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ABSTRACT

Real-timerenderingof large-scale,forest ecosystemsremainsa
challengingproblem,in that importantglobal illumination effects,
suchasleaf transparency andinter-objectlight scattering,aredif-
�cult to capture,given tight timing constraintsand modelsthat
typically containhundredsof millions of primitives. This paper
proposesa new lighting model,adaptedfrom a modelpreviously
usedto light convective cloudsandotherparticipatingmedia,to-
getherwith a distribution of ray processingacrossmultiple GPUs,
in orderto achievetheseglobalilluminationeffectswhile maintain-
ing nearreal-timeperformance.The lighting modelis basedon a
lattice-Boltzmannmethodin which re�ectance,transmittance,and
absorptanceparametersaretakenfrom measurementsof realplants.
The lighting modelis solvedasa pre-processingstepandrequires
only secondsonasingleGPU.Theraytracingengineusesthewell-
knownshort-stackalgorithm,duetoHorn,Sugerman,Houston,and
Hanrahan.Both thepre-processingstepandtheray tracingengine
make extensive useof NVIDIA's ComputeUni�ed Device Archi-
tecture(CUDA).

Index Terms: I.3.7 [ComputerGraphics]: Three-Dimensional
Graphicsand Realism—Raytracing;I.3.1 [ComputerGraphics]:
HardwareArchitecture—GraphicsProcessors

1 INTRODUCTION

Real-timerenderingof large scale,high-density, plant ecosystems
is a topic of growing interestandwide application.Therearetwo
standardapproachesto this taskthatcontinueto receive theatten-
tion of theresearchcommunity. Oneis image-basedandrelieson
conventionalrasterizationusingbillboardclouds[2], andtheother
is geometry-basedandrelieson ray tracing[4]. Raytracinggener-
ally givessuperiorvisual results,but until recentlyit hasbeentoo
slow to provide high quality imagesat interactive frameratesfor
scenesthatpotentiallyrequirebillions of polygons.Hardwareim-
provements,in particular, improvementsin CPU speed,have only
partially amelioratedtheproblembecausereductionin memoryla-
tency hasnotkeptpacewith thereductionin CPUclockcycletime.
Instead,the applicationof large clustersof computingcoresto an
inherentlyparallelproblem,togetherwith carefulmanagementof
the databasethat comprisesthe targetedplant ecosystem,hasled
to theemergenceof ray tracingasa competingtechnique.Render-
ing performanceis closely tied to careful integrationof the plant
databasewith thespatialpartitioningof thesceneinto k-d treesthat
areusedfor hierarchicalray-surfaceintersectiontesting.

The goal of this effort is to extendthe ray tracingtechniqueto
includeimportanteffectsthat areabsentfrom othertreatments,in
particular, diffuse leaf transparency and inter-object light scatter-
ing, while maintainingat leastnearreal-timerenderingfor scenes
thatcomprisehundredsof millions of primitives.Thefundamental
approachis to adaptandapplya lattice-Boltzmannlighting model
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[7, 8], originally designedfor lighting participatingmedia,to large-
scaleforestecosystemsandthenray traceusingCUDA [19] across
multipleNVIDIA GPUs.Theoverall techniqueis similar, in spirit,
to both pre-computedradiancetransfer[23] andphotonmapping
[13], in thatapre-processingstepis usedtocomputeandstorelight-
ing informationwithin thesceneitself. Thispre-processingstepis,
comparatively, very fast.

Subsequentsectionswill cover background,including related
work and the basic illumination model [7], modi�cations to the
model requiredto captureleaf transmittanceand re�ectance,the
structureof theCUDA-basedray tracer, exampleresults,including
imagesandperformancetimings,andconclusions.

2 BACKGROUND

2.1 Related Work

Interactive ray tracing on GPUshasdrawn signi�cant interestat
leastsincethework of Purcellet al [21], who useda uniform grid
as an accelerationstructure. Foley et al [5] improved upon this
by usinga k-d treeaccelerationstructureanddesigningan impor-
tant,stacklesstreetraversalalgorithmcalledkd-restart. This early
work wassigni�cantly hamperedby tight GPU instructionlimits.
Hornetal [11] tookadvantageof improvedhardware,in theform of
anATI X1900XTX, andintroduceda new algorithm,short-stack,
to achieve betterresults. Short-stackis usedhereinandshown in
pseudo-codein Figure1. Short-stackusesa stackof boundedsize
duringtraversalandfalls backto thestacklessalgorithmon under-
�o w. Horn et al [11] used4-wide ray packetsper fragment,and
they wereableto achieve 15 - 18 million primary rayspersecond
on testscenes.

Dietrichetal [4] combinedtheOpenRT real-timeraytracingen-
gine[25], Xfrog plantmodels[20], geometryinstancing,andadap-
tive transparency control to achieve interactive renderingof large,
high-densityplant ecosystems.The adaptive transparency control
wasin responseto thestructureof theXfrog models,whereinleaves
arerepresentedby coarsetriangleswithin which leaf shapeis de-
terminedby analphachannel.Ray-triangleintersectionsmaythen
simply generatean additionalforward ray, ratherthana re�ected
value. Their testscenecontainedmorethan365,000plants,of 68
distinctspecies,with a total of approximately1.5billion triangles.
With 32 CPUsthey achieved6 fps on a 640� 480scene.They did
not attemptto accountfor global illumination effectssuchasleaf
transparency andinter-objectlight scattering.

Wangetal [26] achievedbeautifulresultsin renderingsmallcol-
lectionsof plantleavesusingcarefullyconstructedbidirectionalre-
�ectanceandtransmittancefunctionsthatwerebasedon measure-
mentsof real plants. Their methodis computationallyintensive,
with largememoryrequirements,andsoasyet unsuitablefor real-
time renderingof large-scale,high-densityecosystems.

Luft et al [16] wereableto captureambientocclusionin render-
ing foliage throughthe additionof a pre-processingstepin which
overall tree geometrywas simpli�ed to an implicit surface, i.e.,
a density�eld, usingMarchingCubes[15]. The ambientcoef�-
cient in a standard,local illumination modelwasthenmodi�ed by
a transferfunction that was exponentiallydecreasingin the �eld
density. They alsorealignedleaf normalvectorsto matchthe im-
plicit surfacein orderto reducelighting noise.



t min = t max= scenemin
t hit = ¥
while(t max< scenemax):

if stack.empty:
node= root
t min = t max
t max= scenemax
pushdown = TRUE

else
(node,tmin,t max)= stack.pop
pushdown = FALSE

while(notnode.isleaf):
a= node.axis
t split = (node.value- ray.origin[a])/(ray.dir[a])
(one,two)=order(ray.dir[a],node.left,node.right)
if(t split� t max)

node=one
elseif(t split� t min or t split< 0)

node=two
else

stack.push(two,t split,t max)
node=one
t max=t split
pushdown = FALSE

if pushdown
root= node

for trianglein node.triangles:
t hit = min(t hit,intersect(ray,triangle))

if t hit < t max
returnt hit

returnt hit

Figure 1: Short-stack algorithm for k-d tree ray tracing

2.2 Illumination Model

The techniqueof [7] provided a new solutionto the standardvol-
umeradiative transferequationfor modelinglight in aparticipating
medium:

(~w � Ñ+ s t ) L(~x;~w) = ss

Z
p(~w; ~w0)L(~x; ~w0)d~w0+ Q(~x;~w) (1)

whereL denotesradiance,~w is sphericaldirection,p(~w; ~w0) is the
phasefunction, ss is the scatteringcoef�cient of the medium,sa
is the absorptioncoef�cient of the medium, s t = ss + sa, and
Q(~x;~w) is theemissive �eld in thevolume[1]. Thesolutiontech-
nique proposedwas basedon a lattice-Boltzmann(LB) method.
Lattice-Boltzmannmethodsarecomputationalalternativesto �nite-
elementmethodsfor solvingcoupledsystemsof partialdifferential
equations.TheLB methodshave recentlyprovidedsigni�cant suc-
cessesin modeling�uid �o ws andassociatedtransportphenomena
[9]. The methodssimulatetransportby tracingthe evolution of a
singleparticledistribution throughsynchronousupdateson a dis-
cretegrid. A complicationof LB methodsin threedimensionsis
thatisotropic�o w requiresthatall neighboringlatticepointsof any
sitebeequidistant.A standardapproach,dueto d'Humi �eres,Lalle-
mand,andFrisch[3], is to use24pointsequidistantfrom theorigin
in 4D spaceandprojectonto3D. Thepointsare:

(� 1;0;0; � 1) (0; � 1; � 1;0) (0; � 1;0; � 1)
(� 1;0; � 1;0) (0;0; � 1; � 1) (� 1; � 1;0;0)

andprojectionis truncationof thefourth component,which yields
18 directions.Axial directionsthenreceive doubleweights. Rep-
resentationof severalphenomena,includingenergy absorptionand
energy transmission,is facilitatedby addinga directionfrom each

latticepointbackto itself, which thusyields19directions,thenon-
cornerlattice pointsof a cubeof unit radius. The key quantityof
interestis the per-site photondensity, fm(~r;t), which is the den-
sity arriving at lattice site~r 2 Â 3 at time t in cubedirection~cm,
m2 f 0;1; :::;18g.

TheentireLB systemsimulationthenamountsto anearlytrivial,
synchronousupdateof thelattice. If thelatticespacingis l andthe
timestepis t , thentheupdateis:

fm(~r + l ~cm; t + t ) � fm(~r;t) = Wm� f (~r;t) (2)

whereWm denotesrow mof a19� 19matrix,W, thatdescribesscat-
tering,absorption,and(potentially)wavelengthshift ateachsite. If
r (~r;t) = å m fm(~r;t) denotestotal sitedensity, thena derivation in
[7] shows that the limiting caseof (2) asl ; t ! 0 is thediffusion
equation

¶r
¶t

= DÑ2
~r r (3)

wherethediffusioncoef�cient

D =
�

l 2

t

� �
(2=s t ) � 1
4(1+ sa)

�
(4)

This is consistentwith previous approachesto modelingmultiple
photonscatteringevents[12,24], whichinvariablyleadto diffusion
processes.

For any LB method,thechoiceof Wis notunique.Standardcon-
straintsareconservationof mass,å m(Wm� f ) = 0, andconservation
of momentum,å m(Wm� f ) ~vm = t ~F, where ~vm = (l =t ) ~cm and ~F
representsany siteexternalforce. In [7, 8], for thecaseof isotropic
scattering,Wwaschosenasfollows:
For row 0:

W0j =
�

� 1 j = 0
sa j > 0 (5)

For theaxial rows, i = 1; :::;6:

Wi j =

8
<

:

1=12 j = 0
ss=12 j > 0; j 6= i

� s t + ss=12; j = i
(6)

For thenon-axialrows, i = 7; :::;18:

Wi j =

8
<

:

1=24 j = 0
ss=24 j > 0; j 6= i

� s t + ss=24; j = i
(7)

Entry i; j controlsscatteringfrom direction~c j into direction~ci , and
directionaldensity f0 hold theabsorption/emissioncomponent.On
update,i.e., W� f , fractionsa from eachdirectionaldensitywill be
movedinto f0. Theentriesof Wwerethenmultipliedby thedensity
of themediumat eachlatticesight,sothata zerodensityyieldeda
pass-throughin (2), andadensityof 1 yieldeda full scattering.

With modi�cations, this lighting modelcanbe usedto capture
leaf transparency andinter-objectlight scatteringfor forestecosys-
tems.

3 CAPTURING LEAF TRANSPARENCY AND SCATTERING

Theoverall illuminationmodelbeginswith astandard,local illumi-
nationmodelthatcapturesdirect lighting effectsin theusualway.
Local diffuselighting is of theform kd(N�L), whereL is sundirec-
tion, N is leaf/woodnormal,andkd is thecombinedsuncolor and
sampledtexturecolor. Thesunis modeledasablackbodyradiator
at 6500K.Local specularlighting is of theform ks(V�R)s, whereV
is the viewer positionvector, R is the sunre�ection vector, s con-
trols highlight dissipation,and ks is the combinedsun color and
leaf/wood specularcolor. Indirect global illumination is captured



from an LB lighting grid thenmodulatedby the texture color and
addedto thelocal,directillumination.

A two-level, hierarchicalLB lighting grid canbeimposedupon
an instancedforestsystem.Solutionof the higher-level grid over
theentireforest,usingiterationsof (2), simplyprovidesaper-node
scalefactorfor lighting intensitythatdeterminestheinitial bound-
ary conditionsfor eachlower-level, instancedper-plant/treegrid.
Eachnodein the higher-level grid hasa densityfactorestimated
from the plant/treecountwithin the associatedcell. Eachlower-
level, plant/treegrid, hereof size1283 nodes,hasa per-nodeden-
sity (biomass)factorestimatedfrom local leaf countandleaf area
within theassociatedcell. If a signi�cant portionof thebiomassis
wood, ratherthanleaf, the densityis classi�ed as“brown” rather
than“green”,sothatscatteringmayberestrictedto backwardonly.

Unlikethecaseof lighting atmosphericclouds,whereabsorption
is extremelysmall (sa < 0:01),plantsabsorba signi�cant fraction
of thevisible light reachingthem,andthisenergy is not re-radiated
within the visible spectrum. Further, absorption,re�ection, and
transmissionareheavily wavelength-dependent.It is naturalto con-
jecturethat thesecomponentsarealsoheavily species-dependent,
but surprisingly, this is not the case.KnappandCarter[14] mea-
suredleaf optical properties,in particular, re�ectance, transmit-
tance,andabsorptanceof 26 speciesof plantsfrom widely vary-
ing habitats. They concludedthat the lack of variability across
specieswasremarkable,giventhebroadhabitatrangeandunusual
anatomicalcharacteristicsof severalof thespeciesincludedin the
study. Thusasinglesetof wavelength-dependentmodelparameters
shouldsuf�ce in determinings s andsa.

Scatteringis, of course,anisotropicandwavelength-dependent.
Anisotropic scatteringis incorporatedby multiplying s s that ap-
pearsin entryWi; j by anormalizedphasefunction:

pni; j (g) =
pi; j (g)

�
å 6

i= 12pi; j (g) + å 18
i= 7 pi; j (g)

�
=24

(8)

wherepi; j (g) is a discreteversionof theHenyey-Greensteinphase
function[10],

pi; j (g) =
1� g2

(1� 2g~ni � ~n j + g2)3=2
(9)

Here~ni is thenormalizeddirection,~ci . Parameterg 2 [� 1;1] con-
trols scatteringdirection.Valueg > 0 providesforwardscattering,
g< 0 providesbackwardscattering,andg= 0 yieldsisotropic.Mie
scattering[6] is generallyconsideredpreferable,but thesigni�cant
approximationsinducedhereby a relatively coarsegrid renderthe
additionalcomplexity unwarranted.Note that (8) differs from the
treatmentin [7], in that settingsa = 0 and g = 1 now yields an
effect thatis identicalto apass-through.

Wavelength-dependenceis limited hereto threecolor compo-
nents. The model doesnot attemptto accountfor total leaf ab-
sorptionas expressedin [14], sincethis representsalmostall in-
cident light energy. (The minimum is 72%, which occursat 550
nm.) Instead,the absorptancevaluesfrom [14] are scaledby a
single,experimentallydeterminedfactor(here0.125)to yield per-
componentmodel absorptioncoef�cients, s X

a , for X = R, G, B.
Theper-componentmodelscatteringcoef�cients arethengivenby
s X

s = 1� s X
a , again for X = R, G, B. Per-componenttransmittance

andre�ectanceratiosfrom [14] areusedto determineforwardand
backward scatteringcomponents,f sX and bsX , by the constraint
f sX + bsX = s X

S . Finally, valuesof thephasefunctionparameter,
g, arechosenas:

gX =
f sX � bsX

f sX + bsX
for X = R, G, B (10)

Thusidenticaltransmittanceandre�ectancevaluesfor color com-
ponentX wouldyield f sX = bsX , andscatteringwouldbeisotropic

(gX = 0). If a nodeis classi�ed as“brown,” ratherthan“green,”
gX = � 1 for X = R;G;B.

Boundaryconditionsfor the grid (initial valuesfor directional
densities)are determinedso that directionshaving positive dot
productswith the sun direction receive photondensitiesthat are
proportionalto thesedot products. This differs from [7], where
a minimum orthogonalcollectionof directionvectorswith maxi-
maldotproductswasselected.Thepresenttreatmentofferssmooth
transitionswith sunpositionchange.

Thepre-processingstepthenamountsto iterating(2) to steady-
state,which yields a total photondensityper componentat each
grid node.Thesigni�cant lossof light energy from thevisiblespec-
trumis modeledby zeroingoutcomponentf0 ateach“green”node
oneachiteration.Duringraytracing,ateachleaf intersectionpoint,
an indirect illumination valueis interpolatedfrom thesurrounding
grid valuesandaddedto thelocal,directilluminationat thatpoint.

4 IMPLEMENTATION

4.1 CUDA

NVIDIA's ComputeUni�ed Device Architecture(CUDA) com-
binesspeci�c hardware,suchasthe G80-basedQuadroFX 5600,
usedherein,togetherwith drivers,libraries,andC languageexten-
sions,in orderto provide accessto theGPUhardwarewithout the
constraintsimposedby traditionalGPU programmingtechniques,
which typically rely on a graphicsAPI. Codeis organizedaround
kernels, which are functionsthat are invoked from the CPU (the
host)but executeon theGPU(thedevice). Themulti-processorsof
theGPUexecutethesekernelsmostef�ciently in SIMD mode,but
standardC control�o w is available.In additionto invoking thede-
vice kernels,thehostis responsiblefor managingdevice memory,
which is segmentedinto multiple memoryspacesof varyingcapa-
bilities. Managementof the memoryhierarchy strongly impacts
performance.

Kernelsare invoked simultaneouslyon many threads. Inter-
nally, CUDA schedulesthe executionof threadsto maximizeper-
formance. Threadsareorganizedinto blocks. Blocks are further
organizedastwo-dimensionalgrids. Threadsin a block sharecer-
tain device resources,suchasthesmall,fast,on-chipsharedmem-
ory, andcansynchronizewith oneanother. Insidea threadblock,
threadsare further arrangedinto groupsof size 32 called warps.
A warp canbe consideredthe minimum collectionof threadsfor
SIMD execution,in thatcontrol �o w divergencewithin a warpex-
tractsasigni�cant performancepenalty.

4.2 Indirect illumination

Before the indirect illumination is computed,as detailedabove,
eachtreemodel is convertedto a volumedensityby intersecting
the model's triangleswith a 1283 grid. A simpleheuristicis im-
plementedto avoid computingareacoverageof all trianglesinter-
sectingeachgrid node. Eachgrid nodeis re�ned into a 3� 3� 3
subgrid. If any triangleintersectsa nodeof the subgrid,thenthat
subgridnodeis markedasintersected.Thedensityof thegrid node
is thenthe ratio of the numberof its intersectedsubgridnodesto
27.

The indirect illumination computation is implementedas a
CUDA kernel.Thiscomputationmapswell to CUDA, aseachiter-
ationof (2) requirescomputingnew valuesfor eachgrid nodethat
are independentof the new valuesof every othergrid node. One
device threadis invoked per grid node. The indirect illumination
dueto eachwavelength(color component)is computedseparately,
dueto memoryconstraints.

4.3 Ray tracing

The structureof the ray tracing enginefollows the generaltech-
niquesdescribedin [4]. Treemodelsareinstancedmultipletimesto



composelargerscenes.For eachscene,a high level kd-treeis con-
structedfrom eachinstance's world space,axis alignedbounding
box (AABB). Lower level kd-treesareconstructedfrom the trian-
glesof eachmodel. All kd-treesareconstructedusingthesurface
areaheuristic (SAH) introducedby MacDonaldand Booth [17].
Eachinstancein thescenestoresits world-spacetransformationand
a referenceto its model's kd-tree.

All raytracingcomputations(ray/triangleintersectionsandshad-
ing computations)areimplementedwith CUDA. Beforeinvoking
the ray tracingkernels,all relevant scenedatais transferredfrom
thehostto thedevice,with caretakento storedatain theappropri-
atememoryspace.Maximizing readperformancefrom a device's
globalmemoryspace,whichis notcached,requiresthatthreadsin a
warpfollow certainmemoryaccesspatterns.Unfortunately, threads
in a warp quickly diverge whentraversinga scene's multiple kd-
trees.Becauseof this divergence,it becomesincreasinglydif�cult
to maintainthe bestaccesspatternsfor global memoryspace.In-
stead,scenedatathatis accessedduringkd-treetraversalis storedin
oneof two memoryspaces,texturememoryspaceor constantmem-
ory space,whicharecachedand,therefore,performbetterwith the
memoryaccesspatternsinherentto kd-treetraversal. Both mem-
ory spacescomewith limits. Constantmemoryspaceis relatively
small (64 KB). Texturesmustbedeclaredglobal in scope,andar-
raysof texturesarenotsupported.Thus,all kd-treesarestoredcon-
secutively in onetexture, with offsetsstoredelsewherefor proper
indexing. This techniqueis usedfor all similar datastoredin the
texturememoryspace.

Ray tracing is performedby executingmultiple kernelson the
device. One device threadis createdper ray. Sinceall threads
within a block shareresources,theresourceconstraintsof travers-
ing a two-level kd-treehierarchy restricttheprimaryraykerneland
shadow ray kernelto 64 threadsper block. For both kernels,care
is taken to prevent, to theextentpossible,threadswithin thesame
warp from traversingdifferentpathsin thekd-treehierarchy. This
is accomplishedby arrangingeachthreadblock to traceraysin an
8� 8 tile. Within this tile, eachwarpin a threadblock tracesraysin
an8� 4 tile. A varietyof block sizesandtile sizesweretested,and
this layoutwasfoundto provide thebestperformancefor boththe
primaryraykernelandtheshadow raykernel.

As previously mentioned,kd-treetraversalis accomplishedby
theshort-stackalgorithm.Thestackis implementedusingthefast,
on-chip,sharedmemory, andthe stacksizeis 5. The ray/triangle
intersectionalgorithm is the fast, minimal storagetechniquede-
scribedby Möller andTrumbore[18]. Sinceleaf shapeis deter-
minedby thealphachannelof a leaf texture,eachprimaryraymay
result in multiple secondaryrays being generated.Performance-
enhancingadaptive transparency control, suggestedin [4], was
tested,but it hasnot beenincorporatedhere,sinceit was found
to noticeablydegradeimagequality.

Shadingcommencesafter invoking a primary ray kernel and
shadow raykernel.Bothkernelsfollow thesametraversalstrategy.
Ray/sceneintersectionsaredeterminedby �rst traversingthehigh
level, scenekd-tree.During this traversal,if any instance's AABB
is intersected,the correspondingmodel's low level kd-treeis then
traversed.After invokingtheabovekernels,ashadingkernelis then
executed.If anintersectionpoint is not shadowed,thelocal illumi-
nationis computedasthecombinationof diffuseandspecularlight-
ing. Toproducethe�nal colorfor aray, thislocalilluminationatthe
intersectionpoint, which is derived from sundirection,leaf/wood
normal,viewer position,suncolor, andtexturecolor, is combined
with thepre-computedindirectillumination,whosevalueat thein-
tersectionpoint is interpolatedfrom the valuesat the surrounding
nodesof thelighting grid. Though3D in its implicit structure,each
model's indirect illumination grid is storedin a 1D texture on the
device. This is necessarysincethe productionreleaseof CUDA
doesnot yet support3D textureaccess.Interpolationis performed

accordingto the 3D texture interpolationalgorithmfound in [19].
Eachkernelstoresits resultsto anarrayin theglobalmemoryspace
of thedevice.

A �nal kernel handlestone mapping and, if needed,down-
samplestheresultsof thepreviouskernelsto producethe�nal im-
age.Thetonemappingalgorithmimplementedis dueto Reinhard
etal [22]. Down-samplingoccursif morethanoneray is generated
for eachpixel in the�nal image.

OpenMPIenablesrenderingacrossa GPU-basedcluster. Each
clusternode,which is responsiblefor renderinga portion of the
�nal image,containsone NVIDIA QuadroFX 5600 GPU. Each
nodeis senta portionof the imageto render. No effort wasmade
to achieve loadbalancing.Theworkloadis simply split alongthe
vertical axis of the target image. Resultsaregatheredby the root
nodeanddisplayedto theuser.

5 RESULTS

Thoughsubtleat distances,theeffectsof forwardscatteringin the
proposedilluminationmodelarefairly dramaticatcloserange.Fig-
ure2 showsanearbyview of aSouthernCatalpatree[20] rendered
with the proposedtechnique2(a) and(for comparison)with only
local illumination 2(b) andwith local illumination augmentedby a
constantambient2(c),wheretheambientvalueis chosento match
averageimageluminancewith thatof 2(a).The�gure alsoshowsa
volumevisualizationof theindirect illumination from theLB scat-
teringgrid usedin this rendering.Thusimage2(a)canberegarded
asthesumof image2(b)anda texture-modulatedimage2(d).

Figure3(a) shows an examplerenderingof a high-density, for-
estecosystem,constructedby taking a landscapeimagefrom [8],
replacingall of therealtreeswith syntheticones,andthenlighting
andrenderingusingtheproposedtechnique.Notethatthesynthetic
cloudswere lighted with the original LB technique,describedin
section2.2. For this scene,a higher-level LB grid wasdeemedun-
necessary, sinceall treeshave approximatelyequivalentexposure.
For comparison,thesamesceneis shown again in Figure3(b),ex-
ceptthatevery beechtreehasbeenreplacedwith a pinetree. Spe-
ci�c lighting model parametersare shown in Table 1, and scene
compositionfor Figure3(a)is shown in Table2.

Table 1: Lighting model parameter values

sa = (s R
a ;s G

a ;s B
a ) (0.109,0.091,0.118)

ss = (s R
s ;s G

s ;s B
s ) (0.891,0.909,0.882)

f s= ( f sR; f sG; f sB) (0.055,0.150,0.020)
bs= (bsR;bsG;bsB) (0.070,0.125,0.040)
g = (gR;gG;gB) (-0.120,0.091,-0.333)

Table 2: Composition of beech tree scene

species instances triangles/instance
redmaple 12 115,529
ohiobuckeye 285 168,520
paperbirch 291 372,896
southerncatalpa 206 155,342
americanbeech 168 496,719
total scene 962 273,376,528

Executiontimesfor ray tracingthe sceneof Figure3(a) at res-
olution 896� 448 pixels with 1 ray per pixel and4 raysper pixel
areshown in Table3 for bothasingleG80andanearlyengineering



(a) full scattering (b) local illuminationonly

(c) local illuminationplusambientto matchluminance (d) volumevisualizationof LB solution

Figure 2: Rendering comparison: nearby view of Southern Catalpa tree.



Table 3: Execution times for ray tracing and LB lighting

platform 1 ray/pixel 4 rays/pixel LB lighting
G80 2.277s 8.044s 32.1s
G200EES 1.151s - 15.9s

Table 4: Execution times for ray tracing across multiple G80 GPUs

GPUcount executiontime (1 ray/pixel)
2 1.162s
4 0.666s
8 0.351s

16 0.170s

sampleof an NVIDIA GeForceGTX 280 (G200)with 240 cores
clockedat 1.08GHz. Also shown therearetheLB lighting model
pre-processingtimes. Eachof theseis theaverageof thetimesfor
� vesolutions,oneperspecies,ona1283 grid. For suchmodels,the
numberof iterationsrequiredtoachieveconvergencetosteady-state
is approximatelytwice the longestedgedimension.Table4 com-
parestheperformanceobtainedwhenraytracingthissamesceneat
1 ray/pixel acrossmultipleG80GPUs,all QuadroFX 5600s.

6 SUMMARY AND CONCLUSIONS

Real-timerenderingof large-scale,forest ecosystemsremainsa
challengingproblemwhenglobal illumination effects,suchasleaf
transparency andinter-objectre�ection, which areimportantto vi-
sualrealism,mustbeincorporated.Oneapproachto achieving such
effects,suggestedherein,is throughtheuseof a lattice-Boltzmann
lighting model to approximatethe indirect illumination. The LB
modelcanbe executedasa pre-processingstepto generatelight-
ing valuesthat arestoredon a three-dimensionalscenegrid. The
ray tracing enginecan then combinelocal, direct illumination at
any ray/objectintersectionpointwith anindirectvalueobtainedby
interpolatingvaluesfrom the embeddedLB grid. Near real-time
performanceis obtainedby mappingtheray tracingengine,aswell
as the LB lighting model, to NVIDIA's ComputeUni�ed Device
ArchitectureandthendistributingacrossmultipleGPUs.

As seenin Table4, 16 GPUsdelivereda rateof 6 fps for a reso-
lution 896� 448pixelsona scenecontaining273Mtriangles.Fur-
ther, it is well-known thatGPUdevelopmenthas,for many years,
de�ed Moore's Law in delivering a sustained,doublingof perfor-
manceevery 6 months.Thedataof Table3 suggestthis trendwill
continue.Thisdata,togetherwith theobservedlinearimprovement
shown in Table4, lead to a naturalconjecturethat, for scenesof
comparableresolutionand complexity, 32 of the 1.08GHzG200
GPUscouldnow deliverthe24fpsthatis generallyconsideredreal-
timeperformance.

The lattice-Boltzmannlighting model usesparametersderived
from measurementsof realplantsto approximateglobal illumina-
tion. It solvesa diffusion-like processfor light scatteringandab-
sorption.Althoughnotcarriedoutaspartof thisstudy, distributing
theLB modelacrossmultiple GPUsis reasonablystraightforward.
Boundarynodesin subgridsare replicated,and only theserepli-
catedboundarynodesneedcommunicatewith oneanotheracross
GPUs.

Thereareseveralpotentialdrawbacksto theproposedtechnique
thatyet needto beaddressed.First, theLB modelexecutiontime
shown is perplant instance.Thusthetotal pre-processingtime for
the sceneof Figure 3(a), which contains5 species,was 5 times
that shown. If sceneswith more thana hundredspecies(species

not instances)areof interest,pre-processingtime could approach
an hour or more. Potentialcounter-measuresincludedistributing
acrossmultiple GPUs,as noted,and reducingper-plant LB grid
size. Note that reducingthe grid edgedimensionfrom 128 to 64
improvesexecutiontime by a factorof 16, 8 from the dimension
reductionand2 from the convergencetime reduction. The extent
to which suchreductionwould impactimagequality remainsto be
tested. A seconddrawback is the memoryconstraint. All model
datamustberesidenton eachGPU.Although5 plant instancesdo
notconsumethe1.5GBavailableontheQuadroFX 5600,hundreds
of speciescouldnotbesupported.

Finally, althoughadaptive transparency control was not used
heredueto its impacton �nal imagequality, the performanceen-
hancementavailablefrom this techniqueis substantial.It is likely
that the ill-effectson imagequality couldbeamelioratedby tying
theadaptionlevel to bothsceneview distanceandgazedurationof
theobserver.
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