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ABSTRACT

Real-timerenderingof large-scale,forest ecosystemsemainsa
challengingproblem,in thatimportantglobalillumination effects,
suchasleaf transparenc andinter-objectlight scattering aredif-

cult to capture,given tight timing constraintsand modelsthat
typically containhundredsof millions of primitives. This paper
proposesa new lighting model, adaptedrom a model previously
usedto light corvective cloudsand other participatingmedia, to-

getherwith a distribution of ray processingacrossmultiple GPUs,
in orderto achieve theseglobalillumination effectswhile maintain-
ing nearreal-timeperformance.The lighting modelis basedon a
lattice-Boltzmanmethodin which re ectance transmittanceand
absorptancparameteraretakenfrom measurementsf realplants.
Thelighting modelis solved asa pre-processingtepandrequires
only second®nasingleGPU.Theraytracingengineuseghewell-

known short-sta& algorithm,dueto Horn, SugermaniHoustonand
Hanrahan Both the pre-processingtepandtheray tracingengine
make extensie useof NVIDIA's ComputeUni ed Device Archi-

tecture(CUDA).

Index Terms: 1.3.7 [ComputerGraphics]: Three-Dimensional
Graphicsand Realism—Raytracingj.3.1 [Computer Graphics]:
HardwareArchitecture—GraphicBrocessors

1 INTRODUCTION

Real-timerenderingof large scale,high-density plant ecosystems
is atopic of growing interestandwide application. Therearetwo
standardapproacheso this taskthat continueto receie the atten-
tion of the researclcommunity Oneis image-basedndrelieson
corventionalrasterizatiorusingbillboard clouds[2], andthe other
is geometry-basedndreliesonray tracing[4]. Raytracinggener
ally givessuperiorvisual results,but until recentlyit hasbeentoo
slow to provide high quality imagesat interactive frame ratesfor
sceneghat potentiallyrequirebillions of polygons.Hardwareim-
provementsjn particular improvementsn CPU speedhave only
partially amelioratedhe problembecauseeductionin memoryla-
teng/ hasnotkeptpacewith thereductionin CPUclockcycletime.
Instead the applicationof large clustersof computingcoresto an
inherentlyparallel problem,togetherwith carefulmanagemenof
the databasehat compriseghe targetedplant ecosystemhasled
to theemepgenceof ray tracingasa competingtechnique Render
ing performances closelytied to carefulintegration of the plant
databasevith the spatialpartitioningof thescenanto k-d treesthat
areusedfor hierarchicakay-suraceintersectiortesting.

The goal of this effort is to extendthe ray tracingtechniqueto
includeimportanteffectsthat are absentfrom othertreatmentsin
particular diffuse leaf transparenc and inter-objectlight scatter
ing, while maintainingat leastnearreal-timerenderingfor scenes
thatcomprisehundredsf millions of primitives. Thefundamental
approachs to adaptandapply a lattice-Boltzmanrighting model
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[7, 8], originally designedor lighting participatingmedia,to large-
scaleforestecosystemandthenray traceusingCUDA [19] across
multiple NVIDIA GPUs.Theoveralltechniques similar, in spirit,
to both pre-computedadiancetransfer[23] and photonmapping
[13], in thatapre-processingtepis usedto computeandstorelight-
ing informationwithin the scendtself. This pre-processingtepis,
comparatiely, veryfast.

Subsequensectionswill cover background,including related
work and the basicillumination model [7], modi cations to the
model requiredto captureleaf transmittanceand re ectance,the
structureof the CUDA-basedray tracer exampleresults,including
imagesandperformanceimings,andconclusions.

2 BACKGROUND
2.1 Related Work

Interactve ray tracingon GPUshasdravn signi cant interestat
leastsincethe work of Purcellet al [21], who useda uniform grid

as an accelerationstructure. Foley et al [5] improved upon this

by usinga k-d treeacceleratiorstructureand designinganimpor

tant, stacklesdreetraversalalgorithmcalledkd-restart This early
work wassigni cantly hamperedy tight GPU instructionlimits.

Hornetal[11] tookadwantageof improvedhardware,in theform of

an ATl X1900 XTX, andintroduceda new algorithm,short-stag,

to achieve betterresults. Short-stackis usedhereinandshawvn in

pseudo-codén Figurel. Short-stackusesa stackof boundedsize
duringtraversalandfalls backto the stacklesslgorithmon under

ow. Horn et al [11] used4-wide ray paclets per fragment,and
they wereableto achieve 15 - 18 million primary rayspersecond
ontestscenes.

Dietrich etal [4] combinedhe OpenR real-timeraytracingen-
gine[25], Xfrog plantmodels[20], geometnyjinstancingandadap-
tive transpareng control to achieve interactive renderingof large,
high-densityplant ecosystemsThe adaptve transpareng control
wasin responséo thestructureof the Xfrog modelswhereinleaves
arerepresentedby coarsetriangleswithin which leaf shapeis de-
terminedby analphachannel.Ray-triangleintersectionsnaythen
simply generatean additionalforward ray, ratherthana re ected
value. Their testscenecontainedmorethan365,000plants,of 68
distinctspeciesyith atotal of approximatelyl.5 billion triangles.
With 32 CPUsthey achieved 6 fpsona 640 480scene.They did
not attemptto accountfor globalillumination effects suchasleaf
transparencandinter-objectlight scattering.

Wangetal [26] achiezedbeautifulresultsin renderingsmallcol-
lectionsof plantleavesusingcarefullyconstructedidirectionalre-

ectance andtransmittancdunctionsthatwerebasedon measure-
mentsof real plants. Their methodis computationallyintensve,

with large memoryrequirementsandso asyet unsuitablefor real-

time renderingof large-scalehigh-densityecosystems.

Luft etal [16] wereableto captureambientocclusionin render
ing foliage throughthe additionof a pre-processingtepin which
overall tree geometrywas simpli ed to animplicit surface,i.e.,
a density eld, usingMarching Cubes[15]. The ambientcoef-
cientin a standardl|ocal illumination modelwasthenmodi ed by
a transferfunction that was exponentially decreasingn the eld
density They alsorealignedieaf normalvectorsto matchthe im-
plicit surfacein orderto reducdighting noise.



t_min = t_max= scenemin
t_hit=¥
while(tmax< scenemax):
if stack.empty:
node= root
t_min =t_max
t_-max= scenemax
pushdevn = TRUE
else
(node,tmin,t max)= stack.pop
pushdevn = FALSE
while(notnode.isleaf):
a=node.axis
t_split = (node.\alue- ray.origin[a])/(raydir[a])
(one,two)=order(raydir[a],node.left,node.right)
if(t_split t-max)
node=one
elseif(t_split t_-min or t_split< 0)
node=tvo
else
stack.push(tw,t_split,t max)
node=one
t_-max=tsplit
pushdevn = FALSE
if pushdovn
root= node
for trianglein node.triangles:
t_hit = min(t_hit,intersect(ragriangle))
if t_hit < t_max
returnt_hit
returnt_hit

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

2.2 lllumination Model

Thetechniqueof [7] provided a new solutionto the standardvol-
umeradiative transferequatiorfor modelinglight in aparticipating
medium:

Zz

(w N+ s)Lixw) = ss  p(w; BOL(x; BOdWO+ Qi w) (1)

whereL denotegadiancew is sphericaldirection, p(w; W9 is the
phasefunction, ss is the scatteringcoefcient of the medium, s,
is the absorptioncoefcient of the medium, sy = ss+ s, and
Q(x¢; w) is theemissve eld in thevolume[1]. Thesolutiontech-
nigue proposedwas basedon a lattice-Boltzmann(LB) method.
Lattice-Boltzmanmethodsarecomputationahlternatvesto nite-
elementmethoddor solvingcoupledsystemf partialdifferential
equationsTheLB methodshave recentlyprovidedsigni cant suc-
cessesn modeling uid o ws andassociatedransporiphenomena
[9]. The methodssimulatetransportby tracingthe evolution of a
single particle distribution throughsynchronousipdateson a dis-
cretegrid. A complicationof LB methodsin threedimensionss
thatisotropic o w requireghatall neighboringdattice pointsof ary
sitebeequidistantA standarcapproachdueto d'Humieres,Lalle-
mand,andFrisch[3], is to use24 pointsequidistanfrom theorigin
in 4D spaceandprojectonto3D. The pointsare:

( 16,0, 1)
( 1o, 13,0)

(0; 1, 1,0)
(0,0, 1, 1)

(0; 1,0, 1)
( 1 1,0,0)

andprojectionis truncationof the fourth componentwhich yields
18 directions. Axial directionsthenreceve doubleweights. Rep-
resentatiorof severalphenomenancludingenegy absorptiorand
enepgy transmissionis facilitatedby addinga directionfrom each

lattice pointbackto itself, which thusyields 19 directions thenon-
cornerlattice pointsof a cubeof unit radius. The key quantity of
interestis the persite photondensity fm(+;t), which is the den-
sity arriving at lattice site+ 2 A3 at time t in cubedirectionen,
m2 f0;1;:::;18g.

TheentireLB systenmsimulationthenamountgo anearlytrivial,
synchronousipdateof thelattice. If thelatticespacings/ andthe
time stepis t, thentheupdates:

fmCE+ T emt+ 1) fmlFt) = W f(#;t) (2)
whereW, denotesow mofal9 19matrix, W, thatdescribescat-
tering,absorptionand(potentially)wavelengthshift ateachsite. If
r (#;t) = &m fm(r;t) denotedotal site density thena derivationin
[7] shaws thatthe limiting caseof (2) as/ ;t ! 0 is thediffusion

equation
Tr ~ 0
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This is consistentwith previous approacheso modelingmultiple
photonscatteringevents[12, 24], whichinvariablyleadto diffusion
processes.

For ary LB methodthechoiceof Wis notunique.Standaraton-
straintsareconserationof massa (W f) = 0, andconseration
of momentum,& (W f)vm = tF, wherevm = (I =t)em andF
representary siteexternalforce.In [7, 8], for the caseof isotropic
scatteringWwaschoserasfollows:

For row O:
- 1 j=0
Woi= o 1S 5)
For theaxialrows,i = 1;:::;6:
8
< 1=12 j=0
Wi = ss=12 >0 j6i (6)
St+ ss=12,  j=i
For thenon-axialrows,i = 7;:::;18
8
< 1=24 j=0
Wj=.  ss24 >0 |6 7)

St+ Ss=24; j=i

Entryi; j controlsscatteringrom directione; into directions;, and
directionaldensity fg hold theabsorption/emissiocomponentOn
updatej.e., W f, fraction s5 from eachdirectionaldensitywill be
movedinto fg. Theentriesof Wwerethenmultiplied by thedensity
of themediumat eachlattice sight, sothata zerodensityyieldeda
pass-througln (2), andadensityof 1 yieldedafull scattering.

With modi cations, this lighting modelcan be usedto capture
leaftransparencandinter-objectlight scatteringor forestecosys-
tems.

3 CAPTURING LEAF TRANSPARENCY AND SCATTERING

Theoverallillumination modelbeginswith a standardlocalillumi-
nationmodelthat capturedirectlighting effectsin the usualway.
Local diffuselighting is of theform kg(N L), whereL is sundirec-
tion, N is leaf/iwood normal,andky is the combinedsuncolor and
sampledexturecolor. The sunis modeledasa blackbodyradiator
at6500K. Local speculatighting is of theform kg(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 anLB lighting grid thenmodulatedby the texture color and
addedo thelocal, directillumination.

A two-level, hierarchicalLB lighting grid canbe imposedupon
aninstancedorestsystem. Solution of the higherlevel grid over
theentireforest,usingiterationsof (2), simply providesa pernode
scalefactorfor lighting intensitythatdeterminegheinitial bound-
ary conditionsfor eachlowerlevel, instancedoerplant/treegrid.
Eachnodein the higherlevel grid hasa densityfactor estimated
from the plant/treecountwithin the associatedell. Eachlower
level, plant/treegrid, hereof size128® nodes hasa pernodeden-
sity (biomass)actorestimatedrom local leaf countandleaf area
within the associatedell. If asigni cant portion of the biomasss
wood, ratherthanleaf, the densityis classi ed as“brown” rather
than“green”, sothatscatteringnayberestrictedto backwardonly.

Unlikethecaseof lighting atmosphericlouds whereabsorption
is extremelysmall(sa < 0:01), plantsabsorba signi cant fraction
of thevisible light reachinghem,andthis enegy is notre-radiated
within the visible spectrum. Further absorption,re ection, and
transmissiorarehearily wavelength-dependenit is naturalto con-
jecturethat thesecomponentsre alsoheavily species-dependent,
but surprisingly this is not the case.Knappand Carter[14] mea-
suredleaf optical properties,in particular re ectance, transmit-
tance,and absorptancef 26 speciesof plantsfrom widely vary-
ing habitats. They concludedthat the lack of variability across
speciesvasremarkablegiventhe broadhabitatrangeandunusual
anatomicakharacteristicef several of the speciesncludedin the
study Thusasinglesetof wavelength-dependentodelparameters
shouldsufce in determiningss andss.

Scatterings, of courseanisotropicandwavelength-dependent.
Anisotropic scatteringis incorporatedby multiplying ss that ap-
pearsn entryW:; by anormalizedohasefunction:

pi;j(9) 8
4% 2pij(0) + &8, pij(g) =24 ®)

wherep;:j(9) is adiscreteversionof the Heryey-Greensteirphase
function[10],

pni;j(Q) =

1 ¢
(1 2gm mj+g)*2

pi;j(9) = ©)
Heren; is the normalizeddirection,s;. Parameteg2 [ 1;1] con-
trols scatteringdirection. Valueg > 0 providesforward scattering,
g< Oprovidesbackwardscatteringandg = Oyieldsisotropic.Mie
scatterind6] is generallyconsideregreferablebut the signi cant
approximationsnducedhereby arelatively coarsegrid renderthe
additionalcompleity unwarranted.Note that (8) differs from the
treatmentin [7], in thatsettingsa = 0 andg = 1 now yields an
effectthatis identicalto a pass-through.
Wavelength-dependends limited hereto three color compo-
nents. The model doesnot attemptto accountfor total leaf ab-
sorptionas expressedn [14], sincethis represent@lmostall in-
cidentlight enegy. (The minimum s 72%, which occursat 550
nm.) Instead,the absorptancevaluesfrom [14] are scaledby a
single,experimentallydeterminedactor(here0.125)to yield per
componentmodel absorptioncoefcients, s, for X = R, G, B.
The percomponenmodelscatteringcoefcients arethengiven by
s&=1 sZ, aginfor X =R, G, B. Percomponentransmittance
andre ectanceratiosfrom [14] areusedto determineforward and
backward scatteringcomponentsfs* andbs®, by the constraint

fs*+ bs® = sZ. Finally, valuesof the phasefunction parameter
g, arechoseras:
fs¥ b
x = —— =
= tx3px [X=RGB (10)

Thusidenticaltransmittanceindre ectancevaluesfor color com-
ponentX wouldyield fsX = bs¥, andscatteringvould beisotropic

(g = 0). If anodeis classi ed as“brown,” ratherthan“green’
g*= 1forX=RG;B.

Boundaryconditionsfor the grid (initial valuesfor directional
densities)are determinedso that directions having positive dot
productswith the sun direction receve photondensitiesthat are
proportionalto thesedot products. This differs from [7], where
a minimum orthogonalcollection of directionvectorswith maxi-
maldotproductsvasselected Thepresentreatmenbfferssmooth
transitionswith sunpositionchange.

The pre-processingtepthenamountgo iterating(2) to steady-
state,which yields a total photondensity per componentat each
grid node.Thesigni cantlossof light enegy from thevisible spec-
trumis modeledby zeroingoutcomponenty ateach‘green”node
oneachiteration.Duringraytracing,ateachleafintersectiorpoint,
anindirectillumination valueis interpolatedrom the surrounding
grid valuesandaddedo thelocal, directillumination at thatpoint.

4 |IMPLEMENTATION
4.1 CUDA

NVIDIA's ComputeUni ed Device Architecture(CUDA) com-
binesspeci ¢ hardware, suchasthe G80-basedQuadroFX 5600,
usedherein,togethemwith drivers,libraries,andC languagesxten-
sions,in orderto provide accesgo the GPU hardwarewithout the
constraintdmposedby traditional GPU programmingtechniques,
which typically rely on a graphicsAPI. Codeis organizedaround
kernels which are functionsthat are invoked from the CPU (the
host)but executeonthe GPU (thedevice). The multi-processorsf
the GPU executethesekernelsmostef ciently in SIMD mode,but
standardC control o w is available.In additionto invoking thede-
vice kernels,the hostis responsibldor managingdevice memory
which is sggmentednto multiple memoryspacef varying capa-
bilities. Managemenbf the memoryhierarcly strongly impacts
performance.

Kernelsare invoked simultaneouslyon mary threads. Inter
nally, CUDA scheduleshe executionof threadsto maximizeper
formance. Threadsare organizedinto blodks Blocks are further
organizedastwo-dimensionagrids. Threadsn a block sharecer
tain device resourcessuchasthe small,fast,on-chipsharednem-
ory, andcansynchronizewith oneanother Insidea threadblock,
threadsare further arrangednto groupsof size 32 called warps
A warp canbe consideredhe minimum collection of threadsfor
SIMD execution,in thatcontrol o w divergencewithin a warp ex-
tractsasigni cant performancepenalty

4.2 Indirect illumination

Before the indirect illumination is computed,as detailedabove,
eachtree modelis corvertedto a volume densityby intersecting
the models triangleswith a 128° grid. A simple heuristicis im-
plementedo avoid computingareacoverageof all trianglesinter-
sectingeachgrid node. Eachgrid nodeis re ned intoa3 3 3
subgrid. If ary triangleintersectsa nodeof the subgrid,thenthat
subgridnodeis markedasintersectedThedensityof thegrid node
is thenthe ratio of the numberof its intersectedsubgridnodesto
27.

The indirect illumination computationis implementedas a
CUDA kernel.This computatiormapswell to CUDA, aseachiter-
ation of (2) requirescomputingnew valuesfor eachgrid nodethat
areindependenof the new valuesof every othergrid node. One
device threadis invoked per grid node. The indirectillumination
dueto eachwavelength(color component)s computedseparately
dueto memoryconstraints.

4.3 Ray tracing

The structureof the ray tracing enginefollows the generaltech-
niguesdescribedn [4]. Treemodelsareinstancednultipletimesto



composdargerscenesFor eachscenea high level kd-treeis con-
structedfrom eachinstances world space axis alignedbounding
box (AABB). Lower level kd-treesare constructedrom the trian-
glesof eachmodel. All kd-treesare constructedisingthe surface
areaheuristic (SAH) introducedby MacDonaldand Booth [17].

Eachinstancen thescenestoredts world-spaceransformatiorand
areferencdo its models kd-tree.

All raytracingcomputationgray/triangleintersectiongndshad-
ing computationsjreimplementedwith CUDA. Beforeinvoking
the ray tracingkernels,all relevant scenedatais transferredrom
the hostto thedevice, with caretakento storedatain the appropri-
atememoryspace.Maximizing readperformancdrom a device's
globalmemoryspacewhichis notcachedrequireshatthreadsn a
warpfollow certainmemoryacces@atternsUnfortunatelythreads
in a warp quickly diverge whentraversinga scenes multiple kd-
trees.Becausef this divergence |t becomesncreasinglydif cult
to maintainthe bestaccesgatternsfor global memoryspace.In-
steadscenealatathatis accesseduringkd-treetraversalis storedn
oneof two memoryspacestexturememoryspaceor constantnem-
ory spacewhich arecachedand,therefore performbetterwith the
memoryaccesatternsinherentto kd-treetraversal. Both mem-
ory spacexsomewith limits. Constantmemoryspaceis relatively
small (64 KB). Texturesmustbe declaredglobalin scope.andar
raysof texturesarenotsupported Thus,all kd-treesarestoredcon-
secutvely in onetexture, with offsetsstoredelsavherefor proper
indexing. This techniqueis usedfor all similar datastoredin the
texturememoryspace.

Ray tracingis performedby executingmultiple kernelson the
device. One device threadis createdper ray. Sinceall threads
within a block shareresourcesthe resourceconstraintof travers-
ing atwo-level kd-treehierarcly restrictthe primaryray kerneland
shadav ray kernelto 64 threadsper block. For both kernels,care
is takento prevent, to the extentpossible threadswithin the same
warp from traversingdifferentpathsin the kd-treehierarcly. This
is accomplishedy arrangingeachthreadblock to traceraysin an
8 8tile. Within thistile, eachwarpin athreadblocktracesraysin
an8 4tile. A varietyof block sizesandtile sizesweretestedand
this layoutwasfoundto provide the bestperformancdor boththe
primaryray kernelandthe shadev ray kernel.

As previously mentioned kd-treetraversalis accomplishedy
the short-staclkalgorithm. The stackis implementedisingthe fast,
on-chip,sharedmemory andthe stacksizeis 5. The ray/triangle
intersectionalgorithm is the fast, minimal storagetechniquede-
scribedby Moller and Trumbore[18]. Sinceleaf shapeis deter
minedby thealphachannebf aleaftexture,eachprimaryray may
resultin multiple secondaryrays being generated.Performance-
enhancingadaptve transpareng control, suggestedn [4], was
tested,but it hasnot beenincorporatedhere, sinceit was found
to noticeablydegradeimagequality.

Shadingcommencesafter invoking a primary ray kernel and
shadaev ray kernel.Both kernelsfollow the sametraversalstrateyy.
Ray/scenéntersectionsaaredetermineddy rst traversingthe high
level, scenekd-tree. During this traversal,if ary instances AABB
is intersectedthe correspondingnodels low level kd-treeis then
traversed After invokingtheabove kernels ashadingkernelis then
executed If anintersectiorpointis notshadaved,thelocalillumi-
nationis computedasthecombinatiorof diffuseandspeculatight-
ing. Toproducehe nal colorfor aray, thislocalilluminationatthe
intersectionpoint, which is derived from sundirection, leaf/wood
normal, viewer position,suncolor, andtexture color, is combined
with the pre-computedhdirectillumination, whosevalueatthein-
tersectionpoint is interpolatedfrom the valuesat the surrounding
nodesof thelighting grid. Though3D in its implicit structuregach
model's indirectillumination grid is storedin a 1D texture on the
device. This is necessangincethe productionreleaseof CUDA
doesnot yet support3D texture accesslnterpolationis performed

accordingto the 3D texture interpolationalgorithmfoundin [19].
Eachkernelstorests resultsto anarrayin theglobalmemoryspace
of thedevice.

A nal kernel handlestone mappingand, if needed,down-
sampledheresultsof the previouskernelsto producethe nal im-
age. Thetonemappingalgorithmimplementeds dueto Reinhard
etal [22]. Down-samplingoccursif morethanoneray is generated
for eachpixel in the nal image.

OpenMPlenablegenderingacrossa GPU-basedluster Each
clusternode, which is responsiblefor renderinga portion of the
nal image,containsone NVIDIA QuadroFX 5600 GPU. Each
nodeis senta portion of theimageto render No effort wasmade
to achieve load balancing. The workloadis simply split alongthe
vertical axis of the tamgetimage. Resultsare gatheredby the root
nodeanddisplayedo theuser

5 RESULTS

Thoughsubtleat distancesthe effectsof forward scatteringn the
proposedlluminationmodelarefairly dramaticatcloserange.Fig-
ure2 shavs anearbyview of a SoutherrCatalparee[20] rendered
with the proposedechnique2(a) and (for comparison)wvith only
localillumination 2(b) andwith localillumination augmentedy a
constaneambient2(c), wherethe ambientvalueis choserto match
averageimageluminancewith thatof 2(a). The gure alsoshavsa
volumevisualizationof theindirectillumination from theLB scat-
teringgrid usedin this rendering. Thusimage2(a) canberegarded
asthe sumof image2(b) andatexture-modulatedmage2(d).

Figure 3(a) shavs an examplerenderingof a high-density for-
estecosystemgonstructeddy taking a landscapeémagefrom [8],
replacingall of therealtreeswith syntheticones,andthenlighting
andrenderingusingthe proposedechnique Notethatthe synthetic
cloudswere lighted with the original LB technique,describedn
section2.2. For this scenea higherlevel LB grid wasdeemedin-
necessarysinceall treeshave approximatelyequivalentexposure.
For comparisonthe samesceneis shavn againin Figure3(b), ex-
ceptthatevery beechtreehasbeenreplacedwith a pinetree. Spe-
ci ¢ lighting model parametersare shovn in Table 1, and scene
compositionfor Figure3(a)is shavn in Table2.

Table 1: Lighting model parameter values

sa= (sfs$:sD)
ss= (s&58;s9)
fs= (fsR; fC; fsB)
bs= (bs};bs®; bB)
9= (g% g% d®)

(0.109,0.091,0.118)
(0.891,0.909,0.882)
(0.055,0.150,0.020)
(0.070,0.125,0.040)
(-0.120,0.091,-0.333)

Table 2: Composition of beech tree scene

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

Executiontimesfor ray tracingthe sceneof Figure 3(a) at res-
olution 896 448 pixels with 1 ray per pixel and4 raysper pixel
areshavn in Table3 for bothasingleG80andanearlyengineering



BT X

(c) localillumination plusambientto 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 lray/pixel 4rays/pbel 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 GeForce GTX 280 (G200)with 240 cores
clockedat 1.08 GHz. Also shawvn therearethe LB lighting model
pre-processingimes. Eachof theseis the averageof thetimesfor

ve solutions oneperspeciespna128® grid. For suchmodelsthe
numberof iterationsrequiredto achieve corvergenceto steady-state
is approximatelytwice the longestedgedimension. Table4 com-
paregheperformancebtainedvhenray tracingthis samesceneat
1 ray/pixel acrossmultiple GBOGPUs,all QuadroFX 5600s.

6 SUMMARY AND CONCLUSIONS

Real-timerenderingof large-scale,forest ecosystemsemainsa
challengingproblemwhenglobalillumination effects,suchasleaf
transparencandinter-objectre ection, which areimportantto vi-
sualrealismmustbeincorporatedOneapproacho achieving such
effects,suggestedherein,is throughthe useof alattice-Boltzmann
lighting modelto approximatethe indirectillumination. The LB
modelcanbe executedas a pre-processingtepto generatdight-
ing valuesthat are storedon a three-dimensionadcenegrid. The
ray tracing enginecan then combinelocal, directillumination at
ary ray/objectintersectiorpoint with anindirectvalueobtainedby
interpolatingvaluesfrom the embedded-B grid. Nearreal-time
performances obtainedoy mappingtheray tracingengine aswell
asthe LB lighting model,to NVIDIA's ComputeUni ed Device
Architectureandthendistributing acrosanultiple GPUs.

As seenin Table4, 16 GPUsdeliveredarateof 6 fps for areso-
lution 896 448pixelsonascenecontaining273M triangles.Fur
ther, it is well-known that GPU developmenthas,for mary years,
de ed Moore's Law in delivering a sustaineddoubling of perfor
manceevery 6 months. The dataof Table3 suggesthis trendwill
continue.This data,togethemwith theobseredlinearimprovement
shavn in Table4, leadto a naturalconjecturethat, for scenesof
comparableresolutionand compleity, 32 of the 1.08GHzG200
GPUscouldnow deliverthe24fpsthatis generallyconsideredeal-
time performance.

The lattice-Boltzmannlighting model usesparameterslerived
from measurementsf real plantsto approximateglobalillumina-
tion. It solvesa diffusion-like procesdor light scatteringand ab-
sorption.Althoughnot carriedout aspart of this study distributing
the LB modelacrosamultiple GPUsis reasonablstraightforvard.
Boundarynodesin subgridsare replicated,and only theserepli-
catedboundarynodesneedcommunicatevith one anotheracross
GPUs.

Thereareseveral potentialdravbacksto the proposedechnique
thatyet needto be addressedFirst, the LB modelexecutiontime
shawn is per plantinstance.Thusthetotal pre-processingme for
the sceneof Figure 3(a), which contains5 specieswas 5 times
that shavn. If scenesvith morethana hundredspeciegspecies

not instances)re of interest,pre-processingime could approach
an hour or more. Potentialcountermeasuresnclude distributing
acrossmultiple GPUs, as noted, and reducingperplant LB grid
size. Note thatreducingthe grid edgedimensionfrom 128to 64
improves executiontime by a factorof 16, 8 from the dimension
reductionand 2 from the convergencetime reduction. The extent
to which suchreductionwould impactimagequality remainsto be
tested. A seconddrawvbackis the memoryconstraint. All model
datamustberesidenton eachGPU. Although5 plantinstanceslo
notconsumehe1.5GBavailableonthe QuadroFX 5600,hundreds
of speciecouldnotbe supported.

Finally, althoughadaptve transparenc control was not used
heredueto its impacton nal imagequality, the performanceen-
hancemenégvailablefrom this techniqueis substantial.lt is likely
thattheill-effectson imagequality could be amelioratedoy tying
theadaptionlevel to both sceneview distanceandgazedurationof
theobsenrer.
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