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RenderingSyntheticEcosystems

Of interestin:
architecturalplanning
landscapedesign
forestmanagement
specialeffects
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Goal

Extendpreviousray tracingapproachesto include:
diffuseleaf transparency
inter-objectlight scattering

while maintainingnearreal-timeperformancefor scenes

with hundredsof millions of primtives.
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Background

Approachdrawsprincipally from:
Dietrichetal, “RealisticandInteractive
Visualizationof High-DensityPlantEcosystems,”
EGWorkshoponNatural Phenomena, 2005.
Hornetal, “Interactivek-D TreeGPURaytracing,”
Symp.onInteractive3D GraphicsandGames, 2007.
Luft etal, “Expressive Illuminationof FoliageBased
on Implicit Surfaces,” EGWorkshoponNatural
Phenomena, 2007.
Geistetal, “Lattice-BoltzmannLighting,” EGSymp.
onRendering, 2004.
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Lighting Model

Usea lattice-Boltzmannsolutionto thevolumeradiative
transferequation:

(~! � r + � t ) L(~x; ~! ) = � s

Z
p(~! ; ~! 0)L(~x; ~! 0)d~! 0+ Q(~x; ~! )

L radiance
~! sphericaldirection
p(~! ; ~! 0) phasefunction
� s/� a scattering/absorptioncoef�cients
� t = � s + � a
Q(~x; ~! ) emissive �eld (in thevolume)

A Lighting Model for FastRenderingofForestEcosystems– p.6/28



Lattice-Boltzmann Methods

computationalalternativesto �nite-element/
�nite-dif ferencemethodsfor solvingPDEs

simulatetransportby tracingevolutionof particle
distributionsthroughsynchronousupdateson
discretegrid
comparable(FEM) speed,stability, accuracy, storage
advantages:

easeof implementation
easeof parallelization
easeof handlingcomplex boundaryconditions

disadvantage:derivation(proof) canbe“tedious”
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Lattice-Boltzmann 3D Lighting

usegrid with 19directions:all latticepointsof a
cubeof radius1, minusthecorners

key quantityof interest:per-sitephotondensity,
f m(~r ; t) = densityarriving at latticesite~r 2 < 3 at
time t in cubedirection~cm, m 2 f 0; 1; :::; 18g

update:for latticespacing,� , timestep� , updateis

f m(~r + � ~cm; t + � ) � f m(~r ; t) = 
 m�f (~r ; t)

where
 m denotesrow m of a19� 19matrix, 
 ,
thatdescribesscattering,absorption,and(perhaps)
wavelengthshift at eachsite
this is theentiremodel!
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 not unique!

In general,

conservemass,
P

m(
 m�f ) = 0

conservemomentum,
P

m(
 m�f ) ~vm = 0, where
~vm = (�=� ) ~cm


 i;j controlsscatteringfrom direction~cj into
direction~ci

directionaldensityf 0 holdstheabsorption/emission
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Lighting Model (isotropic case)


 0j =
�

� 1 j = 0
� a j > 0

i = 1; :::; 6 : 
 ij =

8
<

:

1=12 j = 0
� s=12 j > 0; j 6= i

� � t + � s=12; j = i

i = 7; :::; 18 : 
 ij =

8
<

:

1=24 j = 0
� s=24 j > 0; j 6= i

� � t + � s=24; j = i
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Lighting Model (derivation)

If � (~r ; t) =
P

m f m(~r ; t), limiting caseof

f m(~r + � ~cm; t + � ) � f m(~r ; t) = 
 m�f (~r ; t)

as�; � ! 0 is

@�
@t

= Dr 2
~r �

wherethediffusioncoef�cient

D =
�

� 2

�

� �
(2=� t) � 1
4(1+ � a)

�

consistentwith previousapproachesto modeling
multiplephotonscatteringevents
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Lighting Model (application)

encloseeachtree(“leaf cloud”) in a1283 lattice

multiply entriesof 
 by meanbiomassdensityper
latticesite

density0 yieldsstraightpass-through
density1 yieldsfull scattering

labeleachsite“green” (allow forwardscattering)or
“brown” (backscatteringonly)
still mustdetermine� a and� s
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Capturing Leaf Transparency

absorption,re�ection, transmissionarewavelength
dependent

speciesdependent?
KnappandCarter(Am. J.Botany 1998):
amazinglackof variability acrossawide range
of speciesfrom awide rangeof habitats
conclude:singlesetof wavelengthdependent
parameterswill suf�ce to determine� a and� s

restrictwavelengthdependenceto threecomponents

scaleabsorptancevaluesfrom KnappandCarterto
obtainper-componentmodelabsorptioncoef�cients,
� X

a , X = R, G, B ; then� X
s = 1 � � X

a
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Capturing Leaf Transparency

scatteringis anisotropic(andwavelengthdependent)

multiply � s in 
 i;j by normalizedphasefunction:

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

� P 6
i=1 2pi;j (g) +

P 18
i=7 pi;j (g)

�
=24

where(Henyey-Greenstein)

pi;j (g) =
1 � g2

(1 � 2g~ni � ~nj + g2)3=2

~ni is normalizeddirection,~ci ; g 2 [� 1; 1] controls
scatteringdirection
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Capturing Leaf Transparency

per-componentphasefunctionparameter(g) values:

transmittanceandre�ectanceratiosfrom Knappand
Carterdetermineforwardandbackwardscattering
componentsby constraint:f sX + bsX = � X

S

normalize:

gX =
f sX � bsX

f sX + bsX for X = R, G, B

note:identicaltransmittanceandre�ectancevalues
for color componentX yield isotropicscattering

if nodeis classi�edas“brown,” gX = � 1 all X
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Lighting Model (implementation)

runLB lighting model(CUDA) to steady-stateas
pre-processingstep;storevalues

ray trace(CUDA)
ateachintersectionpoint, readLB valuesat
surroundinglatticenodesandinterpolate
modulateLB valuewith textureandaddto standard,
local illumination

A Lighting Model for FastRenderingofForestEcosystems– p.16/28



Lighting Model (implementation)

runLB lighting model(CUDA) to steady-stateas
pre-processingstep;storevalues
ray trace(CUDA)

ateachintersectionpoint, readLB valuesat
surroundinglatticenodesandinterpolate
modulateLB valuewith textureandaddto standard,
local illumination

A Lighting Model for FastRenderingofForestEcosystems– p.16/28



Lighting Model (implementation)

runLB lighting model(CUDA) to steady-stateas
pre-processingstep;storevalues
ray trace(CUDA)
ateachintersectionpoint, readLB valuesat
surroundinglatticenodesandinterpolate

modulateLB valuewith textureandaddto standard,
local illumination

A Lighting Model for FastRenderingofForestEcosystems– p.16/28



Lighting Model (implementation)

runLB lighting model(CUDA) to steady-stateas
pre-processingstep;storevalues
ray trace(CUDA)
ateachintersectionpoint, readLB valuesat
surroundinglatticenodesandinterpolate
modulateLB valuewith textureandaddto standard,
local illumination

A Lighting Model for FastRenderingofForestEcosystems– p.16/28



CUDA

CUDA basics...
codeorganizedaroundkernels, functionsinvokedon
CPU,executedonGPU
kernelsinvokedsimultaneouslyby multiple threads
threadsorganized(by programmer)into blocks
eachblock is mappedto amultiprocessor(8 cores)
minimumschedulingunit is awarp (32 threads)
eachMP executesawarpin 4 clockcycles

memorymanagementimportant!
avoid control�o w divergencewithin warps!
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CUDA Lattice-Boltzmann

straightforward...

1283 threads
updateis synchronousmatrixmultiplicationpersite
effectively zerocontrol�o w divergence
entiremodel�ts in devicememory
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CUDA Ray Tracing

storeall kd treesin texturememory(cached)

threadblock (onethreadperray)will trace8� 8 tile;
warpreceives8� 4 tile
kd traversalby short-stack; stacksize5, storedin
sharedmemory
4 kernels:

primaryrays(leaf shapefrom alphaof texture)
shadow rays
shading
tonemappinganddown-sampling

OpenMPIdistributesacrossmultipleGPUs
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primaryrays(leaf shapefrom alphaof texture)
shadow rays
shading
tonemappinganddown-sampling

OpenMPIdistributesacrossmultipleGPUs
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Results

full LB scattering localplusambient
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Results

local illuminationonly volumevisualizationof LB
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Results(BeechForestScene)
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Results(PineForestScene)
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BeechForestSceneComposition

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
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BeechForestSceneExecutionTime

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

multipleGPUs:
G80count executiontime (1 ray/pixel)

2 1.162s
4 0.666s
8 0.351s
16 0.170s

A Lighting Model for FastRenderingofForestEcosystems– p.25/28



BeechForestSceneExecutionTime

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

multipleGPUs:
G80count executiontime (1 ray/pixel)

2 1.162s
4 0.666s
8 0.351s
16 0.170s

A Lighting Model for FastRenderingofForestEcosystems– p.25/28



Conclusions

Raytracingforestecosystemsin real-timeremainsa
dif�cult task.

Globalillumination (leaf transparency and
inter-objectlight scattering)canbeapproximatedby
a lattice-Boltzmannmodel,executedasa
pre-processingstep,followedby interpolation.
MappingbothLB modelandray tracingengineto
CUDA deliversreasonableperformance;16G80s
delivered6 fpsat resolution896� 448onascene
with 273Mtriangles.
Safeconjecture:24G200s(full clock)would
provide real-time.
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Conclusions

Drawbacks(directionsfor futurework):

LB executionis not real-time.Reducingthe
latticeto 643 wouldmake it sub-second,andit is
easilydistributed.
Devicememorymustholdmodelsof all species.
Hundredsof speciescouldnotbesupported.
Adaptive transparency control(asyet) interferes
with quality.
Raytracingengineperformancehasroomfor
improvement.Exploitingadditionalparallelism
andusingbetteraccelerationstructureswill
probablyimprove results.
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