Geometric Simplificationfor Indirect Illumination CalculationsHolly Rushmeier�, Charles Patterson�, Aravindan Veerasamy�National Institute of Standards and TechnologyGaithersburg, MD 20899301-975-3918e-mail address: holly@cam.nist.gov�The Graphics, Visualization and Usability CenterGeorgia Institute of Technology, Atlanta, GA 30332Charles: charliep@cc.gatech.eduAravindan: gt8424a@prism.gatech.eduABSTRACTWe present a new method for accelerating globalillumination calculations in the generation of physicallyaccurate images of geometrically complex environments.In the new method, the environment geometry issimplified by eliminating small isolated surfaces, andreplacing clusters of small surfaces with simple, opticallyequivalent, boxes. A radiosity solution is performed onthe simplified geometry. The radiosity solution is thenused in a multi-pass method to estimate the radiancesresponsible for indirect illumination. We present apreliminary implementation of the new method, andsome initial images and timing results. The initial resultsindicate that using simplified geometries for indirectillumination calculations produces images in timessignificantly less than previous multi-pass methodswithout a reduction in image quality.KEYWORDS: Geometric Simplification, GlobalIllumination, Monte Carlo, Progressive Refinement,Radiosity, Ray TracingINTRODUCTIONThe outstanding problem in global illumination forcomputer graphics is the rendering of scenes containingvery large numbers of geometric objects. While manyuseful global illumination methods have been proposed,the generation of physically accurate images ofgeometrically complex scenes still requires CPU hourson state of the art computer hardware. In this paper wepresent a method to accelerate global illuminationcalculations for complex scenes by geometricsimplification for indirect illumination (GSII). Thismethod is an extension of the progressive multi-passmethod (PMM) described by Chen et al. [2].The global illumination problem has two major parts �the calculation of direct illumination and indirectillumination. Mathematically, the direct illuminationproblem requires evaluating an integral with a knownintegrand over well-defined solid angles. The indirectillumination problem requires evaluating an integral withan unknown integrand over the entire hemisphere. Manysuccessful methods use separate strategies for the twocalculations [10][11][14]. The direct illuminationproblem is difficult when there are many light sources.Recently methods for simplifying the direct calculationhave been introduced [12][15]. The indirect calculationbecomes difficult when there is a large number of variedobjects in an environment. In this paper we focus on theindirect calculation.A fully correct solution for global illumination wouldrequire following all photons through a detailed geometricdefinition of the environment. Clearly, such a detailedsolution is unnecessary to generate a realistic image. Oneapproach to simplifying the calculations is to use manylevels of geometric description [8]. These levels includelocal lighting models (i.e., reflectances andtransmittances), mappings (texture and bump maps) andobject definitions. For example, in modelling the nightsky, the moon can be adequately modelled by a texturemap rather than by actually modelling the interaction ofphotons with the surface micro-structure of the moon�smountains and craters. Such approximations areintuitively acceptable, even though no rules governingtheir use have ever been developed.Implicitly, many levels of object definition are used. Instatic images, objects behind the viewer are modelledwith relatively little geometric detail. On one hand this isviewed as "cheating," but is justifiable on the groundsthat such details have very little impact on the overallscene illumination. In dynamic radiosity walk-throughs,generally only major objects are modeled for the sake ofefficiency. Even without detail the user gets the overallimpression of the illumination of the space. The goal ofGSII is to begin to formalize the use of simplified anddetailed geometries in rendering. Unlike the developmentof simplifications such as texture and bump mapping, atheoretical basis is developed for determining when GSIIis appropriate.

We begin by briefly reviewing previous work forreducing the calculations required for global illuminationof geometrically complex environments. Next wedescribe GSII and the theoretical basis for its application.Finally, we describe an initial implementation of GSIIand present preliminary timing results.PREVIOUS WORK IN GLOBAL ILLUMINATIONOF COMPLEX ENVIRONMENTSA number of approaches for dealing with large numbersof geometric objects have been developed for theradiosity, ray tracing and hybrid approaches to globalillumination.In radiosity methods there are two levels of complexity� the number of geometric objects

K

, and the numberof subsurfaces

N

into which the

K

objects must besubdivided to capture illumination detail. In the originalradiosity methods [5][10]

Ο(N2 )

interactions had to becalculated to compute a solution. Cohen et al. [3]developed the patch-element hierarchy to avoid thenecessity of computing a large number of interactionsbetween small subsurfaces, reducing the complexity ofthe calculation to

Ο(KN)

. Hanrahan et al. [7] built onthe hierarchical subdivision idea to further reduce thecalculation of surface interactions to a complexity of

Ο(K2 )

. While greatly reducing the complexity ofradiosity calculations, hierarchical meshing of surfacesdoes not address the issue of how to deal with largenumbers of objects

K

in the environment.Xu et al. [17] developed a technique of dividing space into

V

volume subdivisions, with an average of

N / V

subsurfaces in each volume.

Ο((N / V)2 )

detailedinteractions are computed within each volume. Lessdetailed interactions are computed between the subsurfacesand the other volumes. The complexity of the second setof calculations is difficult to assess since they depend onmaintaining detailed directional geometric factors atvolume boundaries that depend on the geometriccomplexity of the overall environment.Ray tracing techniques for accurate global illumination,such as Monte Carlo path tracing (MCPT) [9], simplifythe problem by only requiring an illumination calculationfor objects within the field of view. Furthermore, thesolutions for these objects only need to be calculated atscreen resolution (e.g., individual radiances of blades ofgrass need not be calculated if all of the blades projectonto the same pixel.) For each of the

P

pixels, theillumination is found by following paths in

D

directions. Formally, the complexity of the calculation isjust

Ο(PD)

. Implicitly however, the number of objects

K

influences the calculations by influencing the numberof directions

D

required for an accurate solution. Moreaccurately the complexity then is

Ο(PD(K))

.Thompson [13] adds shading attributes to the boundingvolumes used by his ray tracer. If a bounding volumesubtends a small enough solid angle, the shadingattributes are used and the bounding volume’s contents areignored. This reduces the number of object-rayintersection calculations, effectively reducing

K

to asmaller value

′K

. Variance is also reduced, requiring asmaller number of directions so that the function

D( ′K )

is reduced to the less expensive function

′D ( ′K )

. Thecomplexity is then

Ο(P ′D ( ′K ))

. Thompson’s methodgives excellent results for "classic" ray tracing. However,for physically accurate images, Thompson’s method isincomplete in that no physically accurate method forcomputing the "shading attributes" is given.For both the radiosity and ray tracing approaches, thenumber of calculations is compounded by the averagereflectance of the environment

ρ ave

. In a progressiverefinement radiosity (PRR) solution [4], the number of"shots" required increases with

1 / (1− ρ ave )

, resulting inan

Ο(K2 / (1− ρ ave ))

complexity. In a path tracingapproach, the lengths of paths increase with

1 / (1− ρ ave )

,resulting in an overall complexity of

Ο(PD(K) / (1− ρ ave ))

.The goal of hybrid methods, such as the PMM, is tocombine the advantages of the radiosity and ray tracingapproaches. In a preliminary pass, a radiosity solution isperformed on a coarse mesh to allow the user to quicklygenerate many different views. The coarse mesh gives alow constant for the

Ο(K2 )

radiosity calculation. Sincemany views are used, the number of pixels

P

is veryhigh and the constant for simply projecting the surfaceswith precomputed radiosities is orders of magnitudesmaller than the cost per pixel for a full path tracingsolution. Detailed images of selected views are calculatedwith Monte Carlo path tracing using a radiositypreprocess. The preprocess is used to identify importantsecondary light sources, and so to reduce the number ofdirections required to a weaker function of

K

,

′′D (K)

.The preprocess is also used to estimate higher orderreflections to eliminate the dependence on

ρ ave

. Theoverall complexity of the path tracing pass then is just

Ο(P ′′D (K))

.The approach used in this paper is to simplify theoriginal

K

objects in the scene to an orders of magnitudesmaller number

S

. The radiosity pass is then performedon this set of objects for a complexity of

Ο(S2 / (1− ρ ave ))

. In the Monte Carlo path tracing passthe indirect illumination is calculated using this solutionas a preprocess, resulting in a complexity of

Ο(P ′′D (S))

.THEORYIn this section we present how GSII fits into a solutionof the rendering equation, and how rules are developed toperform the geometric simplification.Solving the Rendering EquationAn image is formed by computing the radiance of eachpixel based on the radiance of points in the environmentviewed through that pixel. In the rendering equation [9],the radiance

Lo (p,θr ,ϕ r )

leaving a point

p

in theenvironment in a direction specified in spherical

coordinates as

θ_r ,ϕ_r

is the sum of the emitted radiance atthat point

Lem(p,θr ,ϕ r )

and the reflected radiance

Lr (p,θr ,ϕ r )

. The emitted radiance must be specified tocompletely define a scene. The reflected radiance iscalculated from the following integral:

Lr (p,θr ,ϕ r ) =

(1)

fr (p,θr ,ϕ r ,θi ,ϕ i )

∫ Li (p,θi ,ϕ i )cosθidωi

where

Li

is the radiance incident from direction

i

,

θi

isthe angle between the surface normal and direction

i

,

dωi

is a differential solid angle, and the integral is overthe incident hemisphere.

fr

is the bi-directionalreflectance distribution function (BRDF) of the surface.In the PMM, the BRDF is written as the sum of a highlydirectional component,

fr,h

and a weakly directionalcomponent

fr,l

. The reflected radiance

Lr (p,θr ,ϕ r )

thencan be considered as the sum of the components

Lh (p,θr ,ϕ r )

(defined by Eq.1 with

fr,h

in place of

fr

)and

Ll (p,θr ,ϕ r )

(defined by Eq.1 with

fr,l

in place of

) The radiance of weakly directional reflection,

Ll

canbe further decomposed into four components:

Ll,s

thelight reflected from light sources;

Ll,c

the light reflectedfrom light sources via a series of highly directionalreflections,

Ll,h

the light reflected from non-light sourcesvia a series of highly directional reflections, and

Ll,l

thelight reflected from other weakly directional surfaces.In the PMM the term

is calculated by:

Ll,l (p,θr ,ϕ r ) =

(2)

fr,l∫ (p,θr ,ϕ r ,θi ,ϕ i )Lrad (p,θi ,ϕ i )cosθidωi

where

Lrad

is the radiosity solution for the surface visiblein direction

i

. Although this method of calculating

Ll,l

is faster than doing a full path tracing solution, thecomputation is still extremely time consuming relativeto the other illumination components. In GSII the value

is replaced by

Lrad,simp

, the radiosity calculated for ageometrically simplified version of the environment forlight coming from surfaces at a distance of at least

rthresh

from the point

p

. This leads to the following set ofequations:

for p − pi > rthresh

(3)

Ll,l (p,θr ,ϕ r ) =

fr,l∫ (p,θr ,ϕ r ,θi ,ϕ i )Lrad,simp(p,θi ,ϕ i )cosθidωi

for p − pi ≤ rthresh

fr,l (p,θr ,ϕ r ,θi ,ϕ i )

∫ Ll,l (pi ,θi ,ϕ i )cosθidωi

where

pi

is the point from which incoming light isreflected. We will discuss the parameter

rthresh

in thefollowing section.In a similar vein, Hall, [6] retrieved secondaryillumination cast upon a surface

S1

from a reflection mapif a surface

S2

casting secondary illumination subtended asmall enough angle with respect to

. Otherwise,secondary rays were continued into the environment. Heallowed these rays to intersect simplified objects, e.g.less facets when approximating a sphere, but nosimplification of clusters of objects were made.The justification for using a simplified environment forthe radiosity solution is that although the simplifiedsolution is not spatially accurate, the solution is usedonly to calculate weakly directional, indirectillumination. Weakly directional surfaces reflect aradiance distribution that is much flatter that the incidentradiance distribution. Referring to Fig. 1, for a highlydetailed spatial input (1a) the weakly directional surfacereflects a blurred, or averaged distribution (1b). If thehighly spatially detailed distribution is replaced by anaveraged distribution (1c), there is little change in theresulting reflected distribution (1d).The solution using GSII is shown pictorially in Fig. 2.There are two versions of the environment � a detailedversion and simplified version. The detailed version isused for all rays calculating high spatial frequency details� (b) (a)

(d) (c)Fig. 1: A weakly directional surface with a spatiallydetailed incident distribution (a) reflects a blurred oraveraged value (b). The same surface with a less detaileddistribution with the same average energy (c) reflectsapproximately the same radiance distribution.

a. Detailed Environment(Rays from the eye and rays to the light source intersect the detailed environment.)

b. Simplified Environment(Rays for calculating indirect illumination intersect the simplified environment)

Fig. 2: Diagram showing how detailed and simplegeometric representations are used in the calculation ofglobal illuminationview rays, specularly reflected rays, and rays to the lightsources. The simplified version is used for indirectillumination rays.Simplifying GeometriesGSII can be viewed as an extension of the patch/elementhierarchy. Surfaces are simplified by methods beyond justusing levels of subdivision of individual surfaces.Surfaces of a small enough size are eliminated in thesimple form of the environment, and groups of largenumbers of small surfaces forming objects or groups ofobjects are replaced by small numbers of relatively largersurfaces.Small Isolated Surfaces. The first issue we address ishow small must an isolated surface be to be ignored inthe simplified solution. To obtain a rule, we assume thatthe diffuse non-light source surfaces in theenvironment have radiances of approximately the sameorder of magnitude relative to the radiance of the lightsources. This condition can be assured by using lightsource reclassification after the radiosity solution, so thatany strong secondary light sources are treated as lightsources in the calculation of direct illumination (as inPMM). The importance of a surface in computing

Ll,l

then can be estimated by the solid angle it subtends.The solid angle subtended by the entire hemisphere abovea differential surface

dA

is equal to

2π

steradians. Aconservative estimate

Δωmax

of the solid angle

Δω

subtended by another surface

Aj

is ,

Δωmax = Ajr j,min2

(4)where

r j,min

is the minimum distance from

dA

to .The actual value of

Δω

will be less than

Δωmax

since

r j,min

is the minimum distance, and because of theomission of a cosine term. If

is small compared to

2π

, then

Aj

is small enough to ignore from the point ofview of

dA

. Let

β

be a user-specified value rangingfrom zero to one that controls the threshold solid angle,

Δωthresh

.

Δωthresh = 2πβ

(5)If

Δωmax

for is less than

with respect to allother surfaces, then

Aj

can be removed because it willhave relatively little effect on the weakly directioncomponent of light for any other surface. The parameter

β

c o n t r o l s t h e l e v e l o f e r r o r i n t r o d u c e d i n u s i n g t h e simplified geometry. Obviously, the error is not exactlyequal to

β

since

Δωmax

is not an exact estimate of theimportance of the surface.Calculating for each surface from every othersurface is an

Ο(N2 )

problem. To avoid this cost, we usethe simplified result only for surfaces

rthresh

away fromthe point

p

, as diagrammed in Fig. 3. The value

then can be used as a lower bound on the value of

rmin

.Any surface with an area smaller than

Athresh

will beremoved, where:

A thresh = Δω thresh r thresh

2 = 2πβr thresh

2(6)While the parameter

β

controls accuracy,

rthresh

is anefficiency parameter. The larger the value of

rthresh

, thefewer surfaces in the simplified environment, but theresults

sphere of radius r around the point for which indirect illumination is being calculatedthreshFig. 3: Use of

rthresh

in indirect illumination calculation.of the simplified environment will be used much lessfrequently in the final rendering. If

rthresh

is set to zero,all of the original surfaces will be in the simplifiedenvironment, and the method will be identical to thePMM. If

rthresh

is set to infinity there will be no surfacesin the simplified environment, and the values of

Lrad,simp

will never be used � i.e., the method will be identical toMCPT. The tradeoffs in choosing

rthresh

are similar to thetradeoffs in determining the volume size to use in auniform space subdivision scheme for accelerated raycasting. Ultimately the value chosen for

rthresh

should bebased on the distribution of sizes of surface in theenvironment, and on their spatial distribution.The approach of using

rthresh

is similar in spirit to theradiosity method proposed by Xu et al. in which detailedform factors are calculated only locally. Unlike theirmethod, however, the local area is not a fixed subdivisionof space, but a region which "floats" with the particularlocation where illumination is being calculated. In itsdefinition of locality, GSII is closer to the methodpresented by Hanrahan et al.Clusters of Small Surfaces. An obvious difficulty withthe approach just outlined is that small surfaces oftenoccur in clusters. Such clusters cannot simply be deletedfrom the environment. A simple way to account for theeffect of clusters of surfaces is to replace them with a boxthat is in some sense energy equivalent. The box shouldprovide an energy reflection distribution that isreasonably equivalent to the original surface cluster.While this replacement of a set of complex surfaces by asimple box appears to be a radical simplification, it isreally just an extension of the common replacement ofcomplex microfaceted surfaces with a flat surface and aBRDF. An explicit example of such a replacement isdescribed by Westin et al. [16]. Rays are cast at amicrofaceted surface, and the direct of the reflected rays areused to approximate a BRDF using spherical harmonics.In rendering an image of such a surface, the surface ismodeled as geometrically smooth, with the BRDFaccounting for the true microscopic roughness.As in Westin et al, we will find the replacement surfaceby casting a large number of rays at the object. Ratherthan storing the results as a BRDF using sphericalharmonics, we will store the results as a box with size tobe determined and with a spatially varying ideal diffusereflectance. This representation allows us to readilyinclude the simplified object in a radiosity pre-processsolution. Obviously, there are many ways in whichclusters can be simplified. We have chosen one ratherstraight forward method to test the idea.Our method for finding simplified equivalent objects isdiagrammed in Fig. 4. The method begins by fitting aminimum bounding box around the cluster, aligned to thecoordinate axis used in modelling the object. Each face ofthe box is discretized into patches. We then cast a seriesof randomly selected rays perpendicularly through eachface of this bounding box. A count is kept of how manrays pass through the box without intersecting thecluster. A list is also kept of the reflectance of clustersurfaces that are hit by the rays. We then represent thetransmittance of the box, calculated by the percentage ofrays that pass through directly, by shrinking the size ofthe box. We represent the reflectance of each face bysetting the reflectance of each patch on the shrunken boxto the average reflectance of surfaces hit. In pseudo-code:f o r e a c h o f t h e s i x f a c e s o f t h e b o x s i z e d X b y Y b y Z {hits_face = 0;for each patch on the face 1 to num_patches {hits_patch = 0;rho_sum_patch = 0.0;for each perpendicular ray 1 to num_rays {shoot a ray into the box;If a surface is hit {hits_patch += 1;r h o _ s u m _ p a t c h + = r h o ( s u r f a c e h i t ) ; } }rho(patch) = rho_sum_patch / hits_patch;hits_face += hits_patch; }f r a c ( f a c e ) = h i t s _ f a c e / ( n u m _ r a y s * n u m _ p a t c h e s ) ; }n e w _ x _ l e n g t h = s q r t ( f r a c ( x y _ f a c e ) * f r a c ( x z _ f a c e ) ) * X ; n e w _ y _ l e n g t h = s q r t ( f r a c ( x y _ f a c e ) * f r a c ( z y _ f a c e ) ) * Y ; n e w _ z _ l e n g t h = s q r t ( f r a c ( x z _ f a c e ) * f r a c ( y z _ f a c e ) ) * Z ;

XYsimplified object new_X new_Y

test rays for determining reflectance of simplified surfaces

Fig. 4: A method for finding the simplified object definition.In our solution method then, we define three types ofsurfaces: normal, complex and simple. Normal surfacesare large enough to be used both in the radiosity solutionand in the final rendering. Complex surfaces are small andare not used in the radiosity solution, but are used in thehigh resolution pass of the final rendering. Simplesurfaces are used in place of clusters of complex surfacesin the radiosity solution and in the low resolution pass ofthe final rendering.IMPLEMENTATION OF A PRELIMINARY GSIISYSTEMA preliminary rendering system using GSII isdiagrammed in Fig. 5. After creation in the modeller, allsurfaces are converted to the format used by the renderingprograms. A separate file of objects to be simplified isalso converted, and run through the Simplifier module.All of the descriptions are then merged and sent to theRadiosity module that calculates radiosities for thenormal and simple surfaces. The Renderer module usesthe complete geometric description and the radiosities tocompute the final image.SimplifierIn our preliminary implementation, clusters of smallsurfaces to be replaced are identified in the modellingprocess. User supplied values of

rthresh

and

β

are used todetermine whether the remaining surfaces should beclassified as "normal" or "complex".A final version of the GSII method would need anautomated method for identifying such clusters. Ourapproach is similar to the development of meshing forradiosity. A very simple method was used initially [5].Once the utility of the radiosity method was established,more sophisticated meshing methods were developed [1].A possible way of identifying clusters in the future woulduse a spatial subdivision scheme, such as an octree, toidentify surfaces below the minimum size which a locatedwithin a minimum radius.RadiosityThe radiosity solution is calculated by a progressiverefinement program that uses the hemi-cube algorithmwith a hardware Z-buffer to find form factors. The solveracts only on normal and simple surfaces. Each surface issubdivided into triangular patches. The hemi-cuberesolution and percentage original unshot energy stoppingcriterion are set by the user.RendererThe renderer has two passes. In both passes all raycasting is performed using uniform spatial subdivision toreduce ray surface intersections. The first pass is the highspatial frequency (HIRES) pass which accounts for directillumination, specular reflections and caustics. Rays inthis pass, as shown in Fig. 2, must use the normal +complex surfaces to capture the fine detail. At the end ofthe HIRES pass two values are stored for each pixel foreach wavelength band � the radiance

LHIRES

, and

LHIRES,dev

the sample standard deviation. For each pixel,trial values are calculated until either the ratio

(LHIRES,dev / LHIRES)

falls below a user supplied value, or auser supplied maximum number of trials is reached.The second pass is the low spatial frequency (LORES)pass. This pass accounts for the

Ll,l

term in Eq. (2). Inthe LORES pass the rays from the first visible object outto the environment consider normal + complex surfacesonly within a radius

rthresh

. If a surface is intersectedwithin this radius, the illumination calculation continuesas in a Monte Carlo path tracing solution. Beyond thisradius, only normal + simple surfaces are intersected, andthe radiance of any surface beyond

rthresh

is taken to bethe radiance from the radiosity solution. The values

LLORES

and

LLORES,dev

are calculated in this pass. Trialvalues are calculated until either the ratio

(LHIRES,dev + LLORES,dev ) / (LHIRES + LLORES)

falls below auser supplied value, or a user supplied maximum numberof trials is reached. In the final image the values of

(LHIRES + LLORES)

are displayed.

simple surfaces

modellersimplifierradiosityrenderer normal surface radiositiessimple surface radiosities

complex surfaces whichwill be simplified

image

complex surfaces whichwill not be simplified

normal surfaces

Fig. 5 Structure of preliminary GSII rendering system.RESULTSTo evaluate the effectiveness of GSII, we built a testenvironment composed of 10,948 surfaces. These surfacesmade up the objects in an office including thumb tacks,pens, a computer keyboard and a plant. The simplifiedsolution, direct illumination, and combined solution usingGSII for the environment is shown in Fig. 6. (Note: Figs.6 to 8 can be found at the end of the paper). The detail inthe environment, as rendered by GSII, is shown in thethree images in Fig. 7. We considered two cases � one inwhich surfaces in the environment have relatively lowreflectances (

ρ ave

˚=˚0.41), and indirect illumination isrelatively unimportant, and the other in which surfaceshave relatively high reflectances (

ρ ave

˚=˚0.56) and indirectillumination is more important. (The adjustments inaverage reflectancewere made by adjusting the wall reflectances only.) Theimages shown in Figs. 6 and 7 are of the high reflectanceenvironment. To make timing comparisons, we generatedimages for each case using progressive refinement radiosity(PRR) with normal + complex surfaces, PRR with normal+ simple surfaces, Monte Carlo path tracing (MCPT),PMM, and GSII. The PRR with normal+complexsurfaces, PMM and MCPT solutions for the highreflectance environment are shown in Fig. 8.In solving for the original and simplified scene with PRR,we used a hemi-cube of 150x150 pixels per full face. Thenormal + complex environment contained 10,948 surfacesdivided into 74,924 patches. We did not use element orsub-element subdivision. The simple environment wasgenerated using a value of

rthresh

˚=˚0.053 times the largestlinear room dimension, and

β =1/ 2π

. These parameterswere chosen to substantially reduce the number of surfacesin the environment while allowing a relatively modesterror level. The normal + simple environment contained105 surfaces subdivided into 1124 patches. We continuedthe solution until one percent of the original energy in theroom was left unshot. The timings for the PRR solutionsare summarized in Table 1.The simplified geometry contains far fewer surfaces thanthe original, and the result is orders of magnitude lowertimings for the PRR on the simplified geometry. Whilethe absolute values of the timings are machine andimplementation specific, the ratios of timings for thesimple and complex solutions are significant.A 12x12x12 uniform spatial subdivision was used for allray casting in the rendering phase. Solutions for each passwere allowed to run until the sample standard deviationwas equal to 5 per cent of the computed value, or amaximum of 30 trials was reached. A minimum of 10trials were run for each pixel. Table 2 shows the timingresults for the HIRES pass for each case.Table 3 shows the time results for each case for eachmethod for the LORES pass. The advantage of using eitherthe PMM or GSII over the MCPT method is clear whenthe timings are compared. Furthermore, the increase intime for solution for the MCPT with the increased averagereflectance is evident, while the timings for the PMM andGSII are the same for both the low and high cases. Therelatively high average value of

Ldev / L

for the MCPTsolution indicates that the MCPT would requiresignificantly more time to generate an image withcomparable noise level.

Table 1

Timings* for PRR Preprocess

Average Repre- # PatchesTiming

Reflectancesentation(hrs:min)

Low (0.41)N + S11240:25

Low (0.41)N + C7492450:25

High (0.56)N + S11240:52

High (0.56)N + C74924**142:14

*Timings for SGI 4D/20 Personal Iris

**Solution did not run to completion

N+S = Normal +Simple

N+C = Normal+Complex

Table 2

Timings* for HIRES Pass

AverageAverageTiming

Reflectance

L_{dev} / L

(hrs:min)

Low (0.41)0.0743:17

High (0.56)0.0743:16

*T i m i n g s f o r S G I 4 D / 2 8 0 u s i n g o n l y 3 3 M H z p r o c e s s o r s

Table 3

Timings* for LORES Pass

AverageMethodAverageTiming

Ldev / L

(hrs:min)

Low (0.41)MCPT0.3497:22

Low (0.41)PMM0.2803:39

Low (0.41)GSII0.2764:14

High (0.56)MCPT0.28210:29

High (0.56)PMM0.1893:47

High (0.56)GSII0.1934:17

Table 4

Average Relative Differences for Indirect Component of Radiance ONLY

Quantity RGB

MCPT − GSII / MCPT0.110.100.12

MCPT − PMM / MCPT0.180.160.14 L dev / L for MCPT0.100.070.06

The comparison of PMM and GSII timings show thatthey are approximately the same. In this instance the useof spatial subdivision equalized the cost of casting raysinto the simple and complex environments. However,PMM must use the radiosity results from normal +complex objects. Also, it appears that the variance inenvironment illumination was not significantly differentbetween the complex and simple radiosity solutions. TheGSII takes somewhat more time because it uses theradiosity solution only outside of the radius

rthresh

,instead of for all indirect illumination rays.The major differences in appearance between the GSIIandthe PMM images are on the back wall. These resultfrom taking the radiosity of surfaces that are too close.That is, although the radiosity solution is correct onaverage, some individual surfaces are too bright and sometoo dark. In the PMM errors are produced when a surfaceuses the erroneous radiosity of a nearby surface thatsubtends a large solid angle. By using the radius

rthresh

, inthe GSII these types of errors are avoided, and the smalladditional computational time is justified.The images generated for the timing comparisons can’t beused to visually assess the accuracy of the GSII solutionrelative to the MCPT because of the high level of noisein the MCPT image. Clipping of extreme values in thenoisy image results in the uneven clipping of rgb values.The eye cannot average the MCPT results appropriately.To examine the accuracy issue more carefully, wegenerated images at a lower pixel resolution (100x100)for a larger number of trials per pixel � up to 256 trialsper pixel for the PMM and GSII, and up to 1024 trialsper pixel for the MCPT.For accuracy trials, the images are rendered for the mostchallenging component of the most challenging case usedin the timing trials � the indirect component of the highreflectance case. Table 4 summarizes the numericalMCPT solution itself. The absolute value of thedifference was used to avoid cancelling errors.Looking at averaged results, the error in using the GSIIwas of the same order of magnitude as the error introducedby using the radiosity preprocess, and as the noise in theMCPT result. Error introduced by using the radiositypreprocess was due to relatively poor meshing, andomission of any specular interreflections.It is difficult to assess how important error levels in thefloating point calculation of radiance are in the finalimage. Ideally, the final results should be judged visuallyafter the floating point values have been mapped todisplay values using a perceptually based, non-linear,tone reproduction operator.

A few simple tests on one environment cannot proveanything definitively. However, these preliminary resultssuggest that (1) GSII can be used in place of PMM togenerate images without a degradation in the results and(2) the major time savings in using GSII over the PMMis in greatly reducing the time to perform the radiositypreprocess. Many more tests are required to confirm theseconclusions.SUMMARY AND FUTURE WORKWe have described and presented a preliminaryimplementation of a global illumination method thatuses simplified geometric representations for indirectillumination. We have presented initial results thatindicate that the method can produce images more quicklythan Monte Carlo path tracing or the progressive multi-pass method without degradation of quality.Potential future work is in three areas � testing,simplification methods, and animation. Clearly moretests are required to examine the relative timings forvarious types of environments. Detailed analyses of theaccuracy of the results of the various methods should alsobe made. Automated geometric simplification methodsare needed if the approach is to become practical. Finally,the use of spatially and temporally less detailed globalillumination solutions as a preprocess for animatedsequences could be explored.ACKNOWLEDGMENTSThis work was supported by grants from the NationalScience Foundation and the Apple Computer Company.REFERENCES1.Baum, D.R., Mann, S., Smith, K.P. andWinget, J.M. Making Radiosity Usable:Preprocessing and Meshing Techniques for theGeneration of Accurate Radiosity Solutions.Computer Graphics (SIGGRAPH 91), vol. 25,(1991), pp. 51-60.2.Chen, S. E., Rushmeier, H. E., Miller, G. andTurner, D. A Progressive Multi-Pass Methodfor Global Illumination. Computer Graphics(SIGGRAPH 91), vol. 25, (1991), pp. 165-174.3.Cohen, M.F., Greenberg, D.P., Immel, D.S.and Brock, P.J. An Efficient RadiosityApproach for Realistic Image Synthesis. IEEEComputer Graphics and Applications, vol. 6:2,(1986), pp. 26-35.4.Cohen, M.F., Chen, S.E., Wallace, J.R. andGreenberg, D.P. A Progressive RefinementApproach to Fast Radiosity Image Generation.Computer Graphics (SIGGRAPH 88), vol. 22,(1988), pp. 75-84.5.Goral, C.M., Torrance, K.E., Greenberg, D.P.and Battaille, B. Modelling InterreflectionsBetween Diffuse Surfaces. Computer Graphics(SIGGRAPH 84), vol. 18, (1984), pp. 213-222.6.Hall, R. Hybrid Techniques for Rapid ImageSynthesis. Course Notes for Image RenderingTricks (SIGGRAPH 86), (1986).7.Hanrahan, P., Salzman, D. and Aupperle, L. ARapid Hierarchical Radiosity Algorithm.Computer Graphics (SIGGRAPH 91), vol. 25,(1991), pp. 197-206.8.Kajiya, J. Anisotropic Reflectance Models.Computer Graphics (SIGGRAPH 85), vol. 19,(1985), pp. 15-21.9.Kajiya, J. The Rendering Equation. ComputerGraphics (SIGGRAPH 86), vol. 20, (1986), pp.143-150.10.Nishita, T. and Nakamae, E. Continuous ToneRepresentation of Three-Dimensional ObjectsTaking Account of Shadows and Interreflection.Computer Graphics (SIGGRAPH 85), vol. 19,(1985), pp. 23-30.11.Shirley, P. A Ray Tracing Algorithm forGlobal Illumination. Graphics Interface 90,(1990), pp. 205-212.12.Shirley, P. and Wang, C. Luminaire Samplingin Distribution Ray Tracing. Indiana UniversityComputer Science Technical Report, #343,(1992).13.Thompson, K. Ray Tracing with Amalgams.Ph.D. Dissertation, Department of ComputerScience, University of Texas at Austin, (1991).14.Ward, G.J., Rubenstein, F.M. and Clear, R.D.A Ray Tracing Solution for DiffuseInterreflection. Computer Graphics(SIGGRAPH 88), vol. 22, (1988), pp. 85-92.15.Ward, G.J. Adaptive Shadow Testing for RayTracing. Second Eurographics Workshop onRendering, Barcelona, Spain, (1991 ).16.Westin, S.H., Arvo, J.R. and Torrance, K.E.Predicting Reflectance Functions from ComplexSurfaces. Computer Graphics (SIGGRAPH 92),vol. 26, (1992), pp. 255-264.17.Xu, H.P., Peng, Q.-S. and Liang, Y.-D.Accelerated Radiosity Method for ComplexEnvironments. Computers and Graphics, vol.14:1, (1990), pp. 65-71.