne advantage of using e�ets for reating di�erenes in a rowd of peopleis that it an redue the alulations performed for eah model. This isdone by doing all skeleton and mesh alulations for the entire model and8A very quik animation, suh as the reation of being shot.11



2 THEORY AND CONCEPTS 2.9 New Coneptsthen applying some e�et that would a�et some bone in the skeletonto hange its rotation. Note that new loations for this bone and itshildren would need to be realulated, nevertheless this approah wouldut the alulations for those bones not a�eted by the e�et sine therealulation of an entire model would not be neessary.
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3 PREVIOUS WORK3 Previous WorkThis hapter deals with existing systems that implement some form ofharater animation. A brief desription, as well as a list of features, isprovided for eah system. Finally, omments on the systems abilities arepresented.3.1 Open SystemsThe seletion of open systems was made by �rst performing a thoroughsearh, �nding every library with harater animiation support, and thenselet some appropriate systems. Cal3d was hoosen beause it was theonly stand-alone library found. Nebula Devie 2 and Irrlih beause oftheir popularity in the open soure game engine ommunity.3.1.1 Cal3dCal3d is an open soure harater animation library whih is inluded oravailable as a plugin to some open soure game engines like Crystal Spae.To quote the projets homepage:�Cal3d is a skeletal based 3d harater animation library writtenin C++ in a platform-/graphi API-independent way.�This is the only existing open soure harater library not belonging to aertain engine whih meets an aeptable standard. It is a nie system thatan be added to a graphi engine that laks harater support. All basionepts of harater animation exist in this library but some advanedfeatures, suh as weight ontrolled meshes, are not available. On the otherhand, its ability to blend animation is very good. It uses a native model�le format and runs other formats by �rst onverting them with di�erentexporters.Features
• Skeleton based animation
• Powerful animation blending
• Automati level-of-detail
• Fully ontrollable haraters
• Exporter for 3D Studio Max and Milkshape 3D
• Stand-alone library3.1.2 IrrlihtThe Irrliht engine is a rather fast game engine with support for bothmesh and skeleton based animation. This is an appropriate engine forappliations with basi harater animations, but unable to perform ad-vaned e�ets. The main fous is learly not on harater animation whihleaves muh to be desired in the area of advaned harater features andontrol (see introdution setion Table 1).
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3 PREVIOUS WORK 3.2 Commerial SystemsFeatures
• Charater animation system with skeletal and morph target anima-tion
• Support for blending and level-of-detail3.1.3 Nebula Devie 2Nebula Devie 2 is an advaned graphis engine with support for mostmodern harater animation features. It uses a palette-skinning vertexshader to perform skinning, whih the webpage laims it is the most ef-fetive way to do skinning on a Win32 mahine. Vertex shader drivenskinning permits large improvements in performane and also ease theworkload for the proessing unit. Sine the engine has a good harateranimation system and a high performane it is, in the opinion of thisreport's authors, the best open soure game engine available espeiallyonerning harater animation.Features
• Animation data optionally ompletely in memory, or streamed
• Streaming useful for large utsenes
• Animation data ompression
• Any type of 4-dimensional data, not just translation, rotation, sal-ing
• Rotation animation through quaternions, not Euler angles
• Weighted animation blending
• Vertex skinning with 4 weights per vertex
• Any number of bones per harater
• Any number of skin meshes per harater
• Skinning running ompletely in the vertex shader : no per-vertexoperations on the CPU3.2 Commerial SystemsThere are many games today that implement advaned harater anima-tion systems. These engines are typially built for speed and have theirown modelling formats and struture. This setion presents some of thesesystems.3.2.1 CipherThe Cipher webpage states:�Cipher's Advaned Animation System o�ers powerful featuresand integration with Charater Studio and Biped in 3ds max.The haraters in your game an be animated with Cipher'ssophistiated skeletal animation system, while simpler objetsan take advantage of the �exibility of the vertex animationsystem�
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3 PREVIOUS WORK 3.2 Commerial SystemsAfter examining the feature list and evaluating this engine the impressionis very positive. It has many advaned features beyond the basis. Suhfeatures inlude detailed animation possibilities for faial features and hairand full ontrol of the skeleton, enabling extensions easily. The lieneomes with exporter tools, whih enables the use of several model �leformats.Features
• Arbitrary number of bones per harater.
• Arbitrary bone in�uenes per vertex.
• Deformable skins with multiple levels of details.
• Animate faial features and hair.
• Attah rigid models to individual bones.
• Full aess to animating bone information (e.g. to plae gun inharaters hand).
• Vertex animation supports arbitrary deformation of models.
• Smooth blending between frames in both skeletal and vertex anima-tions.
• Variable speed and reverse playbak of animations.
• E�ient use of memory and extremely fast skinning.Liene fee: $100http://www.ipherengine.om3.2.2 Torque 3DThe feature list for Torque 3D reveals insu�ient animation library. Pre-senting trivial features like multi-bone skeleton, mesh and texture oordi-nates, whih are onsidered intrinsi properties of any harater animationsystem, is a sign of thin harater animation support. However, a sriptingfeature is a onvinient addition to any library.Features
• Animation: multi-bone skeletons, mesh, texture bitmap, texture o-ordinates and visibility
• Mesh vertex deformation animation
• Real-time animation blending for dynami, �exible harater ations
• Sripting interfae to multi-sequene animation manager
• Projeted objet shadows (lipped against the environment)
• Level of detail supportLiene fee: $100http://www.garagegames.om/
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3 PREVIOUS WORK 3.2 Commerial Systems3.2.3 True Vision 3DTrue Vision 3D is a basi game engine that o�ers nothing more than whatis available in any modern game engine, exept for the use of rigid boneattahments and ustom bone rotations. The fous is not on harateranimation but rather the sound and media library.Features
• Powerful animation system
• Skeleton-based, Keyframe-based, or Morph-based animations
• Attah hild meshes to bones
• Animate via ustom bone rotationsLiene fee: $150http://www.truevision3d.om3.2.4 Unreal Engine 3Unreal Engine 3 is one of the best game engines available to date, butonly available for those who an a�ord it. The feature list it presents doesnot bother to over the basis and instead displays a list of impressivegoodies. Aording to the o�ial presentation of the engine, it featuresa skeleton animation system ombining motion apture animation withphysi feedbak and proedual ontrollers9. A exerpt from the webpagestates:�UE3 is Epi's next-generation tehnology, intended for gamesshipping on next-generation onsoles and PCs.�Features
• Skeletal animation system supporting up to 4 bone in�uenes pervertex and very omplex skeletons
• Full mesh and bone LOD support
• Animation is driven by an �AnimTree� - a tree of animation nodesinluding:� Blend ontrollers, performing an n-way blend between nestedanimationobjets� Data-driven ontrollers, enapsulating motion apture or handanimation data� Physis ontrollers, tying into the rigid body dynamis enginefor ragdoll player and NPC10 animation and physial responseto impulses� Proedural skeletal ontrollers, for game features suh as havingan NPC's head and eyes trak a player walking through the level� Inverse Kinematis solver for alulating limb pose based on agoal loation (e.g. for foot plaement)
• New node and ontroller types an be easily added for game spei�ontrol9Similar to Funtion Controlled E�ets desribed in this report.10Non-Player Charater 16



3 PREVIOUS WORK 3.3 Conlusions
• Export tools for 3D Studio Max, Maya and XSI for bringing weightedmeshes, skeletons, and animation sequenes into the engineLiene fee: $750,000http://www.unrealtehnology.om3.3 ConlusionsAfter thoroughly examining the above systems it was onluded that mostsystems ome integrated in a game engine. While this might not be aproblem it is not always desirable, for instane when a graphi system isalready used, but laks harater support. The only existing stand-alonelibrary was Cal3d library, but it was not among the high ranking systems.As one an expet the ommerial engines are generally better than theopen soure systems.New systems usually fous on skeleton animation in their design but doesnot bother muh with outdated tehniques suh as mesh animation. Itis beoming more important for a �exible library to inlude methods toextend and ontrol skeletal animations, suh as rigid bone attahment andinverse kinematis. This is the diretion that Open Skeleton Library hastaken. This, along with a omparision to the above systems, is presentedin the next hapter.
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4 OPEN SKELETON LIBRARY4 Open Skeleton LibraryThis setion starts with an introdution to the Open Skeleton Library,whih also serves as a omparison to the systems presented in the previ-ous setion. It ontinues to explain the design approah and the essentialelements of the library. After this new features are introdued and ex-plained, �nally the library struture is presented.4.1 IntrodutionThe Open Skeleton Library is an exellent animation library that inludesmost of the features expeted in a modern animation library and inludesnew improvements. It has a lear and modular design that failitates solidstruture to support future features. Sine it is a stand-alone library, itis independent from any graphis platform, whih makes it possible toinlude in any engine. Sine it is not ompleted it still laks many features.The OSL an easily be ompared to other systems even though they havehad years of development time. The only other stand-alone library, Cal3d,hasbeen surpassed, muh beause it has not been properly renewed. Sys-tems, like Nebula Devie 2 or Unreal Engine 3, are more e�ient sinethey use Vertex Shaders to skin their models, whih OSL does not. Addingthis feature would be the next logial step in the development of OSL.Compared to Unreal Engine 3, OSL still laks integrated physis support,urrently left to handled by the host system. Both systems feature a formof funtion ontrolled e�ets, whih are very simular in purpose. OSL analso use these for additional purposes suh as rigid bone attahments.Features
• Skeleton animation ontrolled models
• Support for multiple formats easily extendable for new ones
• Weighted skinning with support for any number of weights
• Seemless animation blending
• Advaned funtion ontrolled e�ets for any part of the model
• Skeleton �tting makes it possible to use animation from other modelformats
• Rigid bone attahment enables, for instane, a harater to hold aweapon
• Stand-alone library makes it possible to inlude in any projet4.2 Design ApproahThe Open Skeleton Library aims to surpass all existing harater anima-tion libraries in terms of useability and modularity. The fous is skeletonanimation with features enabling extensions to the system.The library design originated from the motion apture �le format BVH11,presented below. As this format laks a mesh struture, this was alsoadded to the base. This resulted in a library ontaining strutures for11BioVision Hierarhy �le format, http://www.biovision.om18



4 OPEN SKELETON LIBRARY 4.3 OSL Basi Featuresa skeleton, keyframe animation, blender and mesh. Support for new �leformats are ahieved by new parsers that are easily integrated to thelibrary. This makes it relatively easy to inlude new formats. To failitatethe introdution of new features the library was made modular in itsdesign and easy to manipulate. Extensions with popular features suh asinverse kinematis or rigid bone attahment an be done through the useof funtion ontrolled e�ets.The BVH format, that formed the basis for the library is a modelling for-mat designed to store motion apture data. It has a hierarhial strutureof joints and end e�etors but laks support for mesh data (The use ofend e�etors is desribed in Setion 4.3.2). A typial exerpt from a BVH�le is shown in Listing 1.HIERARCHYROOT Hips{ OFFSET 0.0000 0.0000 0.0000CHANNELS 6 Xpos i t ion Ypos i t ion Zpo s i t ion Zro ta t ion Xrotation YrotationJOINT LeftHip{ OFFSET 3.7500 −0.0000 0.0000CHANNELS 3 Zro ta t ion Xrotation YrotationJOINT LeftKnee Listing 1: BVH sampleThe other andidate to base the model struture on was H-Anim, an ex-tensive �le format that is intended as a standard for humanoid haratermodels. It de�nes strutures for joints, bones and end sites whih orre-spond to end e�etor joints. Eah objet allows for advaned properties,suh as orientation limits for joints and mass and other physial proper-ties for bone segments. This format is primarily used for virtual worldssuh as X3D12. While interesting, sine it overs all parts needed for anyanimation purpose, it is too foused on humanoid models to be suitablefor OSL.4.3 OSL Basi FeaturesThis setion presents a walkthrough of the essential elements of the OpenSkeleton Library. The features are similar to many animation librariesand for the basis of the system. New features are presented in setion 4.4.4.3.1 ModelThe OSL model ontains a skeleton struture and a mesh, whih deter-mines the pose and look of the harater. It also has a number of anima-tions and funtion based e�ets. They determine what ations the modelis apable of performing. While it is not neessary for a model to ontainall these things, all models must have a skeleton struture, sine meshanimation is not supported. A quik overview of the models belongingsare depited in Figure 10. Furthermore, the model's update sequene ispresented in Figure 11 whih beomes more interesting as soon as otherfeatures of OSL are desribed.12Extensible 3D, suesor to VRML (Virtual Reality Modelling Language)19



4 OPEN SKELETON LIBRARY 4.3 OSL Basi Features
SKELETON

MESH

ANIMATION EFFECT

MODEL BLENDER

Figure 10: The Model struture
Update the Skeleton

Execute active Post−Effects

Interpolate between animations

Execute active Pre−Effects

Interpolate Intermediate frame

Update the Mesh

Figure 11: Sequene of the Models update4.3.2 Skeleton StrutureThe bone struture hierarhy onsists of a number of joints, eah on-neted to its parent by a length o�set. This is the basi approah usedin the BVH �le struture and other modelling formats. Other ways ofmodelling the bones exist, for instane, by having both a struture forthe bone and the joint. This would serve as a more realisti struturebut with the ost of a higher omplexity, but is generally not neessary.The joints have an o�set to its parent and a rotation whih the animationmanipulates in order to set the skeleton in motions. The animation of thejoints' o�set an be used for musle modellation and morphing e�ets.Another feature inherited from the BVH format is the use of end e�etors.An end e�etor is a rigid extension from the joint whih an not rotate.This enables external tools to be attahed to the body. The end e�etorkeep its initial relative rotation to its parent. The root joint is the base ofthe skeleton struture and its o�set indiate the model's translation. Thestruture of the bones are depited in Figure 12.4.3.3 MeshThe mesh possess all basi properties, suh as faes13, vertex normals,texture oordinates and material properties, generally found in meshesand also supports weighted verties. They are used to make the transi-tions between submeshes smoothly by onneting eah vertex to severalin�uening bones as desribed in Setion 2.4. The mesh urrently sup-ports any number of weights per vertex, but there is seldom need for morethan four. The mesh is divided into submeshes, to failitate the use of,for instane, di�erent textures on a model.13The faes de�ne what verties triplets that make up the triangles.20



4 OPEN SKELETON LIBRARY 4.3 OSL Basi Features
O{n−1}

Root joint

Normal joint

End effector

J0

J{n−1}

J{n}

J{n+1}

O{n+1}
O{n}

Figure 12: The skeleton strutureProedual Mesh for BVH-skeletonTo show the easy extension possible for the library a simple proedualskinning is available for the BVH skeleton as there is no mesh de�ned inthe BVH �le. The mesh produed is a diamond shaped enapsulation ofthe bones with a girth proportional to the length of the bone. The resultis a thiker and more lifelike �gure than that of the earlier skeleton lines.This mesh, depited in Figure 13, is similar to those used by the �rstskeleton-based omputer games.

Figure 13: Proedual skinning of the bvh model
21



4 OPEN SKELETON LIBRARY 4.4 New Features4.3.4 AnimationThe animation system uses keyframe animation, desribed in Setion 2.1,and an animation therefore onsists of several keyframes eah onsistingof one rotation matrix and one o�set vetor for eah bone in the skeleton.Eah animation has a timer to keep trak of the urrent keyframe position.The animation an either be looped or exeuted as a one-time-ation. It isalso possible to apply many animations to the same model at one, whihis proessed and blended by the Blender.4.3.5 BlenderThe OSL blender is responsible for two major steps in the animationproess; interpolation between keyframes of one animation and inorpo-ration of all ative animations by interpolating these together to a singleposture. To do this the Blender uses quaternions to do spherial inter-polation, as desribed by [4℄, whih are weighted by a value given by theuser. Currently, the Blender will only blend whole models and not partsof them. This limits its useability in some situations. The problem withthis method is desribed in Setion 2.6.4.3.6 OSL Parser: Model ImporterThe OSL imports model formats through the use of di�erent parsers. Bysimply writing a parser that extends the base parser, the library will gaina new format that it an use. This solution o�ers the possibility to keepthe models in their original format and load them without any onversionbak and fourth. Due to this, there is no need for OSL to house a nativeformat.4.4 New FeaturesThis setion presents the skeleton �tting sheme, as well as the funtionontrolled e�ets. These are features new for this library and the basitheory for them are found in Setion 2.9.4.4.1 Skeleton FittingSkeleton �tting is performed by the OSL_Parser by taking two models,the target and soure, and a joint map to determine what joints shouldbe mathed. This funtion will add a �tted animation to the target.Currently, a new map must be reated for eah new set of model formatsthat are to be used.The implementation of this method works for some models, but strangeartifats are prominent in others. The reason for this is as yet undeter-mined, but adjustments an be made to ompensate for this. Also, ertainjoints an be avoided when reating the map for the mathing bones.4.4.2 Funtion Controlled E�etsThe E�ets are implemented in OSL as a sublass of OSL_Effet, whihfores it to implement the member funtion exeute(OSL_Model*). Thisis the funtion that will exeute eah update yle of the model. It istightly integrated with the model and has aess to all its private membersfor total aess. There are two sorts of E�ets that an be added to the22



4 OPEN SKELETON LIBRARY 4.5 Further Improvementsmodel, Pre-E�ets or Post-E�ets. They are reated in the same way butextra are must be taken for the Post-E�ets sine they will take plaeafter the Skeleton and Mesh updates, (Figure 11), whih means that theModel need to be orretly updated again.The e�ets will typially exeute every update yle of the model, eitherprior to a update or as a Post-E�et. The use of post e�ets has theadvantage in alulating the positions for multiple models only needingto do one update run through the entire model and adding the individuale�ets afterwards, skipping a lot of unneessary realulations. Of ourseit must be taken into onsideration that hanging a bone in a skeletonstruture after its update means that a realulation of its hildren musttake plae. The Pre-E�ets are simply easier to reate sine no onernfor spei� update issues must be addressed.In the ase of Post-E�ets, are must be taken to make sure that every-thing is updated orretly. For instane if the E�et in�uenes a bone,it must make the e�et of this alternation propagate to its hildren (ifthis is desired). An example applition of this part of OSL is desribed inSetion 5.2.4.5 Further ImprovementsSine the library is modular in its design and beause the funtion on-trolled e�ets are an e�etive tool, it is easy to add new features to thelibrary. A list of some possible improvements that an be made is foundbelow:
• Inverse Kinematis
• Animation bits � blending ontrol
• Level-of-detail
• Vertex shader driven skinning
• Integrated physis
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5 LIBRARY APPLICATIONS5 Library Appliations5.1 Skeleton FittingThe following example illustrates the use of skeleton �tted animations.The appliation shows the typial usage where a very good animation fora skeleton with few bones exists but the animation is to be used on anadvaned model with a detailed skeleton with a mesh. In this demo, theMD5 model fatty from Doom 3 is hosen as target model for animation.The soure animation is taken from the the BVH model format, used formotion apture data. Target and soure model in this senario onsists of80 and 19 joints, respetively. The two models an be seen in Figure 14.

Figure 14: Target and soure modelThe proess of transforming the animation from the soure to the targetstarts with loading the di�erent models with their orresponding models:OSL_Parser_MD5 md5_p;OSL_Parser_BVH bvh_p;OSL_Model md5model = md5_p.parseModel("zfat/zfat.md5mesh ");OSL_Model bvhModel = bvh_p.parseModel("bvh/ballet.bvh");
24



5 LIBRARY APPLICATIONS 5.1 Skeleton FittingTo math the bones orretly, a map must is required. It ontains anindex at every position pointing to the mathing joint index of the souremodel. If no mathing joint is available, the default value will be -1.std:vetor <int > map;for (int m=0; m<md5.getSkeleton()->getNbrOfBones(); m++) {std::string name =md5model .getSkeleton()->getBone (m)->getName ();int bvhbone ;if (name == "Body") bvhbone = BVH_HIPS ;else if (name == "Lupleg ") bvhbone = BVH_LEFTHIP;else if (name == "Rupleg ") bvhbone = BVH_RIGHTHIP...else bvhbone = -1;}map.push_bak(bvhbone );This map is then used to apply the animation to the target model.OSL_Parser:: fitAnimation(md5model , bvhModel , 0, map);This line of ode adds the animation starting at index 0 from the bvhModelto md5model. The �tting of the bindpose is made by mathing the target'sbindpose to the soure's bindpose whih an be seen in Figure 15, fromleft to right, the default bindpose of target, the soure's bindpose and�nally the target's �tted bindpose. The �tting is now omplete and theanimation is loaded and usable by the md5model. A sreenshot from fattydaning ballet is shown in Figure 16.

Figure 15: The steps of skeleton �tting25



5 LIBRARY APPLICATIONS 5.2 Randomized Crowd

Figure 16: Fatty zombie daning ballet5.2 Randomized CrowdThe objet of the Randomized Crowd Demo is to simulate individual har-ateristis for every person in a large rowd. It an be ahieved by slightlyrotating a person's bones in di�erent ways by the use of the OSL:s E�etmodule. First a proper E�et, randomised in some way, is reated, whihis added to a model to make it appear slightly di�erent. This is done forevery person in the rowd.A simple e�et whih an set the rotation of individual joints is imple-mented as:OSL_Effet_RotJoint:: OSL_Effet_RotJoint(int jIndex,onst OSL_Vetor3& axis , float angle){ jointIndex = jIndex;OSL_Quaternion q;q.set_rotate_axis_angle(axis , angle);rotation .set(OSL_Matrix3(q));}void OSL_Effet_RotJoint:: exeute (OSL_Model* model) {vetor <OSL_Matrix3*>* store = &(model ->matrixStore[0℄);(*store)[jointIndex℄->set(rotation * *(*store)[ jointIndex℄);} Listing 2: 'e�et_rotjoint.pp'For total ontrol when writing E�ets, they are allowed aess to theprivate members of a model. Here it uses the models matrixStore whihis the struture all joints rotations are stored before sending them to theupdate funtion. In OSL, an E�et an either be added as a Pre-E�et,in�uening the joint just before being sent to update the skeleton, or asan Post-E�et in�uening the joints after the update. The easiest (butnot the most e�ient, see Setion 2.9.2) is to use the Pre-E�ets. This isdone by assigning an E�et to the model like:26



5 LIBRARY APPLICATIONS 5.3 Rigid Bone Attahment
OSL_Effet_Bone fx(9, OSL_Vetor3(1,0,0), PI/6.0);model.addPreEffet(fx);5.3 Rigid Bone AttahmentTo illustrate how e�etive the funtion ontrolled e�ets are, they havebeen used to implement rigid bone attahments for OSL. The attahmentis implemented through a Post-E�et, taking an OSL_Model as the at-tahment, and onneting it to a designated bone. It is then added to atarget model where it's exeute funtion replaes the attahed model'sroot o�set and rotation found at the target's designated bone. Sine itis a Post-E�et it will exeute after the target model has performed itsupdates, thus, putting it in the right plae. The e�et used an be seenin Listing 3.void OSL_Effet_Attahment:: exeute (OSL_Model* model) {int par = model ->skeleton ->getJoint (jointIndex)->getParent();*(attahedModel.matrixStore[0℄[0℄) = rotation *model ->skeleton ->getJoint (jointIndex)->getGlobalRotation();*(attahedModel.vetorStore[0℄[0℄) =model ->skeleton ->getJoint (par)->getRootOffset();attahedModel.skeleton ->update(attahedModel.matrixStore[0℄,attahedModel.vetorStore[0℄);attahedModel.updateMesh();} Listing 3: 'e�et_attahment.pp'The trik is, as in the randomized rowd appliation, to ommuniatewith the model update through the use of its matrix and vetor stores.The result using a BVH model with a MD5 hainsaw model attahed anbe seen in Figure 17.

27



5 LIBRARY APPLICATIONS 5.3 Rigid Bone Attahment

Figure 17: BVH model arrying a MD5 model hainsaw.
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6 CONCLUSIONS AND RESULTS6 Conlusions and ResultsThe goal was to ahieve a stand-alone animation library that is more om-plete than any other existing system. In many ways this was ahieved.The Open Skeleton Library has a sound design apable of inluding manyfeatures. All implemented animation tehniques in the library are smoothlyintegrated with eah other and an be used in a smooth way. All basiharater animation methods, suh as level of detail and inverse kine-matis, are not implemented. OSL provides a struture whih makes itpossible to add these features with little trouble. The performane of thelibrary an be improved by implementing vertex shader driven skinning.The new features, skeleton �tting and funtion ontrolled e�ets, weresuesfully implemented. Through the E�ets the same model an beused repetedly with individual harateristis, preventing the appearaneof the loning e�et often seen in games. The E�ets an also be used toeasily add new arbitrary methods of ontrol. The skeleton �tting is anexellent tool for applying animations from one model to another. This isespeially useful when motion apture data, whih is obviously done for ahuman skeleton, should be applied to a non-human model.Although not omplete the Open Skeleton library has the potential tobe one of the leading open soure harater animation libraries. A leardesign and extensible struture makes it ideal as a modular extension in,for instane, a game engine.
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