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The similarity in suessive images generated for omputer graphi an-imated sequenes is a soure of great possibilities for aelerating renderingtime by avoiding seemingly redundant alulations. There is a wealth of in-formation that a renderer alulates or aesses in the ourse of reating animage that an be used to aid the reation of future frames. Previous solutionseither inurred visibility errors or used methods to guarantee the auray ofimages that ould be prohibitively time onsuming.This dissertation proposes an elegant and fast method that speeds thealulation of ray traed animated senes onstruted of onvex objets bya ombination of temporal and image oherene. The algorithm reuses raysvi



alulated from previous frames by transforming them to their new loationsand updating their olor from their shading and material properties.The solution presented guarantees the auray of the visibility andshading of reused samples while minimizing alulation time. The methodworks with any existing bounding volume aeleration method and is ompat-ible with jittered anti-aliasing shemes. It handles reetions and refrationsand does not depend upon any part of the sene remaining stati. It doesassume the existene of some ontinuity in motion, whih is usually found inanimated sequenes, but it will graefully degrade to standard ray traing forsenes with pathologial animation design.
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Chapter 1
Introdution

In the e�ort to speed the alulation of omputer generated animated se-quenes there are a number of methods that take advantage of some form ofoherene. Assuming that it is highly probable that a pixel in an image willnot greatly di�er from its neighbor leads to methods that exploit image oher-ene, while using the similarities between sequential frames exploits temporaloherene.The approah introdued uses rendering information from previous frames.When rendering an image, any algorithm alulates a great deal of usable in-formation: objet motion, orientation and loation as well as depth, part andshading information at pixel loations. There is a wealth of valuable informa-tion generated besides the olor of individual pixels.Re-using this information in generating the urrent frame leads to greatsavings in rendering time and avoids the problems inurred by re-using oldimagery. New imagery alulated this way is aurate and never out of date.Information reuse works with objets like mirrors that interat with their en-vironment. Visibility in future frames is solved faster and more aurately1



than in previous approahes and senes are allowed to be dynami and notrestrited to a kind whose visibility an be solved by a simple depth sort.Exploiting this information not only enhanes the rendering time of a givenrenderer but has the apability to extend the apabilities of the renderer toinlude new tehniques.Rendering tehniques other than image-based rendering have shown lim-ited use of (or the need for) information reyling. In the use of a hierarhialimage bu�er to solve the visibility problem, the set of visible polygons froma previous frame are drawn �rst in the urrent frame in order to form an ap-proximation of the urrent frame that is used to speed its alulation. Theinformation used is the ontents of the set of visible polygons - not their oldloations. In another rendering aeleration tehnique, the use of diretionaloherene maps, the algorithm generates a hidden line drawing of a frame inorder to aid it in determining the omplex areas of the urrent image. This isan instane where information from a previous frame ould be used to augmentthe visibility solution but is instead alulated from srath.This paper introdues this information reuse in the environment of raytraed animated sequenes. Ray traing is a tehnique that is known forreating images with sharp shadows and ompliated reetions. It determinesthe olor of a pixel by �nding whih objet in the sene intersets the 'ray'from the viewer through the pixel. One this objet intersetion is found, morerays may be shot to determine lighting, reetions, or refrations.When a ray-objet intersetion has been suessfully determined for apixel, the approah introdued here exploits that information by re-using theintersetion in subsequent frames thereby avoiding the need to re-trae theray. By onsulting the viewer motion and objet motion, the intersetion an2



be transformed to its loation in a future frame. The olor an be auratelyrealulated from the updated surfae normal and the objet's shading param-eters. This avoids retraing the ray as long as it remains visible, avoiding theostly ray/sene omparisons that form the the bottlenek in ray traing.Previous approahes have updated the positions of ray-objet interse-tions before, but only with primary rays. The method introdued here hasthe new advantages that it works with reetions and refrations and doesnot depend upon any part of the sene remaining stati to inur savings. Themethod works with any standard bounding volume aeleration sheme om-monly found in ray traing and measures positive results against senes alreadyaelerated by bounding volumes.One an intersetion point has been translated to its loation in thenew frame the visibility problem remains unsolved: there is no guarantee thatanother objet hasn't moved in between the intersetion and the viewer, or itis also possible for the objet to beome shaded or unshaded by any of thelight soures.Previous algorithms that exploited temporal or image oherene in raytraing either didn't solve this problem, solved it by rendering a hidden linedrawing of the next frame or solved it by retraing all of the primary rays; bothsolutions an easily ahieve alulation times that approah that of renderingeah frame from srath. The method introdued here ombines the au-rately updated information from previous frames with an enhaned z-bu�erto generate visibility-orret images for future frames. A visibility orretionalgorithm quikly detets image areas where hanges in visibility may our.The renderer an then alulate new imagery for these areas. This new ap-proah quikly determines the areas of the image where visibility is orret-3



the vast majority of time is spent alulating new rays in image areas wherevisibility is unertain. The enhaned z-bu�er treats reetions and refrationsas if they were in their own image bu�er, thus allowing fast, orret visibilityto be alulated with reeted imagery.This new approah also takes advantage of image oherene in ways sim-ilar to previous approahes but with two new enhanements. First, reeted orrefrated imagery is determined �rst and then ombined with primary imageryusing alpha information. This allows image sub-sampling to appear in di�er-ent pixels in the reeted and primary image. This, in turn, allows greatersavings in ray/intersetion reuse. Seondly, the method an determine the im-age area of unoluded spae by exploiting information gained when renderingthe image. This unoluded area information is used in onnetion with ahierarhial image bu�er. to �nd large image areas where minimal samplingan our. Both of these approahes are new and allow greater savings whenused in onnetion with ray/intersetion reuse.Chapter 2 outlines previous work in this area and related areas. Chapter3 desribes the problem of maintaining orret visibility with this approah.Chapter 4 desribes the problems and solutions related to reetions and re-frations when re-using rays traed in previous frames. Chapters 5 and 6 show2 solutions to the visibility problem. Chapter 7 tells how the approah isaelerated further by image sub-sampling. Chapter 8 explains the solutionto solving the position of reeted and refrated rays in planes and spheresand skethes the solution to more omplex surfaes. Chapters 9 and 10 showresults and Chapter 11 briey desribes future diretions.
4



Chapter 2
Previous Work

2.1 Ray TraingRay traing is a rendering algorithm that is known for reating pitures withompliated reetion and refration e�ets and well de�ned shadows. [69, 24℄A simple ray traer is diagrammed in �gure 2.1. Given a 3d sene geometry,shading parameters and a viewer's position and view diretion, a ray traergenerates an image by 'shooting' imaginary rays from the viewer's loationthrough an image plane towards the sene geometry. The image plane isbroken up in to a grid orresponding to the image resolution. As eah rayis shot through the interior of eah pixel in the image, it is ompared to allof the objets in the sene and tested for intersetion. Of all the objetsthat the ray intersets, the intersetion losest to the viewer is the visiblesurfae in that diretion. The surfae normal and shading harateristis of theinterseted surfae are found and the orret olor is alulated. If shadowingis desired, an additional ray is shot from the intersetion loation towards any5



existing light soures. If an intersetion is found with any objet, then thesurfae is in shadow for that light soure at that intersetion point. If aninterseted objet is reetive or refrative, seondary rays are shot startingfrom the intersetion point. Figure 2.1 shows a primary ray shot from theviewer that strikes a reetive sphere B. In order to �nd the orret pixel olor,the reetion diretion is found and a seondary ray is shot. The losest surfaethat the seondary ray intersets (sphere A) is then referened for shadingparameters, additional light rays are shot, and the �nal olor is alulated.If a ray enounters more reetive surfaes additional rays are shot until the�nal pixel olor is alulated or until the user-spei�ed maximum number ofreetions is reahed. (Or until the available memory or user's patiene isexeeded)

A

B

Figure 2.1: Ray Traing
6



The simplest (and slowest) implementation would ompare a ray againstall of the polygons in the sene geometry for eah pixel. This an be seengiven that there are 262144 pixels in a 512x512 image and sene geometrieswith 100000 polygons are not unommon, the exeution time for eah framewould inlude the time for 26 billion ray/polygon omparisons.A family of aeleration tehniques use some kind of spae hierarhy toquikly eliminate most of the sene from intersetion alulations. These fallinto two ategories: bounding volumes and spae partitioning. A boundingvolume hierarhy is reated by �rst �nding a simple volume bound (usually asphere or box) that surrounds parts of the sene that are lose together. Theray traer an ompare rays against that bound. If no intersetion is foundthen all objets within the bounds an be eliminated from ontention and thetraer an onentrate on the rest of the sene. Bounds themselves an begrouped together and bounded, reating a hierarhy that an be traversed bythe traer, thus hopefully eliminating large numbers of intersetion tests.A spae partitioning sheme �nds a bounding volume that enompassesthe entire sene. It then subdivides the volume and determines whih seneobjets interset the sub-volumes. Objets may overlap and be listed in morethan one sub-volume (as opposed to a bounding volume sheme where the vol-umes themselves may overlap and oupy some of the same spae.) There hasbeen muh work on bounding volume hierarhies and partitioning shemes andsuh approahes are a standard part of any raytraer. However, determiningray/objet intersetions is still the largest time onsumer of the algorithm. Themethods introdued here work with any bounding volume sheme and measuretheir progress against a raytraer using bounding volume aeleration.7



2.2 Image-Based TehniquesThere has been muh reent work in using image-based tehniques to aeleraterendering animated sequenes - not neessarily ray traed [3, 10, 13, 4, 28℄. Allof these methods speed the alulation of an image frame by reusing portionsof images rendered in preeding frames.Maial et. al. [44℄ use image-based tehniques with walkthroughs ofstati senes. The sene is partitioned into an otree where the lowest nodesorrespond to individual objets in the sene. An objet may vary its render-ing omplexity by hoosing whether to use texture-mapping, or varying theobjet's level of detail. Varying the level-of-detail (or LOD) allows the ren-derer to draw simpler (and therefore faster) versions of an objet as it reedesfrom the viewer[15, 22, 33, 34, 43, 66, 60, 59, 67℄ But the new addition to thissystem was that axis-aligned views of the objets are prealulated, and theseimages may be used in lieu of rendering the objets if the estimated error ofthe resulting image is aeptable. Prealulated images of objets are om-bined at higher levels in the sene hierarhy and may be used to represent theentire ontents of an otree node. This means a number of images need to beprealulated, but sine the sene is stati this is a viable option.One system [57℄ avoids prealulating images by reusing parts of imagesthat had already been rendered in previous frames of the animation. Thestati sene is preproessed by dividing it up using a BSP tree[1, 50, 51, 52℄.A Binary Spae Partition (or BSP) tree is a binary tree where the root noderepresents the entire sene spae. Given any plane that divides that spae, thetwo resulting (possibly unequal) halves are represented by the two nodes thatare the root's hildren. The hildren are then themselves divided (by possibly8



di�erent planes) to reate further nodes. BSP trees are known for their usein fast polygon olusion algorithms. In this system, the sene is renderedstarting at the lowest nodes and images from lower nodes are ompositedto reate images for higher nodes. The image generated from any node anbe saved for future use as a texture map on a polygon whose sreen sizeenompasses the node. Then, when rendering future frames, the algorithmdeides whether to render the ontents of the node or to reuse the texturemap. The texture-mapped polygon is translated and warped aording toviewer motion in order to math the deformations that would happen to theatual geometry. If the ontents of the node are drawn, it may ontain texturemaps of its hildren.The deision is made due to estimates of the work that would be savedby using the texture map and estimates of the auray of using the warpedtexture map. This is derived from the sreen size of the node, the number ofpolygons in the node, and estimates of the viewer motion.Lengyel et. al. extended the work to use image-based tehniques indynami senes. This approah [41, 64℄ divides a sene's parts into layerswhih will be rendered into their own frame bu�er and later omposited tomake the �nal image. The layer's frame bu�ers, or sprites, ontain alphainformation and transformation variables that will warp them into position inthe �nal image. The sprites' position is updated every frame, but the imageneed not be rendered as often. The system allows level-of-detail variation inunderlying geometry and allows di�erent renderers to be hosen depending onimage quality and rendering speed. Sene parts and layers must be determinedmanually before hand. This predetermines the divisions of a sene that an bereused. If subparts of the divisions hange visually, the entire division must9



be re-rendered. If the objets that the layers represent interset (or get lose)in three spae, then the layers must be ombined, possibly reating one verylarge layer, whih must be re-rendered as often as the most transient of theoriginal layers.None of these image-based approahes are designed to be used for raytraed imagery. They fare espeially well if the objets in the sene haveminimal visual interation with their environment. Texture-mapped objetswith minimal shading due to light soures are best beause their images anbe reused for longer periods of time - one an objet's image is replaed witha newly rendered one there is less of a hange in the objet's appearane andless of a popping artifat in the animation than objets (like highly reetiveones) whose appearane interats with the environment.2.3 Temporal Coherene in Ray TraingRay traed images in their simplest form are generated by de�ning a olor foreah 'ray' whose origin is the viewer loation and whose diretion is determinedso that it goes through �xed positions in eah pixel. Eah ray is omparedto all of the objets in the 3d sene, and if it intersets an objet, the oloran be alulated from the surfae properties of the objet. Further raysan be spawned from the intersetion loation in the diretion of the lightsoures to disover if the objet is shadowed. If the objet is reetive orrefrative further rays an be shot in the reetion/refration diretion to �ndthe reeted/refrated olor.Animated sequenes of ray traed imagery have usually been reatedone frame at a time, disarding all information alulated from the previous10



frame. Reently there have been advanes in the reuse of information on aframe to frame basis[36, 63, 29, 47, 9, 6, 49, 45, 11, 37, 7℄.One early idea using temporal oherene to aelerate ray traing in-volves rendering an animated sequene whose motion parameters are known[23℄.The method extends the use of bounding volumes and spae subdivision toaelerate ray traing by bounding objets in time as well as spae. Rays notonly have x, y, and z oordinates, they also have a time oordinate and areompared against 4d bounding volumes using 4d plane equations. When aray is shot for a partiular time the question asked of the bounding volumehierarhy is not just 'Does this ray interset this objet?' but 'Does this rayinterset this objet at this time?'.This enables the bounding volume hierarhy to be alulated one atthe beginning of the sene instead of at the beginning of eah frame, andthis is the primary soure of the algorithm's advane in eÆieny. Framealulation itself is not aelerated muh beyond the ommon e�ets of theuse of bounding volumes exept that the method introdues a new boundingvolume/ spae subdivision hybrid sheme whih is not temporally based. Thealgorithm re-shoots all rays every frame and does not reuse any informationgleaned from rendering the previous frame.Another approah uses the idea of remembering pixel values and trans-lating them to their subsequent loation based upon their objet's motionparameters [2℄. An image is ray traed and all pixel values were translatedto their new loations for the next frame. Determining if the samples are o-luded is done by retraing the ray from the viewer to the intersetion point,omparing it with the bounding volume hierarhy in its new loation.Savings are gained by the fat that the intersetion point itself needn't11


