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Abstract

Title of Thesis: Interactive lllumination Using Large Sets of Point Lghts

Joshua Barczak, Master of Science, 2006

Thesis Directed by: Marc Olano, Assistant Professor, Computer Sciea and
Electrical Engineering

There are a number of techniques in the field affwater graphics in which the illumination in a sees approximated
by a set of point light sources. These techniguesnot well-suited to interactive applicationscduese evaluating the

contribution of large sets of point lights can riegqua great deal of computation.

In this work we present an approach to renderirenes containing large numbers of lights, using Enognable
graphics hardware. Our approach uses a geomesilility determination algorithm in order to avopkrforming
visibility computation at the pixel level. In &tldn, by pre-computing and storing visibility infoation, and

amortizing the update cost over several framesaree@ble to support scenes containing moving abject

We apply our techniques to the problems of rendesaft shadows from area light sources, and difinskrect

illumination, and are able to render screen-sizedges of scenes with several hundred lights atactiee speeds.
Our optimization techniques allow us to rendergmidicantly larger number of shadowed point ligttian previous
interactive systems. We present experimental tesllowing a significant performance improvemengéroa more

straightforward baseline implementation.
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1 Overview

Although the field of computer graphics has hadagreuccess in rendering plausible illumination mtefactive

applications, the quality of the illumination leaveuch to be desired. Interactive computer grapsii! struggles
with the problem of reproducing global illuminati@ffects, in which the objects in the scene infaeerach other’s
appearance by changing the amount of light thathesathe surfaces. One important example is Hie sf shadow
rendering. Modern interactive applications cardegrdirect shadows from a small number of poirttligources, but
the shadows that are produced typically have rigghmetric edges. These types of shadows are k&terred to as
“hard” shadows. In real scenes, most shadows soft”; and exhibit a gradual transition from ligiat dark regions

(see Figure 1-1).



Figure 1-1: Direct illumination with hard shadows (left) asdft shadows (right).
Indirect illumination is another effect which is portant in real life, but which is typically badbpproximated in
interactive applications. Indirect illuminationaes when a surface is illuminated by light thafiist reflected by
another surface, rather than emitted directly ftbemsource. Much of the illumination that humahseyve is indirect,
especially in indoor environments. The traditiofald least correct) solution to the indirect ilination problem is to
add a constant term to every illumination compotatio take into account the “ambient” illumination the
environment. This is often better than ignoringliiact illumination, but the results are obvioushaccurate,
especially when compared to a rendering which befp@roximates the indirect illumination (Figure2)l- In static
environments, illumination can be pre-computed giginglobal illumination algorithm and used to renofgeractive
walkthroughs (light mapping), but this method islyororrect if light sources and objects remain infixed
configuration. In scenes with moving objects, tighapping will be inaccurate. Many interactive kggtions,
especially games, use light mapping for static ggoyrsuch as walls, and less accurate techniqueshéracters and

moving objects.

Figure 1-2: A scene rendered with direct illumination (leftpnstant ambient illumination
(middle), and our method (right). The red lighthie right image is due to reflection from a red
wall, which is not visible.



Indirect illumination computations are especialipllematic if occlusion is to be considered. Aligh some previous
work has chosen to ignore shadowing in indireaniihation, we believe that its effect is far togiontant to ignore, as

shown in Figure 1-3.

Figure 1-3: A scene rendered with only indirect illuminatiobeft: Without occlusion. Right:
With Occlusion.

In this master’s thesis, we present a renderintgesysvhich is able to handle soft shadowed dirdégmination, and

indirect illumination with occlusion, while rendeg at interactive rates. We accomplish this byp#idg the instant
radiosity algorithm [Keller 1997] to run efficiegtbn modern programmable graphics hardware. Olutisn to the

problems of indirect illumination and soft shaddw$o simply apply standard direct illuminationie@ues on a large
scale. We employ a number of optimization techesgwhich allow us to achieve an order of magnispkedup over
a naive, brute force implementation for scenes satheral hundred lights. We are able to suppoxtimgoobjects, to
some extent, by carefully limiting the amount ocmmputation that is performed in response to agéan the scene,

and by amortizing the cost over multiple frames.

The remainder of this thesis is organized as fatowChapter 2 describes the capabilities of prograbie graphics
hardware, and provides a primer on global illumorat Chapter 3 provides a review of relevant pwork. Chapter 4
describes the techniques employed in our rendesygiem. Chapter 5 provides an analysis of our exéngl
performance and image quality. Chapter 6 describedimitations of the current system and suggasenues for

futures work.



2 Background

We begin by presenting a basic introduction to dhpabilities of modern graphics hardware. We thiee a brief
description of global illumination, as it is undemsd in computer graphics. We describe the claksitobal

illumination algorithms, and recent attempts toedexate global illumination techniques using grapliardware.

2.1 Graphics Hardware

In this section, we present a brief, high-levelrei@wv of the capabilities of modern graphics acatas (GPUs). We
begin by giving a high-level description of the dering pipeline that is implemented by modern GRUsh as the
NVIDIA GeForce 5900 or 6800 series, or the ATl RaaleX800 or X1800 series. We then discuss the user-
programmable portions of the pipeline in more detaid present an overview of the programming mdbaet is

exposed by graphics APIs such as DirectX.

2.1.1 Modern GPU Architectures

Commercial graphics accelerators use speciallygdesi hardware to produce images by rendering bngmlygons

using a scanline rendering (rasterization) algorithThe rendering pipeline that these acceleratoppement can be



broken down into several stages, some of whichuae¥-programmable. In the first stages, polygoriices are
fetched from GPU memory, and are transformed tgnathe polygons to a particular viewpoint and aotdior
perspective. In addition to the transformatiorverftex positions, other computations such as aimmatr lighting are
sometimes performed at this stage, using additiorfatmation that is stored with the vertex posiso On modern
graphics accelerators, there are generally a nuoftferating-point vector processors which perforaertex processing
in a MIMD fashion. Modern accelerators also camtaidedicated cache to store the results of thepuatation for

several previous vertices, allowing redundant camampan to be skipped if vertices in a model areemdpd (as they

often are).

<
‘ —

Figure 2-1: The rendering pipeline implemented by a modePUG Components colored green
are implemented using fixed hardware. Componesitsed red are user-programmable.



After vertex processing, the vertices of each giarare collected and passed to dedicated radierizaardware,
which is responsible for determining the set ofefixcovered by a given primitive. In addition tsjtions, additional
values such as colors, surface normals, and textooedinates can be generated for each vertex éyvémntex
processors, and interpolated between the vertEédsegpixels of the polygon are plotted. Moderrdhare is typically
able to interpolate up to thirty-two floating-poivelues, organized as eight four-component vectoraddition to the
vertex position. Prior to rasterization, polygamisich are only partly visible have their invisibp@rtions discarded,
through a process calledipping. In addition, polygons which are completely odiésthe screen area, or which face
away from the viewer, are detected and discardedaddition to the fixed-function clipping and dalj, modern
hardware allows the user to specify user-definggpirig planes, which can be used to clip geometrg variety of

ways. We make use of these clipping planes durimgshadow map rendering.

After rasterization, additional computation mustpgeformed for each rasterized pixel in order teedwaine its final
color. Most of the transistors in modern GPUsdwdicated to pixel processing. Pixel-processingpisied out by a
set of vector processors (between 12 and 24 oerdumodels), which operate on blocks of pixels BIBID fashion.
The pixel processors can perform arbitrary comporatusing the interpolated outputs of the verteocessors, and
can also access additional data by reading pirets & set of images known as texture maps. Texbayes are blocks
of image data which can be stored in a varietyooinfts. This functionality is typically used to pnanages onto a
polygon in order to add fine detail to the scerm. éxample, a surface which represents a wall naag la brick image
mapped onto it. There are a myriad of other usegdxture mapping, such as storing illuminatiotuea (light
mapping) or applying detailed, small-scale disptaests to a surface (bump mapping). Modern graphécdware
typically supports a variety of filtering operat®oon texture data in order to eliminate certaird&iof artifacts that can

occur in the image, but filtering is generally sapported on all texture formats.

In addition to rasterization, graphics hardware haiso perform hidden surface elimination, in ortterensure that
polygons which overlap on the screen are propaestyunled, regardless of the order in which theydaesvn. This is
accomplished by using a technique called Z-bufteri\ screen-aligned buffer is used to store aldeptue for each
pixel, which represents the distance from the eytaé point on the nearest polygon. The depthevedwa function of
the Z-component of the pixel's position, relatieethe camera. When a pixel is plotted, its deptlue’ is compared to
the depth value currently in the Z-buffer, andtsf depth value is higher, the pixel is discard€h modern graphics
hardware, the Z test can usually be performed eprigr to pixel processing, which allows the pdiglty expensive
pixel processing operations to be skipped for atmtlipixels. Current GPUs also employ hierarchitdduffering
techniques [Green et al. 1993, Xi and Schantz 1988th allow them to efficiently discard occludetkgls during

rasterization.



In addition to the Z-buffer, modern acceleratorfeiofin additional buffer which is known as the stebuffer. The
name is derived from the fact that the intendedafghis functionality was to mask out pixels whiate covered by
user-interface elements, and which should not béified when rendering a frame. The stencil buiéeessentially a
single-byte counter for each pixel, which can betseautomatically increment or decrement whenevegixel is
plotted in the given location. In addition, a teah be specified for the stencil value to disatiiéing to pixels under
certain conditions. The most common use of thixcfionality is for shadow rendering, using the sivad/olume
technique [Heidmann 1991, Everett and Kilgard 20®2it it can be used for a variety of other purgos&tencil
testing occurs immediately after Z testing, andstencil bits are often stored in the same memadvas the depth

buffer bits (using 24 bits for depth and eightdtencil).

After pixel processing, a variety of post-procegsiperations are available which can be used tdowrthe colors of
the resulting pixel with the colors already in tiemder target. This post-processing stage is carhymeferred to as
the alpha-blending stage, because it is most affeed to implement transparency by using an ‘algkah to

interpolate between two colors. Alpha blending atso be used to sum the results of several remgi@asses, or to

modulate one set of pixel values by another.

After post-processing, the final values for allgisxare written into a fixed location in GPU mem¢the exact location
is determined by the rasterization process). Q@ugeaphics accelerators do not have the abilitpedorm so-called
“scatter” writes, in which a shader unit writesao arbitrary memory location. In addition to wrdito the frame
buffer that is used to drive the display, moderrdihare can also write pixels to a texture maphso the results of the

computation can be used in subsequent renderinguiges.

2.1.2 Programmable Shaders

During the past few years, the flexibility of comrmmial GPUs has been significantly increased byattieent of user-
programmable architectures. Modern graphics ARIshsas DirectX or OpenGL expose this functionality
application developers by providing an interfacestpply user-defined programshéder$, written in a special-
purpose language. The shader languages rangeafsstract instruction sets that resemble assembgjukge, to high
level languages. The most popular shader languagebe time of this writing, are HLSL, Cg, ancet®penGL

shading language, GLSL.

Shaders can be used to control the computationighagrformed by the vertex or pixel processingssa Shading
languages typically operate on scalar values, ctove with up to four components. The parametees shader can be

classified intouniform parameters, which have a constant value that gpéication may change between rendering



passes, andarying parameters, whose values depend on the vertexarhging processed. The numbers of uniform
and varying parameters available to a shader argeti, and depend on the number of registers dtailen the
underlying hardware. The languages offer a varadtypuilt-in functions for mathematical operatioagch as dot
products, cross products, vector normalizationasguoots, and texture access. These operatiensia@oped by the
GPU driver to its native instruction set. Shadwns perform any computation they desire, but anegdly required to

produce a minimal set of outputs, such as a verasition for vertex shaders, or a color value faepshaders.

The instruction sets of current hardware suffemfra number of limitations. Older hardware has tiahimemory
available for storing shader instructions, and isgsoa limit on the length of the shader prograrhes€ limits are
typically higher for vertex programs than for piyebgrams, and have become less of an issue arethest hardware.
While older hardware was limited to 96 instructiamghe pixel stage, the limit on the newest handwa about sixty-
five thousand. Although the shader languages stig@oative or conditional constructs, these aoé always usable
due to the lack of flow control support. Most haade can only support a conditional selection irton, which can

be used to implement statements of the formX =(y==0) ? a: b;

This instruction can be used by the shader compilémplement arbitrary conditional statements, thi$ requires
executing both branches of the conditional andctelg between the results. Data-dependent bragdam looping is
supported on the newest GPU architectures in attvértex and pixel stages, but it did not exispogvious GPUs,

and it can sometimes incur a serious performancalfyedue to the SIMD nature of the underlying @exture.

2.2  Global lllumination

Computer graphics practitioners often charactgpizenomena related to light reflection by placingnthinto one of
two distinct categories. The first category, lotlimination, deals with light emitted from a scerbeing directly
reflected by an object to the camera. The secatehory, global illumination, is concerned with #féect that every
object in the scene has on every other objectb&litlumination takes into account visual phenomémat are caused
when one object changes the way light reflects antther. Examples of global illumination effeittslude shadows,
mirror reflections, indirect illumination, and caias (the focusing of light by reflection or reftam from a curved
surface). These effects are a very important factgroducing realistic images, but accuratelytbgsizing images
containing global illumination effects is a diffictask because the interactions between objedissitene can quickly

become very complex.

The standard formulation of the global illuminatiproblem in the computer graphics literature isigw the problem

as an integral equation, for which a numerical tofuis being sought. For each point visible ia itene, the amount



of light reflected from the point can be expresasdan integral over the other points in the scéftd@s equation was

originally presented to computer graphics by Jaifegiya [1986], and is referred to as “The Rendetfigpation.”

The rendering equation is:

L(x, V) = Lo(x,v) + . L(X', (X- X)) P(v, (X- X))V (X, X)G(X, X" )dxX

Where:
L(x,v) is the total light energy transferred fromimt x in direction v
Le(x,v) is the energy emitted from point x in directiv (if the point is on a light source).
P(v,v") is the bi-directional reflectance distrifart function (BRDF) at point x.
V(x,X) is a delta function which is equal to orfelie point X’ is visible from x, and zero otherwis

G(x,X') is a term which depends on the relativeeotation of the two surfaces, and is defined as
follows:

G ) = ALINL)
|IX- XIf

Where:
L and L’ are the normalized directions from xtand x’ to x, respectively.

N and N’ are the surface normal vectors at x»nd

It is important to realize that the rendering etratis only an approximation. It ignores a numbémpotentially
important optical phenomena, such as the scattenirapsorption of light by the medium in which riavels. It also
ignores effects such as polarization and diffractiohich can be important under certain circumstancin addition,
the form of the equation is such that an exactlytinal solution is not possible, and thus the methused to solve the
problem are, in effect, approximations to the agipnation. In computer graphics, however, numerinatcuracy is

often overlooked if the visual results are aestiadlii pleasing.

The BRDF is an important aspect of global illumioat The BRDF is a function of two directions wkogalue
represents the fraction of incoming light from fhiet direction that is reflected in the secondedtion. The BRDF of
a surface generally depends on the physical priepeof the material that the surface is composed BRRDFs in
computer graphics are typically analytically dedveeflectance models, but it is also possible te tebulated

representations of measured data.

Computer graphics practitioners often make a ditin between different classes of BRDFs. SpedRIDFs reflect
light primarily along the mirror direction (that, ithe reflection of the incident direction aboué thurface normal).
Specular reflection is exhibited by extremely glosarfaces such as glass, metals, or smooth, pdlighaterials. A

mirror is an example of an ideal specular reflect@iffuse BRDFs tend to scatter light in all diiecs above the

9



surface, in a roughly uniform fashion. This typereflection is caused by small-scale inter-reilets between
microscopic bumps or cracks in the surface. Idé@aise surfaces are often used in computer grapoi@pproximate
the reflectance from rough surfaces. Very few materials actually exhibit ideal diffuse refleetjiathough chalk

comes close.

Most real materials, (for example, layered matseriich as plastic) often exhibit a combinatiorhese behaviors, and
as a result, most reflection models in computeplgics use a combination of a diffuse term and aidpe term.
Because these two classes of reflectance prodéfeeedit visual phenomena, they are often reprodusing different

algorithms. In the next section we will give adfrdescription of the fundamental global illumimeatialgorithms.

10



3 Related work

In this section, we review some of the relevanatesl work. We begin by discussing traditional &tpons for
computing global illumination. We then discussdiha generation techniques, and recent attemptsrtgpate global

illumination in interactive applications.

3.1 Classical Global lllumination Algorithms

Perhaps the most famous of the global illuminatechniques is ray tracing, originally developedTaner Whitted
[1980]. This technique is well suited to modelisgecular transport effects such as mirror reflactidRay tracing
works by projecting a line from the focal point thie camera through each pixel in the image, ancutzing the
intersection of the line with each object in therse. Once the location of the first hit point rotn, effects such as
mirror reflection or refraction can be handled legursively firing another ray from the hit locatiand adding its
weighted contribution to the final image. Shad@ar also be computed in a ray tracing system bgtatgprays from

the hit point to the light source to determine ieetany other object blocks the light.

In addition, it is possible to use ray tracinggenerate a sampled reconstruction of causticsradicect illumination

by using a technique known as Monte-Carlo PathifigaiKajiya 1986]. The main problem with ray tragiis that the

11



number of ray-object intersection tests becomeemdly large as scene complexity increases. |ardat rendering
times to be reasonable, complex data structuresegréred to avoid performing unnecessary inteigsedests. The
text by Watt and Watt [1992] devotes several chapte ray tracing and the various techniques wiiakie been

developed to make it practical.

A related technique is photon mapping [Jensen 2@0i¢h works by repeatedly tracing rays from thghts into the
scene, and storing a database of the points ahwherays strike the objects. The rays are rigfteand refracted in
random directions (chosen according to the reffexgaof the objects they hit), until their energydiepleted. The
database of photon hits, known as a photon mapbedhought of as a sampled representation of éleolight in the
scene. The light reflected from a surface at avigitpcan be approximated either by examining theside of photons
near the point of interest, or by using a technigaiéed ‘final gathering’, in which all surfaces tine scene are treated

as light sources, and their contributions are sachpy firing rays through a hemisphere over thetpwi interest.

A fundamentally different technique is radiositydi@l et al. 1984], which is a method for simulatthg interaction of
light between diffusely reflecting surfaces. Raitip works by producing a fine discretization oétkurfaces in the
scene into small patches, and calculating the amofienergy that each surface patch contributesvery other
surface patch (assuming diffuse BRDFs). To take atcount shadowing between patches, ray tracngbe used,

but a large number of rays may need to be shadoh patch in order to produce accurate results.

The computer graphics literature is overflowinghaitarious modifications, tweaks, and enhancementiset radiosity
algorithm, and it would be beyond the scope of tingk for us to present a comprehensive treatmetiteevolution
of this technique. For a more thorough review refer the reader to the book by Cohen and Walla883]. Some of
the more notable enhancements are hierarchicalsigg{Hanrahan et al. 1991], which adaptively sutdlés the scene
to reduce the number of light interactions whichstrhie computed; hemi-cube radiosity [Cohen and itirerg 1985],
which works by rendering the scene repeatedly fthen point of view of each patch; and discontinuitgshing
[Lischinski et al. 1992], which subdivides the seatong shadow boundaries, allowing a more accsi@tegion with

less subdivision.

The main problems underlying all of these classigabal illumination algorithms are their high contational cost,
their high memory requirements due to the need fiull scene representation in memory, and thetfeattthey do not
scale well to dynamic scenes. In the classicdbaldlumination algorithms, the entire computatiomist usually be

repeated from scratch in response to any scengeban
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3.2 Shadowing Algorithms

Because shadows are such an important part of ualvieene, the most common interactive global ithation
algorithms are shadow generation algorithms, wiaieh design to handle shadows caused by the occlo$idirect
illumination. Although ray tracing can be used fois purpose, it is not well-suited to interactaeplications. The

two main shadowing techniques used in interactp@ieations are shadow maps and shadow volumes.

The shadow map algorithm [Williams 1978] is veryagghtforward, and in addition to its use in inthee

applications, it is also extremely common in offlinendering for film production. The algorithm kerby first

rendering a depth map from the point of view ofligbt source. The depth map is an image wherh pa®l contains
the distance from the rendered object to the lighthen rendering the scene from an arbitrary vieapahe point
under each pixel is transformed into the shadow wiewing space, and its depth is compared withdiyeth in the
map. If the map’s depth is lower, the point isdhaed. This algorithm is illustrated in Figure 3-TThe main
drawback to this technique is that the limited heon of the shadow map image can produce jagbed®~ edges,
which detract from the realism of the image. A@nfiltering technique called percentage closkerfing [Reeves et
al. 1997] can be used to soften the appearandeeoédges, and other, more involved techniques Aseeappeared

recently in the graphics literature [Stamminger Bmelttakis 2002, Sen et al. 2003].

3¢

Figure 3-1: Shadow Mapping. A depth-image, taken from tgbt| is used to test for occlusion.
The right point is in shadow, the left point is not

The shadow volume algorithm [Crow 1977, Heidman1}199 more involved than shadow maps, but doessuofier

from the jagged edge problem. This algorithm wdrkdirst locating the silhouette edges of a polygjoobject, with
respect to the light, and projecting those edgésfinity, creating a polyhedral volume. Any powtich lies inside
this volume is shadowed by the object. The tecinieport by Everett and Kilgard [2002] presentawember of
techniques for robust implementation of shadow nms. A key drawback to this technique is that igraphics
hardware implementation the volumes must be rastein order to determine whether each pixel igl?er outside
the volume. This, together with the silhouette eedgtection and geometry processing, typically make shadow
volume technique much slower than using shadow magisthe higher shadow quality often justifies tieeluced

rendering performance.
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Both of the algorithms described above are limttegroducing what graphics practitioners call “hahddows”. This
means that the shadows have sharp, geometric etityest.real-life shadows are “soft”, meaning thadre is a gradual
transition between occluded and unoccluded regidssft shadows occur because most light sourcesarsimple

point or directional sources, but are in fact edtsh light emitting surfaces. The only physicaityrect way to render
soft shadows is to compute the fractional visipitif the light, with respect to the shaded poifhis is generally done
by point-sampling its surface and computing thetfom of samples which are visible from the poifitrdgerest. In

order to produce accurate shadows, a large nunfilsanple points are required. There has beena deal of recent
work which has attempted to produce soft shadows farea light sources in interactive applicatioNge discuss a
few of the most well-known methods here. For aertbporough review, we refer the reader to the reservey paper

[Hasenfratz et al. 2003].

The most intuitive technique for rendering softdihas is to take a set of samples over the lighttamgisurface, and
compute the illumination contributed by each sanmgaét. When visibility is taken into account, ghproduces an
accurate shadow image, but a large number of samapdetypically needed, especially if the illumioatproduced by
the light is not uniform over its surface. Varideshniques such as importance sampling [Ward 1881¢ been used
to improve this process, but it can still be quetgpensive. In our work we show how to efficientiympute the

illumination from a point-sampled area light uspr@grammable graphics hardware.

One recent technigue approximates these shadowstinding small, flat quadrilaterals, called “Simues” out of the
silhouette edges of the object, rendering theseariexture from the light position, similar totaredard shadow map
[Chan and Durand 2003]. Any surface that is adetlby the smoothie is assigned a visibility vahet is computed
based on the distance between the blocker andghi &nd the distance between the receiver andighe This
technique, combined with standard shadow mappinghi® umbra region, produces approximate soft sieadehich
are visually pleasing, but physically inaccuraihis technique is very similar to another approeahed “Penumbra

Mapping”, which was developed independently andiphbd at the same time [Wyman et al. 2003].

Soft shadowing techniques based on shadow volumes dso been developed [Assarson et al. 2003 sd’ methods
augment standard shadow volumes by using additgpeainetry (Penumbra wedges) to enclose the penuradian.
Fractional visibility is estimated for each pixeider the wedge by projecting the correspondingsiite edge onto
the light source and estimating fractional vistlili The visibility estimation is performed in axpl shader, and the
estimated visibility is accumulated into a screbgred texture which stores fractional visibilitfhe technique
produces accurate shadows for rectangular or sgthdights, under most circumstances, but the patgomputation

required can be expensive. Large area light seuaoeplify this problem, because they cause thetioreaf larger
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wedges. The original work was targeted at int@racimplementation on graphics hardware, but aavdrbf the

technique has also been used to accelerate softxsteomputation in a ray tracer [Laine et al 2005].

3.3  Global lllumination in Interactive Applications

Interactive implementations of ray tracing haverbaehieved for dynamic scenes [Parker et al. 1988id et al.

2001], but a complex parallel computing architeetisrusually required, and the algorithms usedasoale down to
a single workstation with a commercial graphicsete@tor. Specialized hardware architectures leen proposed
for ray tracing, [Schmitteler et al. 2003, Woopa&t 2005] but these architectures do not yet aehtee same raw
rendering performance as standard rasterizatioeeb&PUs. Commodity GPUs have been used to acteldra

implementations of many of the traditional glodaimination algorithms [Purcell et al. 2002, 20@3rr et al. 2002,
Cohen and Greenberg 1985, Coombe et al. 2004thbee implementations do not scale well to dynasoanes, and

even for static scenes they do not always achigeedctive frame rates even on modern GPUs.

An early attempt to adapt radiosity to dynamic ssensed a hierarchical structure of the patchéiseo$cene, so that
pairs of patches that were affected by a changieetecene could be detected and updated [DretiakisSillion 1997].
The main drawback of this work is that it is basedchierarchical radiosity, and thus requires a ¥Viexgy subdivision of

the surfaces in the scene in order to yield higaliuresults.

Selective photon tracing [Dmitriev et al. 2002pis improved photon mapping algorithm which is des@jto support
interactive rendering in scenes with moving objedtsthis algorithm, a fixed number of photons ased to represent
the indirect illumination, and are divided into et ®f groups. One photon from each group, call@ilai photon, is

shot during each frame in order to detect possibdme changes. When a pilot photon detects a sbange, all other

photons in the group are re-shot and their coninbs to the indirect illumination are adjusted.

A more recent work by Larsen and Christensen [2084F techniques similar to selective photon tgadint performs
the shading using graphics hardware. Photonsraced adaptively on the CPU in response to scearggs, and a
final gathering approach based on hemi-cube raglif@ohen and Greenberg 1985] is used to compuat&ese texture
map for indirect illumination, which is then appmli¢o each surface. Caustics are also supportagsing a screen-
space density estimation technique over the seawdtic photons. The main limitation of this wiskhat the textures
used for indirect illumination must be very smalgcause the textures are generated by renderingcéime once for
each texel. In order to achieve high frame ratesauthors had to use very coarse light maps argtessively update
the illumination over several frames whenever drared. This restriction to coarse textures littitssaccuracy of the

indirect illumination, but their method is abledfjiciently render caustics.
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Apart from the classical techniques, a variety efhhiques have been developed specifically for livamaylobal
illumination effects in interactive application¥hese techniques are too specialized to handlgeheral problem of
accounting for all global illumination effects irymhmic scenes, but they typically provide an aagptsolution for

specific cases.

Pre-computed radiance transfer [Sloan et al. 2B04a]technique which has attracted a great dealteftion in recent
years. This technique supports interactive rendeof fixed objects under changing lighting coratis, and is able to
capture a number of subtle effects such as inteatedn and self-shadowing, which are difficult dompute using
other methods. The main problems with this metathat it requires an expensive offline pre-pssitey step for
each object, and dynamic changes to the objecéigeshre difficult to support. We make use thishmétin our work,

and will discuss it in more detail in Section 4.4.

A recent paper by researchers at the Universitg€eadtral Florida [Nijasure et al. 2005] is probablye of the most
effective examples of interactive indirect illumiiten on programmable graphics hardware. Their rtiegke is to
subdivide the volume of the scene into a coarssetdimensional grid, and compute a global illumorasolution by
repeatedly rendering images of the scene as viéwetd each face of the grid. The images on the faigs are then
projected onto a spherical harmonic basis, antheaal interpolation between grid points is usedcémnpute the
approximate indirect illumination for any point the image. Because of the limited resolution ef ¢thbe grid, the
algorithm does not correctly handle shadows incagieere indirect illumination is blocked by a neadbject, and it

can also suffer from discontinuities in the illumiion at grid boundaries.

3.4 Instant Radiosity

In this section, we introduce an indirect illumioat technique called “Instant Radiosity” [Keller 98, which our
work will be heavily dependent on. This techniqakes a different approach to indirect illuminatiand despite its
name, it is actually more closely related to marade ray tracing methods [Kajiya 1986]. Insteddubdividing the
surfaces in the scene, instant radiosity beginfirimg rays from the light into the scene, in trearge fashion as photon
mapping. The instant radiosity algorithm then sesdch of the ray hit points as a point light seuvehich represents
some of the indirect illumination in the scene. ®@ydering an image with shadows for each of thigkts using
direct illumination techniques; and accumulating the dbation of each image, a plausible approximationndirect
illumination can be computed. Keller's originalpea used graphics hardware and the shadow volugaeithim to
render these individual light images, but did ncitiave very high frame rates due to the large amotiper-pixel

computation that is required.
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Other researchers have picked up on the idea ofgepting indirect illumination as a set of poiotiges. Udeshi and
Hansen [1999] present a modified version of thihiégue which estimates the amount of indirecttligilected by
each scene polygon into the scene. The polygansated according to the amount of light theyetfback to the
scene, and the point lights are placed at the @iéstof the first N polygons. The main problemhniheir work is that
their implementation does not consider occlusibat is, it does not take into account shadows chgescene objects
occluding these indirect lights. It is also vempensive to apply the polygon sorting techniquemtare than one

bounce of indirect light, since this computationuiebbe at least Oy for N polygons and k bounces.

Wald et al. [2002] have also implemented globainilination algorithms using a modification of Inst&adiosity, but
their technique uses a cluster based ray traceld[¥taal. 2001] and is not designed to run on glsimorkstation with

a GPU.

Another technique called reflective shadow mapscfi3hacher and Stamminger, 2005] takes a creatpmagh to
this problem. Reflective shadow maps are imagedeied from the light's point of view, in which dagixel acts as a
point light source. When rendering an image wittliriect illumination, the RSM is sampled severatetotimes per
pixel, and the contributions of the sampled pixalshe RSM are used to approximate the indireatrilhation in the
scene. The main limitation of this technique iattlh does not consider occlusion. In additiom thchnique assumes
that pixels close to a point’s projection into R8M will contribute more than pixels which are het away, and this

assumption is not always accurate. Finally, tiear@ue is limited to only a single bounce of iredirillumination.

A recently published technique called Light Cutsa]t§r et al. 2005] has been used to optimize ingtdiosity in a
ray tracing context by performing a clustering osets of point lights. In this method, a hieracahiclustering is
performed over all of the light samples in the sgeamd a search through this tree is performeddoh rendered pixel
to locate the smallest set of clusters that meetsr&in error bound. This method can reduce tiaber of light
samples used from several thousand to several édndavhile still maintaining good image quality. €ltmain
drawbacks to this method are the fact that thairset of lights must be very large (on the orofetens of thousands),
and the fact that the clustering must be perforfoecdach rendered pixel, which makes implementatiorgraphics

hardware difficult.
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4 Method

In this section we describe our techniques for eeing shadowed scenes using large numbers of pgits. We
begin by discussing how point lights are distrildute our scenes. We describe our method for rémgleymni-
directional shadow maps in Section 4.2. In Sestidr8 and 4.4, we discuss our approach to rendénegcene
geometry. In Section 4.5, we describe how to msgjvely update the illumination computation inpasse to a

change in the scene configuration.

4.1 Light Sample Generation

The first step in our technique is to generateta&point lights to sample the illumination in tseene. Our method
for doing this is a modification of Keller's origahinstant radiosity technique [1997]. Our goaldggenerate a set of
oriented lights which represent the illuminatioartsported by the surfaces in the scene. Eachdayhple will have a

position, the normal to the surface on which itdes, and an intensity value.

For each light emitting surface in the scene, weegae two sets of point light samples. The fieptresents the direct
illumination, and the second represents the intliteonination. The relative sizes of these twangde sets can be

adjusted according to the relative importance oéaiand indirect illumination in the scene, and tatal number of
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lights can be increased if higher image qualitydesired, or decreased to reduce rendering time ra@chory

consumption.

The direct illumination samples are computed bedimg random positions on the surface of eachttemi The
intensity of each direct illumination sample is abto the power of the light source divided by thenber of samples.
Because we use a sampling of the area light soouresystem implicitly computes accurate soft shegifor the direct

illumination in the scene.

Our second set of lights represents the indir&atnihation, and is computed by a random walk thtotlge scene. A
ray is fired from a random position on the lightism in a random (cosine-weighted) direction, anmbiat sample is
created on the first surface hit by the ray. Titerisity of this sample is equal to the power efltght source scaled
by the BRDF of the surface at the hit location.e ocess is repeated by recursively firing anotaedom ray from
the hit location until a user-specified bounce {tifisi reached, at which time a new ray is gener&ma the light

source. The ray-shooting continues until the digechumber of indirect light samples have beenegated, at which

point each sample’s intensity is divided by thatoumber of paths that were generated.

When distributing indirect illumination samples, weke one key assumption to simplify our algorithtile assume
that the effect of the moving objects on the disttion of indirect illumination is negligible. Thiassumption allows
us to compute the set of sample points as a p@epso using only the static geometry of the scéfeés assumption
will not be valid for scenes which contain verygamovers, but it is a reasonable approximatiomfost scenes, since
the majority of the indirect light is typically letted by large stationary surfaces such as wdllds assumption also

allows us to assume that the positions and oriemsbf the light samples in our scenes will nairge.

4.2  Shadow Mapping

We use shadow maps, rather than shadow volumesufovisibility computations, because we believat tthey are
inherently more efficient. Shadow volumes requargreat deal of geometry processing for each ligingce the
silhouette edges of the objects must be extractedder to generate the shadow geometry. More iitaptly, shadow
volumes can also require a great deal of pixel gssing, since the volumes tend to cover a large @ir¢he screen.
Clamping and culling techniques have been develdpaidwill reduce the fillrate requirement [Lloyd a&. 2004], but
these may not scale effectively to large numbertigbts. Using shadow maps also allows our graphiardware
implementation to compute the contribution fromesaV lights in one rendering pass, which reducel tiee memory
bandwidth cost and GPU driver overhead. This tspossible with shadow volumes, since the volunoeséch light

must be rasterized in order to isolate the shadqiezls.
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4.2.1 Shadow Map Parameterization

One of the most serious limitations of shadow magkat they are difficult to use with point lighburces. Standard
shadow maps are implemented by rasterizing theesgeometry from the point of view of the light sceiin order to
generate the map. If the field of view that isdexbto cover the scene is very large, then starsladow maps break
down because graphics hardware cannot rasterijecfoms onto a full hemisphere (Figure 4-1). Besenof this

limitation, we must use a variant of shadow mappitich is able to represent the occlusion ovefulidhemisphere.

I H A?k H |
Figure 4-1: A case where standard shadow maps break dowa.sfadow map must cover the

entire hemisphere below the light to representusich from both table legs. Graphics hardware
cannot rasterize projections onto a hemisphere.

Cube mapping is a technique for representing atifumover the sphere by mapping a set of images that faces of a
cube surrounding the sphere. In order to mapextiin to a cube-map texel, the largest componktiteodirection
vector is used to determine the appropriate faocd, the remaining two components can be used tosacite
appropriate texel. All modern GPUs contain spegiabose hardware to accelerate this mapping aperatlt is
possible to implement omni-directional shadow mbhpsendering the shadow map into a cube texturkerd are,
however, two problems with doing so. The firstlgem is that rendering into the six faces (fiveir case) requires a
large number of rendering passes. The main proliemever, is that cube maps make inefficient dsshadow map
memory. In order to accurately represent shadows flistant occluders, the cube map resolution restxtremely
high. In our case, this problem is amplified b flact that the bottom face of the cube map willenedbe needed,
(since our lights only illuminate over one halftbé sphere) but there is no way to prevent thelgcaphardware from
allocating memory for it. Standard texture mapsldpin principle, be used to simulate a cube mag avoid

allocating the redundant memory, but this wouldhery inefficient use of the API.

[Py
A 2A

Figure 4-2: Parabolic Shadow Mapping. Left: Projectioradine onto the shadow map. Linesin
three dimensions can project to curves. Rightce&sing the map to test visibility for a particular
direction.
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Paraboloic mapping [Brabec et al. 2002] is anotéeinnique which can be applied to functions oveemisphere, and
is more memory-efficient than cube mapping. Is tieichnique, the scene is projected onto the sudha paraboloid
centered at the light position (Figure 4k2ft), and the resulting map is stored in a stamdao-dimensional texture.
When testing for visibility, the pixel shader congmithe point on the paraboloid that reflects tihection of interest in
the direction of the light's normal, and uses thant to access the texture (Figure 4-2, right)enéRering into a
paraboloid map requires only a single rendering peish a relatively cheap vertex shader, and agogsbe map
during illumination computations can also be impdened very efficiently. However, because the mtipe of the
scene onto the paraboloid is non-linear, it is possible to generate an accurate shadow map witheatily
tessellated geometry, because graphics hardwaretancurately rasterize a non-linear projectiéhie have found
this error to be a much more severe problem tharrétfevant literature indicates. The projectioroers especially
problematic if the shadow casting object is a lgstgar surface such as a wall, because the evaorsesult in thin
slivers of light leaking through the bottom of thall (see Figure 4-3). In this case, the artifagenot be eliminated
without tessellating the walls to a size at whietthetriangle covers roughly one shadow map pixehis level of

tessellation is prohibitively expensive for our poses.

Figure 4-3: Light leaking artifacts due to inaccurate prdifgein a paraboloid map. The shadow
on the far wall should extend to the floor. Thélsvare subdivided into a 25x25 vertex grid, but
the artifacts are still prominent. A tessellatlenel of 60x60 eliminates the artifact, but is too
expensive for our purposes.

For our system, we use a technique which is corsbihe strengths of each of these two methods. éNder our
shadow maps by projecting the scene geometry bettop four faces of an octahedron, and mappingethigt onto a
square as shown in Figure 4-4. Because the pimjescare linear, this mapping does not suffer ftamartifacts that
occur in parabolic mapping, and no tessellatiothef scene geometry is required. This method requip to four
rendering passes for each shadow map, but thtglisreferable to the five passes required foreuhlapping, and the
octahedral map is much more memory-efficient. Eagtdering pass projects the blocker geometry ont of the
four faces of the octahedron, and user-definegitigpplanes are used to constrain the renderinet@orresponding

triangular slice of the render target. Computing mapping between a point on the hemisphere adioates in the
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map can be expensive in a pixel shader, sincevities a conditional projection onto one of foutabedron planes.
Depending on the performance characteristics ofGR&J, this cost could be reduced by pre-computirgtexture
coordinates corresponding to each direction onh#draisphere and storing the result in a cube magp.loAg as the
cube map resolution is sufficiently high, no errars introduced. This reduces the cost to onetiaddl cube texture

lookup for each shadow test. The memory costisfahbe map is negligible, since only one copyeisded.

Figure 4-4: Octahedral Shadow Mapping. Left: An octahedtentered at a light source. Right:
Projection of a line onto the shadow map. Not¢ tite projection is linear over each face, but
discontinuous at the edges.

4.2.2 Shadow Map Rendering

Because of the large number of shadow maps thasyatem must deal with, we take great care to enthat the
shadow map rendering cost is as low as possiblee bagin by taking the entire set of occluding otseand
transforming the models into world space. We exelfrom this set any surfaces which cannot blotlkelosurfaces
(such as the outer walls of rooms). We do thissfi@mation on the CPU, rather than on the GPU &sriormally
done, because we cannot afford the overhead offgipgca different transformation matrix for eachatuder in the
shadow map. To do so would require changing vesteader constants for each occluder and issuingparate
rendering command. This does not generally incgremt deal of overhead, but in our case, thatlsovarhead is
multiplied by a large constant factor. Performihg transformation on the CPU allows us to rendeocecluder

geometry using no more than four rendering passestmdow map.

After the transformation into world space, we parfaa simple culling test for each shadow map facdetermine if
any of the four faces does not contain occludérhis is the case, we are able to avoid rendetfiregprojection onto

this face, and in some scenes this produces disartiperformance improvement.

Our shadow mapping vertex shader consists of twwixn@ultiplies. The first transforms the geomeinyo a light

space coordinate system, (which is a rotationigmahe Y axis with the light normal). The secardjects the result
onto the render target. User clipping planes aexlwuring each pass to restrict the renderingedrtangular slice
corresponding to the current octahedron face. gixal shader computes and stores the distancestodimputed light-

space position. This value is written out as thptl-value that is used for Z-testing.

22



4.3 Rendering llluminated Scenes

Given our previously computed set of light sampéeg] assuming diffuse BRDFs for all surfaces (wliod constant
over the hemisphere), our goal at render time esveduate the following equation for each poirthat is visible in the

scene:

L= AGILV(x p)G(xn,i)

il Lights
Where:
(N>L)(NSLY)
|- X[

L; is the intensity of light i

G(x,x') =

pi is the position of light

n; is the surface normal at poixt

n; is the normal of the surface on which liglis located
d is equal top,—x (the direction fronx to the light)
V(x,y) is a visibility function between two pointsandy

A(X) is the reflectance of the surface at paint

There are several ways to optimize the above camtipnt The most obvious is to factor out the Aegm, which is
constant over the entire set of lights. We canémgent this by rendering the diffuse albedo of\tiséble surfaces into
a screen-aligned texture, and modulating the coeapilfumination by the albedo by using alpha blegdi However,
it is still expensive to evaluate the summatiorectiy for each pixel. We employ a number of optiation techniques
in order to reduce the cost of this computatiorhese techniques, taken together, can produce Hicagih speedup

over a naive implementation, as our results dematest

The visibility function in the above equation isglamented by projecting each rendered point inéostredow map for
each light. Because this must be done on a plet;-ligr-pixel basis, it can become prohibitivelpemnsive. In order to
reduce the cost of the visibility computation, weewa geometric algorithm to determine, for eacleatbjvhich lights
are potentially occluded, and which ones are definnot. Because shadow map access is only ejfir partially
occluded surfaces, we are able to avoid a gredtafe@dundant work by skipping the visibility conmation for
surfaces that can be shown to be free of occlusiie.use a hierarchical subdivision of the sceriggoms in order to

increase the effectiveness of this optimization.
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Another avenue for optimization is to avoid repdaggaluation of th& function, since it is not view-dependent. This
is accomplished by pre-computing the sunt@&(x,n,i)into a texture map for each surface and ignorisgility. At
render-time, we take the interpolated illuminati@iue from the texture map and subtract out thdritmriions of the
occluded lights. This reduces our computationatibn because it allows us to skip the illuminattemputation for

the non-occluded lights.

We also simplify the computation by interpolatitigrmination from a low-resolution image, rather th@-computing
it for each image pixel. This approximation iseeffve because illumination typically changes velgwly between
pixels, especially when the surfaces in the sceaegplanar. The interpolation can produce unacbéptaliasing at
object boundaries, but we can correct this aliabyngepeating the computation at full resolutiongixels that lie near
an edge. Because interpolation is hundreds ofsticheaper than re-computing illumination, we arfe &b drastically

reduce the fillrate demand of our rendering system.

In addition to the algorithmic changes describeovabwe also structure our implementation to mimarthe graphics
API overhead that is entailed by repeated multspasdering. When computing shadows, we processaay lights
as possible in a single rendering pass, and wedate an object clustering technique to minimizeréguired number

of API calls.

4.3.1 Visibility Determination

As the number of lights in the scene grows, thgdatumber of shadow map accesses per pixel quiEdpmes a
limiting factor. Because our rendering speed isisavily tied to the pixel fillrate, we can obtairperformance boost
by determining, for each element of the scene, lwhihts are potentially occluded and which ligate definitely not.

This allows us to avoid shadow map accesses fdookéd lights on surfaces which obviously do naahéhem.

For each rectangular surface patch in the sceng@erferm this visibility determination by connedieach vertex of
the patch to the light-source position, formingkavged pyramid. Any object which does not intergbda pyramid
cannot possibly cast a shadow on the patch. Weéheaafore separate the lights into unblocked jggrtblocked, and
fully blocked sets by testing each blocker objestihtersection with the occlusion pyramid of edigit. A light
without any intersections is guaranteed not to loeked over the surface of the patch. For comphexiels with a
large number of polygons, we implement visibilitgtermination at the object level, by widening theclosion
pyramid until it completely encloses the boundimpdere surrounding the object. The geometry ofdbeusion

pyramid is illustrated in Figure 4-5.
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Figure 4-5: Occlusion pyramids for planar surface patcheft)(and complex objects (right).
Depending on the complexity of the blockers, we clanose to test each individual polygon againspgramid, or to
test a bounding volume such as a sphere. If thekbl contains a small number of polygons, it igaadageous to test
the individual polygons, rather than the boundinfumes, because this yields more accurate visildigtermination.
In addition, it is possible to detect cases in \Wwhire entire object is occluded by a single larglggon. In such cases,
the light can be ignored entirely when rendering titcluded object. For complex blockers, howewesting
individual triangles against the pyramid can quidkkécome very expensive, and a bounding volumectasgenerally
yield an adequate, conservative result. In oudémentation, we make a distinction between simpléase patches
like walls, which we test directly against the pyid, and complex objects such as bunnies and teafootwhich we

test only the bounding sphere against the pyramid.

Figure 4-6: A 2D example illustrating hierarchical visibjliletermination. An object is
recursively split two times, and the results oflosion testing are shown for each node of the tree
(F-full occlusion, P-partial occlusion, N-no ocdlus). Leaves colored red do not require shadow
map access.

For very large surface patches such as walls,bergeficial to subdivide the surface into smallexcps. This allows
shadow map accesses to be concentrated in regfotie surface where they are needed, which cancesdue
rendering cost for the scene. We can make vigildiétermination more efficient by imposing a tetricture on the
objects. For each light, we first perform the asibn test for each of the parent patches, aftet fiiscarding any

lights which are behind the patch. If a potentietiuder is found for the parent patch, we recelgitest the sub-

patches until we reach a leaf, or until we findul-patch which is either fully blocked or unblockelh this case, the
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occlusion testing is stopped and the result is ggafed down the tree to the leaves. Our currepleimentation only
performs this recursive subdivision on planar ste$asuch as walls or floors, but it could in prieibe applied to
meshes as well by recursively splitting the mesieganto clusters. Our subdivision strategy faches is illustrated

in Figure 4-6.

In our implementation, we found that subdividinggka patches up to three times could produce pediocm
improvements, but that excessive subdivision waseggdly not beneficial, since the overhead of agdadditional
rendering passes eventually outweighs the perforegained by not accessing redundant shadow ngpslevel of
subdivision for each surface in the scene shouldgbeccording to the degree of occlusion thakédyl to occur on
that surface. In our scenes, we used a fixed sidal level for each surface, but we manually atfd the
subdivision according to the role of the surfacéhim scene. For example, we typically subdividedrs more heavily
than ceilings. An adaptive subdivision could alsoperformed at run-time, using the number of oastulights as a

subdivision metric.

For static scenes, visibility determination for led@ht can be performed as a pre-processing step stored.
However, if the positions of objects change, thgnagnic re-computation becomes necessary. We distow to

handle moving objects in Section 4.5.1.

4.3.2 Light Mapping

For large, planar surfaces, such as walls, theniliation does not change rapidly over the surfasegadows
notwithstanding). It is therefore possible to poenpute the contributions of each light, to avoaihg to compute
light intensities at each pixel. We create a ligidp texture for each patch in our scene. Thistligap stores a
sampling of the accumulated light intensity for thegtch, for all lights which affect the patch andiet are either
unoccluded or partially occluded. We found thabider to prevent interpolation artifacts at theihaearies of sub-

patches with differing illumination, it was necelgstb maintain a separate light map for each subkpa

At run time, we first render the contents of thiéglet maps into the frame buffer, using bilineateipolation to smooth
the illumination. The result of the first pass gwoes an illuminated image of the scene, withckintainto account
occlusion from partially blocked lights. We therake a second pass over the scene and use the shaajmsvto

subtract the contributions of occluded lights. Tésults of our visibility determination algorithane used to optimize
this process by applying a shadow map to a patthibthe light in question is partially occludeder the surface of

that patch. We use this approach, rather thambakie shadows into the light maps, because itgmtsvour shadow
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accuracy from being limited by the light map resiol, and because it reduces the need for light upatates when a

shadow casting object moves.

Light mapping is based on the assumption thattifase has a diffuse BRDF. For non-diffuse BRORE technique
is not applicable, because the reflectance from ghdace is view-dependent. If our surface BRDBgdua
combination of diffuse and specular terms, as isrothe case in practice, we could use the lightsrta store the
diffuse term, and compute the specular term dynaliyiiovhich would still allow us to avoid some difet computation.
It may also be possible to store a compressedseptation of the view-dependent reflected radidanetion, using,
for example, a spherical harmonic basis. Howetrgs, would require a great deal of storage, andadyo updates

would be difficult.

4.3.3 Lowres Pass

Even with visibility determination, the per-pixaeroputation that is required to render the imagestéirbe very high.
Fortunately, for large numbers of lights, the ilination changes between pixels on a flat surfaeesarooth enough
that it is possible to compute a low-resolution gkng of the image and interpolate it into the higisolution image.
This is similar in spirit to the irradiance cachiteghnique which is commonly used to accelerateteioarlo global
illumination algorithms [Ward et al. 1988, Tabelteand Lamorlette 2004]. This technique has beeu before in
interactive applications with a high fillrate dendafbachsbacher and Stamminger 2005], and has pravba a very

effective means of boosting rendering speed.

Figure 4-7: Interpolation without edge detection. Althoublke illumination is smooth, the edges
have an unacceptable jagged appearance.

Even though interpolation can produce a reasonalsienstruction of the illumination, it will alsoeate jagged edges
at object boundaries (Figure 4-7). This classnedide artifacts is due to a phenomenon cadliésing, which is a
common problem in computer graphics, and is calbgethe limited resolution of a rendered image. sbive this
problem, we render our images in two phases. g féender a low resolution image of the illumioati and then

perform an edge detection operation to locate regio which the surface orientation, and therefdhemination,

27



changes rapidly. We will then perform a secondlegimg of the shadows at full resolution, whichders only to

these boundary pixels.

We perform the edge detection by examining theutexiaps which contain surface positions and naiital each
pixel, and locating regions where the plane equatiof the underlying surfaces change. When peifaredge
detection, it is necessary to mask out pixels wide region around the edges in order to preventofcleaking”

artifacts caused by the interpolation, as showRigure 4-8. We can implement this efficiently bgpping over a
larger distance when examining neighboring pixelsrd) edge detection. Although this simple appmation may
problems at very thin discontinuities between se$a these cases are sufficiently rare in prattigestify its use.

During the edge detection pass we set the deptretal zero at non-edge pixels, and one otherwidgs creates a
depth mask, which we use for re-rendering the ilhation at full resolution to avoid edge aliasin@@ecause the
graphics hardware is able to quickly discard pixetsch fail the depth test, we can use the reduth® edge detection

pass to restrict rendering to the edge regions.

Figure 4-8: Edge detection artifacts. Left: Stepping piel in each direction causes color to
bleed across the edges during interpolation. Ri@tépping several pixels in each direction
corrects the problem. Top images show interpolpbeels in green

4.3.4  Multi-pass Rendering implementation

Because of the limited shading resources in graphardware, our system must use multiple rendepamses to

compute the shadows. During the shadow computationvertex shader performs a transformation chesertex
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from world coordinates into light-space coordinaigkich are the coordinates used for shadow mappiffg do this
in the vertex shader for efficiency, and also beeaour pixel shading hardware lacks sufficientstegs to store the
transformation matrices in the pixel stage. Tightlispace positions are passed from the vertexeshadthe pixel
shader as interpolants. On an ATl X800 GPU, weshervough interpolators to handle up to seven lights single

pass.

The pixel shader uses the light-space positiorzctess the shadow map for each light, and compheeumination
for each pixel by looking up the world-space posit and normals from screen-aligned textures. pdsitions and

normals are stored in textures in order to freetgrpolators to allow a higher number of lights pass.

In order to avoid quantization artifacts, we must @ floating point texture to store the accumdlagsults from each
rendering pass. Since the X800 does not suppphiaablending when rendering to floating point scefa we are
forced to emulate it by using a double-bufferedescb. Each rendering pass reads the previous fesulione texture
using a texture lookup, and outputs the new pixdbrcto a different texture. The textures are tBampped for the
next pass. Using a texture lookup to read theraatated result can produce rendering artifacts heandaries due to
floating-point error in the computation of internigg pass texture coordinates. If floating-poipha blending were
available, however, these artifacts would disappeace the rasterizer would guarantee that theecbpixel addresses

are always read at each pass.

A more serious problem with this double-bufferetieste is the fact that the buffers must be keptistarg between
rendering passes. Consider the example presemtEdyure 4-9. In this example, we have a pair affdys, each
containing two pixels. We first perform three passvhich increment the value stored in the lefepikut which do
not touch the right pixel. This is analogous tdering geometry which only covers a portion of pireels in a render
target. After the first three passes, we switobngetry and begin to increment the right pixel. &8ee the value in the
left pixel is not touched by this operation, théueaproduced by the third increment pass is naiedhover, and the

buffers become inconsistent.

In order to maintain consistency between the bsiffitris necessary to ensure that the number aferamg passes for
each piece of geometry is even. This forces usttmduce redundant rendering passes which simppy dhe
accumulated results from one texture to the othdtis problem would also be eliminated by floatjmgjnt alpha

blending.
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Figure 4-9: Simple example illustrating buffer consistencgldems. The red and blue boxes

represent two different buffers, each containing pixels. The left buffer is the buffer that isde

during each step, the right buffer is written #sffected pixels are hi-lighted. Note that an odd
number of writes to the left pixel causes the hsfte become inconsistent.

4.3.5 Render Pass Optimization

Although we are able to process the effects of re¢\ehadow maps in a single pass, the number afererg passes
required to render the objects can become verg ldrthe objects are rendered separately. As ample, consider a
scene in which 20 objects are lit by 300 lightshea@his translates to 50 rendering passes pecibi a total of
1000 passes. In addition, our low-resolution figass requires that the objects be rendered twibizh raises the
number in our example to 2000. Because each riegdpass incurs a certain amount of CPU overhegmhss the

commands to the GPU driver, this can quickly becarperformance problem.

Fortunately, we can considerably reduce the nunalfeendering passes by grouping objects togethdrissuing
rendering passes for the groups, rather than fiirttividual objects. We have developed an algorito do this,
which is able to significantly reduce the numberafdering passes. Our algorithm operateglementswhich for
our purposes are defined as sets of objects, paitadsets of lights that illuminate the objectsitially, we place each
object into its own element, and initialize thensémt's light set with the set of potentially ocabadlights for the
object. We then optimize the set of elements pgatedly merging elements in a greedy fashiomrag the merging
results in a reduction in the number of renderingses. When two elemem$ande2 are merged, we create a hew

element containing the union of their object setd the intersection of their light sets. The Igylebntained in the
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intersection are then removed from each of the comapt elements’ light sets. Elements which contaiights after
a merge are removed from the set. This essentiadlgins that we will process lights common to the tljects

simultaneously, rather than processing them seglgratr each element.

Figure 4-10 shows pseudo-code for the algorithrfterAunning this algorithm, we take each of theuténg elements
and treat it as a single object, issuing the reguget of rendering passes for each. Althoughtheing time of this
algorithm is at least O@ in the number of elements (depending on the nurobierations of the second loop), we
have found it to be sufficiently fast in practict all of our test scenes, the loop runs approteéfgaN times, which
incurs only a modest per-frame overhead, and thiengation pays for itself by producing a substahteduction in

the number of rendering passes that our systempeufstrm, as shown in Figure 4-11.

OptimizeElements( elems )

pairs = GenerateAllPairs(elems, elems);

for( each x in pairs )
/I count passes saved, discard pairs wduclt’ give improvements
x.savings = CountPassesSaved(x);

if( x.savings <=0)
RemovePair(x, pairs);

while( Size(pairs) > 0)
best = FindBestPair(pairs); /I mettge best pair of elements

Element merge_element;

merge_element.objects = Union(best.el.thjbest.e2.objects);
merge_element.lights = Intersection(bedtgits, best.e2.lights);
best.el.lights = Difference(best.el.lighterge_element.lights);
best.e2.lights = Difference(best.e2.lighterge_element.lights);
AddElement(elems, merge_element);

if( best.el.lights == 0) // remove elemsenith no lights
RemoveElement(elems, best.el);

if( best.e2.lights ==0)
RemoveElement(elems, best.e2);

/I generate new pairs involving the mergenent
pairs = Union( pairs, GenerateAllPairs( geerelement, elems ) );

Il score all new pairs,
/I rescore all pairs involving one of thenged elements
for( each x in pairs )
if( best.el or best.e2 in x || mergemelat in x )
x.savings = CountPassesSaved(x);
if( x.savings <=0)
RemovePair(x, pairs);

Figure 4-10: Psuedo-code for the render-pass optimizatioordign
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Effectiveness of Render Pass Optimization
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Figure 4-11: Effectiveness of render pass optimization féected views of several scenes.
This optimization is most effective in situationkish are strongly CPU-limited, such as the one shimwFigure 4-12.
In such cases, we have seen performance improaénmst thirty percent, despite the poor asymptatidormance of
the algorithm, and despite the fact that our imgetation is not very well optimized. However, irosh cases our
rendering is fillrate limited, and the optimizati@toes not show a significant benefit. As GPU powmereases,
however, the render pass optimization could bedaereasingly important. Our current implementatmarforms the
full optimization every frame, but it may be podsito develop an alternative algorithm which incesrally updates

the solution, which would further increase the liiéne

Figure 4-12: A case in which pass optimization does wellladye portion of the screen is covered
by the pillar in the foreground, which does notadvebhadow map access. Performance goes from
18fps (1563 passes) to 24fps (447 passes)
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4.4 Rendering Complex Meshes

The techniques described above are effective fodeeng large polygonal surfaces such as wallstheyt have some
problems when used for general polygonal objedBne key problem is that not all such objects admglobal

parameterization, which means that applying a {ighp texture to the object can be difficult. Thebgects are also
problematic because they can easily contain thaissahf triangles, which results in a heavy verteacpssing cost
when rendering the objects dozens of times, asnetinod must do. Another problem with these objectise fact that
their surface normals vary continuously, which &ras to render them at full resolution, insteadigifig our low-

resolution optimization (see Section 4.3.3). Th@mproblem, however, is that our method does aic tnto account
self-shadowing in these complicated objects. Apprareatment of self shadowing would negate tlieceof our

visibility determination and force us to accessrgwhadow map for each pixel of the moving objethis becomes
very expensive in situations where the user isilpkery closely at such an object and it covelarge area of the

screen.

4.4.1 Precomputed Radiance Transfer

In order to solve this problem, we render the illn@tion for complex meshes by using pre-computeéaree transfer
(PRT) [Sloan et al. 2002]. PRT works by expresdimg diffuse light transport for an object as action of the

incident illumination. This preprocess can tak iaccount a variety of intra-object global illuration effects; such
as diffuse inter-reflection, sub-surface scatterangd self-shadowing. An offline simulator is ugedsample the light
transport function at each vertex of the object] tire function is represented by expressing ierms of some set of
basis functions over the sphere. Spherical harcsagnie the most common basis used for this purpéseun time,

the object’s lighting environment is computed andjgcted onto the same basis as the transfer fmctind the

shading computation is reduced to a dot produetdest vectors of basis function coefficients.

In our system, we use"Srder spherical harmonics as our basis, whichires25 coefficients per color channel to
represent the lighting environment, and 25 mordfioients per object vertex to represent the tran&finction, which
in our system is not wavelength dependent (we assuinite objects). CPCA compression of the PRT faefts can
be used to remove this restriction [Sloan et aO320but we have not implemented this. In our eplas, we have
used the PRT sample application provided with thierdésoft DirectX SDK [Microsoft 2005] to perform eh

preprocessing on our objects.
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Figure 4-13: Bunny rendered using Precomputed Radiance Teansfote the detailed self-
shadowing behind the head and above the feet.

Given our set of point light sources, we approxante lighting environment by computing the radafield at the
center of each object’s bounding sphere. For Bgbbhsample, we compute its intensity as:

(D, XN,)

L =V(R.C)
1D, IF

Where:
P; is the position of light i
C is the sphere center
D; is the direction from the sphere center to thitl{§ —C)
N; is the surface normal associated with the light

V(x,y)is a visibility function

We use ray tracing during this process to evaltraevisibility function. Although ray tracing isegerally very costly,
its limited use in this context does not pose doperance problem, since the number of rays cagtite small, and the

results of visibility determination for the movearcbe used to avoid casting unnecessary rays.

We compute a spherical harmonic projection for esshple by treating the sample as a directionht ligth direction

D; and intensityl;. Our implementation uses the utility functioneyded in the D3DX utility library [Microsoft
2005] to perform this projection. After computitige spherical harmonic projection for each lighthpke, we sum the
coefficients to produce the spherical harmonic apipnation to the full lighting environment. Ourrnex shader then
uses this projected radiance field, along with tao§g@er-vertex transfer coefficients, to compute exitant radiance,

and passes the result to the pixel shader, whichlgiinterpolates it into the frame buffer.
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4.4.2 Limitations of PRT

Although PRT is a very powerful technique for reriigg illumination on complex objects, the methods Isveral
limitations. The main limitation is that it is tested to static objects under rigid body transfations (scaling,
translation, and rotation). It is difficult to genalize PRT to moving objects such as animatedachens, though there

have been recent related techniques [Sloan ed@h, Zhou et al. 2005] which attempt to overconig limitation.

Another key limitation is that projecting the lighg environment onto a spherical basis is an appraton which

assumes that the lighting environment is distdritis approximation breaks down if the relative otéion of a light
source can change rapidly over the surface of thjecb (as is the case with a point light sourc&caduse the
approximation of the lighting environment is valahly at the center of the object. The sphericalmuaic

approximation is also inaccurate if there are higiguency changes in the illumination, such as steradow
boundaries. In this case, the number of coeffisientthe spherical harmonic basis is not sufficientaccurately
represent the change in illumination. Other basistions, such as wavelets, are better suitetith situations [Ng et

al. 2003].

Figure 4-14: Shadow accuracy with PRT. Leftimage: Restilising PRT. Rightimage: Brute-
force shadow computation. Note that PRT failsrmdpce an accurate shadow boundary on the
object

The main visual error that is observable in outeysis that shadows cast on objects are not wetksented (see
Figure 4-14). This is because we sample the intidlemination at only one location for the entimdel, and this
produces a poor reconstruction of the shadow baynd# may be possible to use a grid structuresample the
radiance field around the object in a way thatbie 4o better approximate shadow boundaries. fiipis of sampling
has been used in previous work [Greger et al. 1Bg8sure et al. 2005, Oat 2005]. This would immgrdhe shadow

quality to some extent, but a dense sampling wbeldequired to reach a reasonable level of accueancyit would be

impractical to compute such a sampling on the CRUhay be possible to use the GPU for this commnausing the
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shadow maps instead of ray tracing to determinibilifg. Efficiently performing this computationrothe GPU would

be a useful direction for future work.

4.5 Handling Dynamic Objects

One of the advantages of our method is that mosteoflata we compute, such as visibility deternbmatesults, light
maps, and shadow maps, can be computed once ancethised to render subsequent frames. Howevebjétts in
our scene are able to move, then it becomes negeassapdate this stored information. In this gatt we discuss

how to efficiently perform these updates when aigjéc the scene move.

4.5.1 Updates to Visibility Information

Recall from Section 4.3.1 that we use a hierarthisability algorithm to avoid unnecessary shadovap accesses.
When an object in the scene moves, it becomes smge® update the visibility information in theese. Rather than
re-compute this information each frame, we maintaithatabase of visibility results, and update ahtyinformation
that may be affected by a particular change instteme configuration. Updating only the relevafdrimation greatly

decreases the update cost.

o1
LO: F[O2: F, O3:P]
L1: P [O3:P]

Ola
o1

O1b

Figure 4-15: Example to illustrate the visibility databagebject O1 is split into sub-objects Ola
and O1b. Visibility information is maintained ftite object as a whole, and also for each child
individually. Each light is fully occluded (F), gally occluded (P), or not occluded (N) over a

given node. A set of blockers for each node is alaintained.

We compute the initial visibility database as aprecessing step For each object in the scenstave the occlusion
state of each light (fully occluded, partially asdéd, or un-occluded). We also store the setaafidglrs which occlude
each light, and we store a flag indicating whe#ssh blocker fully or partially occludes the objeEbr objects which

have been subdivided, the information is storeal free structure and light state is maintainedrsgplg for each node
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of the tree. For example, if a node is fully ocigd and its parent is partially occluded by theesaiocker, the blocker

is stored in both nodes, once as a partial occladdronce as a full occluder.

When an object moves, we first re-compute all efttsibility information for this object in its neposition, using the
hierarchical occlusion test described in Sectid@14. We exclude from this process lights whichndoface the object

in either its old or new positions. These lights eated as though they are fully occluded.

After updating the visibility information for théhanged object, we must also determine what efifegty, this change
had on the other objects. When performing this patation, it is only necessary to consider the wsion that is
caused by the moving object. Occlusion tests fhemblockers are not necessary. For each nodleeirscene, we
compute the new occlusion state of the mover, gahte the information accordingly. There are sgveases to

consider here:

If a node was fully occluded by the mover and #til fully occluded, or if it was un-occluded lityand

remains un-occluded by it, then no changes aressacg

If a node was partially occluded by the mover, #relmover still partially occludes it, then thetssof that
node is unchanged, but the status of the child swat®y have changed to un-occluded or fully occluded
Therefore, we must perform recursive updates orcltiid nodes. Recursion terminates when the tsaer

reaches a leaf node, or an un-occluded or fullyemisd inner node.

If a node that was un-occluded or fully occludedhrsy mover becomes partially occluded by it, then w

modify the node’s blocker list, and then perforroursive updates on the child nodes.

If any node becomes fully occluded by the moved iamvas not previously, we add the mover to theckér
list (or change its status if it was partially aatding before), and propagate the change down trarchy.

Additional occlusion tests for the child nodes ao¢ necessary in this case and can be skipped.

If any node was previously occluded by the mowveliy(for partially), and it becomes un-occluded hynie
remove the mover from the blocker list for thatembjand infer a new occlusion state from the staftéise
remaining blockers at that node. We also propat@ehange down the object hierarchy. Additional

occlusion tests are, again, unnecessary.

These visibility determination cases are summariaehble 4-1.
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NEW BLOCKER STATE

OLD BLOCKER STATE Full Partial None
Change state
pagate to children
Change state
Propagate to children

Full No change Recursive UpdatePro

Change state
Propagate to childre
Change state
Propagate to childre

Partial 5 Recursive Updatg

None

5 Recursive Updatg No change

Table 4-1 : Visibility update cases

45.2 Light maps

Recall from Section 4.3.2 that we compute and sidight map for each surface in the scene. Thegsemaps store
the total illumination from each light in the scetat is unoccluded or partially occluded over seface, without
taking into account the visibility term. The cdhbtritions of fully occluded lights are not storedtire light maps. In
order to facilitate efficient light map updates, stere, for each light map, a list of each of tigats which contribute
to it. During the update of the visibility datagwlso detect any necessary changes to the lighg.nifa light that was
visible before the change becomes fully occludegl,remove the contribution of that light from thghli map. If a
light that was fully occluded becomes visible, vl dés contribution to the light map. Changes framoccluded to
partial and from partial to un-occluded, which #re most common in scenes with complex movers, atarequire

light map updates.

45.3 Shadow Maps

Updating shadow maps is the most difficult probléan our system to contend with. Shadow map updates
extremely expensive, due to the large number adegng passes involved. When an occluding obgchdved, we
determine which shadow maps in the scene are effdnt the change. The affected shadow maps ase fbowhich
the blocker is visible from the light's point ofew. The results of visibility determination areedgo avoid updating

shadow maps in which the moving object is fullyladed.

Even though visibility determination can be usedemuce the number of shadow map updates, the muhbedates
required can still become quite large, which letm&n unacceptably low frame rate. We have founad e can
increase the frame rate, at some cost in visuairacy, by amortizing the cost of the update oveltipia frames. We
do this by using a simple importance metric to grssin update priority to each shadow map, and umpdat fixed

number during each frame, in priority order.

Our importance metric is the intensity of the btégi color channel of the light, multiplied by thember of frames
that the map has been out of date. This metriaressthat extremely bright lights, which are likety cast more
prominent shadows, are updated very quickly, asd gliarantees that no shadow maps will starve.
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The number of lights to update per frame must beseh carefully. If this number is too small, treradows will
appear in incorrect places in the image. If itois large, performance will suffer. In general, nsve observed that
updating all of the lights over the course of apprately two or three frames does not result ireotipnable artifacts,
even when our system is running at low frame réfégure 4-16). In our test scenes, we typicallgdu800 light
samples, which translates to between 100 and l8atep per frame. More sophisticated importanceiecsetwhich

take into account the visual importance of the snfaces, might be able to achieve even betattse

Figure 4-16: Visibility updates with moving objects. The seecontains 300 lights. Left: 50
updates per frame. Right: 100 updates per frame.
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5 Results

In this section, we analyze the rendering speed iavedje quality produced by our rendering systemur @st
application was implemented in C++ using the DBEcH.0 API. All performance analysis was conduateda PC
with a 3.2GHz Pentium 4 CPU, and an ATl Radeon XBAGUOGPU. All performance test images were rendenred

full-screen mode at a resolution of 1024x768 pixels

5.1 Static Scene Performance

In this section, we discuss the rendering perforaanf our system for static scenes. We show tleetedf each of our
optimization strategies on the rendering perforreaand examine how performance scales with inergasimbers of

light samples. For our analysis, we consider #ropmance from a number of static viewpoints, shawFigure 5-1.

We begin by examining our system performance asnatibn of the number of illumination samples used/e
measured the rendering performance of our systenedoh of the scenes in Figure 5-1. The resuigu(g 5-2)
indicate that our system performance scales lipesith the number of lights. We achieve interagtitame rates for

up to 300 lights in each case, even in the moreptexpillar scene.
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Figure 5-1: Scenes used for performance testing. Frontdefght: A room with large area
lights, a room with a table, and a room with foillaps

Rendering Performance for Several Scenes
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Figure 5-2: Rendering performance for fixed views of eadt seene.
Next, we consider the effect of each optimizatieahhique on the rendering performance of our systé&wor this
experiment, we used the area light room scene (Eigtl, left). This scene contains two large diglat sources.
Large area lights cast very subtle, soft shadowd, tand to require a much denser sampling to p®dwcurate
shadows than smaller area lights would. Thisalstvs us to compare our results against otherahiag) algorithms
for direct illumination. The results of this expeent are presented in Figure 5-3. The resultscae that our
rendering system scales much more effectively giaple brute-force rendering, due to the variousnaipations that
we employ. Visibility determination alone is effie in reducing the time required to render thens; even in the
case of only two light samples. Our low-resolutfost pass is not helpful until the number of séspreaches a
certain threshold, because of the overhead asedcwith edge detection and the additional rendepiagses. Once
this threshold is crossed, however, the performaimgerovements begin to increase substantially. (@ass
optimization algorithm is not very effective in shécene, for the reasons previously discussedsésgion 4.3.5). The
performance for indirect illumination and diredtihination is similar, given equivalent numberssafmples, but with
indirect illumination, the occlusion is much lessherent, and more pixels will require shadow magess, which

results in lower performance than direct illumioati
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Direct lllumination Performance Indirect lllumination Performance
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Figure 5-3: Effect of each optimization on rendering perfarmoe. In this figurefull indicates all
optimizations.VD+LP indicates visibility determination and the low-o&gion pass.VD indicates
only visibility determination (rendering at fullgelution), andNaiveindicates brute-force
rendering

5.2 Dynamic Scene Performance

Performance in Dynamic Scenes
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Figure 5-4: Rendering performance in dynamic scenes, aadifun of the number of visibility
updates per frame. Performance for a static véegivien for reference. All tests used a total of
300 light samples.

Figure 5-4 shows the degradation in rendering perdoce as a function of the number of lights updiaier frame, for
several test cases. These tests were conductedniipually moving the object over a fixed pathdaveraging the
results over 200 frames (for a fixed camera pasjtioAlthough moving objects incur a performancegly, our

system is still able to achieve interactive frarates, even when updating hundreds of lights pendra The frame
rates for the table scene are higher than fordhe fillar scene, because many of the shadow nmafigs scene only
require rendering to one or two of the four octabhadfaces, and our system is able to avoid somtbefendering
work. The test models used were a bunny model 3000 vertices, and a torus model with 820 vertidaseach case,
the performance penalty is linear in the numbédigbits.
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Shadow Map Render Time
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Figure 5-5: Shadow map rendering times for each test chlste that rendering time correlates
well with the number of vertices in the moving amizr.

Figure 5-5 shows the time spent on rendering shasheyws in each test case. Note that although tkeselinear
increase, the performance degrades much fastethtorbunny model. Note also that ratio of bunnytdeous
performance is approximately equal to their relatrertex counts. This indicates that vertex prsiogsis the limiting
factor in our shadow map rendering. This resutiat surprising, because each vertex must beforamsd up to four
times for each shadow map update, and the verségsform rate of most current GPUs is not as higthaspixel

fillrate.

Figure 5-6 shows the fraction of rendering timeumied by shadow map updates and visibility deteatiom for the
bunny-4pillar test case. The results show thatcth& of shadow map rendering gradually beginsamidate the
frame time as the number of updates per frameasee The cost of visibility determination alsor@ases, but since
there is only one moving object, it is relativebyd compared to the shadow map cost. It shoulddbedn however,

that in more elaborate scenes with many movingadjeisibility determination could quickly becortie bottleneck.

The performance characteristics of our implememtathake a strong case for a unified shading awthite in future
GPUs, in which the allocation of functional units vertex or pixel shading tasks can be dynamicatljusted
according to the current workload. During shadoapmendering, the vertex units of our GPU are séddr while the
pixel units are under-utilized. During illuminatisendering, the reverse is true. If the same murabfunctional units
were available in a dynamically scheduled confiiora we would be able to achieve much higher rendespeeds,
because we would make much more efficient use eftidrdware resources. Previous examples of repoafle
architectures exist in the graphics literature.e HixelFlow shading system [Eyles et al. 1997] ussbnfigurable

processing elements, but the configuration hadetsgecified ahead of time. More recent work [Cétal. 2005] has

43



investigated graphics pipeline implementations Wwhéan be dynamically configured at run-time. A coencial
architecture with dynamic load balancing has alydaglen prototyped by the ATI Xenos GPU [Baumann520&8nd

this type of system may become more widely avadlablthe next few years.

Distribution of Rendering Time: bunny-4pillar
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Figure 5-6: Fraction of rendering time taken by visibilitpdates. Note that updates dominate
performance for high light counts

5.3 Direct lllumination Quality

Figure 5-8 shows a series of images rendered wilh direct illumination, and examines the effectneddifying both
the shadow map resolution and the number of lightse images suggest that a high shadow map resolistneeded
to accurately reproduce the shape of the cast sfsafis we would expect). They also show thatatively high light
sample count is needed to completely remove aliadire to under-sampling of the source. Some abjas also
visible due to the limited resolution of the shadmaps. Percentage closer filtering [Reeves ét9%d7] could be used
to soften these edges, but because this requireg thdditional shadow map samples, it causes atasiias
performance penalty. Dedicated hardware suppo®@F could help to reduce the performance peraltlyallow us

to greatly improve the quality of our images, by current GPUs lack this support.

We have observed, however, that the aliasing isetimages may not present as much of a problemaictipe. In
most real applications such as computer gamescastypically have texture maps applied to addildeb a surface.
If the texture maps contain enough high frequeretgits, we have observed that these details caasagtnatural filter
to reduce the effect of the aliasing. Consideritjet half of Figure 5-7. These images were poeduunder the same
conditions as the left images, except that a textnap was used to change the color of the flodnis &ffect may
reduce the need for percentage closer filteringractice, but it is also dependent on the shapgheobccluder and its

position relative to the light source.
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Figure 5-7: Shadows from direct illumination. The sceneeisdered using 512x512 shadow maps
for 25, 50, and 100 lights. Note that aliasinghia shadow is less perceptible in the textured é@nag
on the right. Filtering was not used in the rightges.

In scenes containing only direct illumination, @asults indicate that our method can produce $@ftisws from area
lights at speeds comparable to those obtained éyiqus methods [Assarson et al. 2003]. In additteTause our
technique samples the light source directly, it easily be extended to lights of arbitrary shap®l ean produce
physically accurate shadows from any area sourgengh sufficiently high sample count. Some of faster
interactive soft-shadow techniques [Chan and Dura@@3, Wyman 2003] do not produce physically adeura

shadows, and most of the existing algorithms dogeokralize well to lights of arbitrary shape.
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Figure 5-8: Effects of shadow map resolution and light caomimage quality. Higher map
resolutions result in less aliasing and a more ratetshadow shape. Higher sample counts reduce
aliasing but do not improve shadow shape.
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5.4  Indirect lllumination Quality

By implementing instant radiosity using our methade are able to effectively capture a number ofirecd

illumination effects at interactive rates. Onelseffect is color bleeding, which occurs when @it colored surface
reflects illumination onto a grey or white surfade. the table scene (Figure 5-1, center), stravigrdbleeding can be
seen from a blue wall (not shown), onto the buntgils and onto the sides of the table. Color tieg from the red

wall is also visible in this image, but is much maubtle.

Our method is also one of the first interactivehtéques which can accurately handle the occlusibmdirect
illumination. Unlike previous techniques [Kontkanand Laine 2005], we do this without performingy gore-
processing on the occluders, which means that sieclufrom dynamically changing objects, such asrsbd
characters, could eventually be handled. Figu frevents an example illustrating the importan€dndirect
occlusion. In this figure, color bleeding on a rimgvobject disappears when the object moves befindccluding
pillar. Figure 5-10 presents a more interestingngsle. In this example, the scene is illuminatsthg 25 direct
samples and 275 indirect samples, with a boundé diftive. Note the contact shadow which the byoasts onto the

ground, and the significant occlusion caused bygtieg block.

Figure 5-9: Changes in color due to occlusion. Color blegdiom the green wall disappears
when the object moves behind the pillar. Bottorages show close-ups of the object.
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Figure 5-10: Shadows in indirect illumination. Note the sbadcast by the bunny onto the
ground, and the darkening caused by the largelgomk. For comparison, the bottom image
shows the scene with the block removed.
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6 Conclusions, Limitations and Future Work

We have presented an interactive rendering systesedoon large point light sets. Our system is &bleender
physically accurate soft shadows from arbitraryadights at speeds comparable to existing soft @aalgorithms.
We can also render indirect illumination by utifigiinstant radiosity. We present a number of ogtition techniques
which provide an order-of-magnitude performance sboaver a naive implementation, and allow us toieaeh
interactive frame rates.  Our system is also &blenaintain interactive frame rates in scenes ainimtg moving
objects, by spreading the update costs acrossatdrames. In this section, we briefly discuss sashthe limitations

of our current system, and suggest directionsufturé work.

6.1 Limitations of Instant Radiosity

Although we are able to achieve compelling indiriflaimination by using instant radiosity, there aenumber of
situations in which we produce unacceptable imalgesto limitations inherent in this method. A kagblem with the
instant radiosity approach is that the use of ediget of point samples does not provide an adegaatpling over the
hemisphere for all points in the scene if the seteiry small. In our system, we can only handiasahundred lights at

most, and this number of samples has sometimeeprovbe inadequate.
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Consider the example presented in Figure 6-1.higitnage, the object is located in a dark arealwig accessible
only through a narrow gap in the wall. This isase& in which our light placement strategy is né¢ative. Because
we are using a limited number of indirect illumioat samples, very few of these samples are abpags through the
gap in the wall, and the ones which make it throdghot provide an adequate sampling over the spapessible

light directions. The result is that occlusioroime of the sampled directions inappropriately lsdake solution.

Figure 6-1: Sampling artifacts: Not enough point lightsiiliinate the wall, and the discrete
shadows from each are visible. This effect occersabse the samples do not fully sample the
space of incoming illumination directions.

The problems in this image could be potentiallysbkred by a smarter sampling strategy. Insteatistfibuting light
samples by a random walk, as we do in our systech,aa was done in the original work [Keller 199k samples
could instead be distributed uniformly in space amighted according to the fraction of random wsdlknples which
reach a particular region. This would create acfetamples which uniformly samples the hemi-spleracident

directions, but the relative intensities of théntigwould still accurately reflect the energy disition in the scene.

A related, and more difficult problem, occurs wranoccluder passes too close to a light sourcie, Bigure 6-2. In
this image, the light on the floor is occluded bg bunny, and a large bunny-shaped silhouettestsocao the far wall.
This occurs because this nearby light contributetisaroportionate amount of illumination to the walA more
accurate image would not have such a prominendséitie, because additional illumination from theaaaround the
bunny would cancel out its effect. The only effieetsolution to this problem is to increase the hanof samples to a
level that is well beyond what our method is capatfi handling efficiently. We estimate that thawds or perhaps
tens of thousands of samples would be needed, lbasé test scenes which have been used in pewotk [Walter
et al. 2005]. Apart from the obvious performaneaadty, the main problem with using so many ligktthat it would
become difficult to store such a large number afdslw maps. An interleaved sampling approach [Vealal. 2002]

may provide a better solution.
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Figure 6-2: Inappropriate silhouettes occur when a movingaipasses too close to a light
sample. Colored pyramids indicate light positions.

6.2 Improving Scalability

While not a problem in our test scenes, our vigibdetermination algorithm can be expensive, anlikely to become
a bottleneck in scenes which contain a large nurmberoving objects. Hierarchical space partiti@nstructures such
as BSP trees [Fuchs et al. 1980] could produceifsignt performance gains. Techniques which expi@me-to-
frame coherence in the relationships between ssffidrettakis and Sillion 1997] [Teller and Hannah993] are
another possibility. It may also be worthwhileuse a hierarchical clustering over the lights tcetarate this process.
Rather than perform occlusion tests for each lighividually, a larger bounding shape could be usedest for

visibility between objects and clusters of lights.

Another problem which we have not considered is pineblem of applying our method to large, elaborate
environments. Large environments would requirargd number of light samples, and it would be irsfide to store

all of the shadow maps in memory at the same tirBeme partitioning of the scene into discrete celkng a
representation such as an adjacency graph [TelteSaquin 1991] would need to be devised in omeletect the set
of lights whose shadow maps are needed. As themesees through the environment, shadow maps cbelde-
generated on the fly as the user approaches tregirad influence, and discarded when they are ngdoneeded. If
this process were done gradually, over the courperiaps ten frames, the impact on rendering peence would be

modest, as demonstrated in Section 5.2.

6.3 Dynamic Light Sets

Another limitation of our system is that it doeg earrently support dynamic changes to the setodrfitdights. This
can become a problem if the moving objects havgrafeant amount of influence over the distributiof the indirect
illumination (for example, a brightly colored objdideeding color onto the walls). We could suppiymamic updates

of the light sample set by adapting the selectiket@n tracing techniques which have been used emigus work
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[Dmitriev et al. 2002, Larsen and Christenson 200®his would require ray tracing, but the numbfkrays traced per
frame would be relatively low, and the cost woullrhanageable. Changes to light samples would reequiull re-
computation of the visibility information for thénhanged lights, and would also require a large nurobdight map
updates for each frame, in addition to the shad@p opdates. Light maps, however, are much easigpdate than
shadow maps, since the effects of many light chamga be processed in one rendering pass. Iniagdiultiple

render targets could be used to modify severat ligdps in a single pass.
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