A Lighting Model for Fast Rendering
of ForestEcosystems

RobertGeist,JaySteele

ClemsonUniversity

A Lighting Model for FastRenderingoforestEcosystems- p.1/2



Rendering Synthetic Ecosystems
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Rendering Synthetic Ecosystems

Of Interestin:
m architecturaplanning
= landscapealesign
m forestmanagement
m specialeffects
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Goal

Extendpreviousray tracingapproacheso include:
m diffuseleaftranspareng
= Inter-objectlight scattering
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Goal

Extendpreviousray tracingapproacheo include:
m diffuseleaftranspareng
= Inter-objectlight scattering

while maintainingnearreal-timeperformancdor scenes
with hundredof millions of primtives.
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Background

Approachdraws principally from:

m Dietrichetal, “RealisticandInteractve
Visualizationof High-DensityPlantEcosystems,
EG Workshopon Natural Phenomena2005.

m Hornetal, “Interactve k-D TreeGPU Raytracind,
Symp.onInteractive3D GraphicsandGames2007.

m Luft etal, “Expressve lllumination of FoliageBased
onImplicit Surfaces, EG Workshopon Natural
Phenomenga2007.

m Geistetal, “Lattice-BoltzmannLighting,” EG Symp.
on Rendering2004.
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Lighting Model

Usea lattice-Boltzmanrsolutionto thevolumeradiatve

transferequation:
Z

1+ JLesR)= s p(&POLOs F9dE2+ Q¢ +)

= L radiance
= ~ sphericaldirection

= p(*; ™9 phasdunction
m ¢/ 5 scattering/absorptiocoefcients
" t= sT a .
m Q(*;+) emissve eld (in thevolume)
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| attice-Boltzmann Methods

= computationablternatvesto nite-element/
nite-dif ferencemethoddor solvingPDES
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| attice-Boltzmann Methods

= computationablternatvesto nite-element/
nite-dif ferencemethoddor solvingPDES

= simulatetransporty tracingevolution of particle
distributionsthroughsynchronousipdatesn
discretegrid

m comparablé¢FEM) speedstabllity, accurag, storage

= adwantages:
= easeof Implementation
= easeof parallelization
= easeof handlingcomplex boundaryconditions

= disadantagedervation(proof) canbe“tedious”
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Lattice-Boltzmann 3D Lighting

m usegrid with 19 directions:all lattice pointsof a
cubeof radiusl, minusthecorners
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Lattice-Boltzmann 3D Lighting

m usegrid with 19 directions:all lattice pointsof a
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f m(f;t) = densityarriving at latticesiter 2 <* at
timet in cubedirectione,,, m 2 f0; 1;:::; 189
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Lattice-Boltzmann 3D Lighting

m usegrid with 19 directions:all lattice pointsof a
cubeof radiusl, minusthecorners

m key quantityof interest:persite photondensity
f m(f;t) = densityarriving at latticesiter 2 <* at
timet in cubedirectione,,, m 2 f0; 1;:::; 189

= Update:for latticespacing, , time step , updates

fm(F+ enmt+ ) fu(Est)= nf(st)
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Lattice-Boltzmann 3D Lighting

m usegrid with 19 directions:all lattice pointsof a
cubeof radiusl, minusthecorners

m key quantityof interest:persite photondensity
f m(f;t) = densityarriving at latticesiter 2 <* at
timet in cubedirectione,,, m 2 f0; 1;:::; 189

= Update:for latticespacing, , time step , updates
fm(F+ ent+ ) fpEt)= (510

where ,, denotesow mofal9 19matrix, ,
thatdescribescatteringabsorptionand(perhaps)
wavelengthshift at eachsite
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Lattice-Boltzmann 3D Lighting

m usegrid with 19 directions:all lattice pointsof a
cubeof radiusl, minusthecorners

m key quantityof interest:persite photondensity
f m(f;t) = densityarriving at latticesiter 2 <* at
timet in cubedirectione,,, m 2 f0; 1;:::; 189

= Update:for latticespacing, , time step , updates
fm(F+ €nt+ ) fpEt)= (510

where , denotesow mofal9 19matrix, |,
thatdescribescatteringabsorptionand(perhaps)
wavelengthshift at eachsite
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not unique!

In general, o
m conseremass, ( mf)=0
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not unique!

In general, o
m conseremass, . ( mf)=0

m consere momentum, _( mf)vm = O, where
Vin = (= )G

m ;; controlsscatteringrom directiong; into
directione;
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not unique!

In general,

m consere mass,P (mf)=0

m consere momentum, _( mf)vm = O, where
Vin = (= )em

m ;; controlsscatteringrom directiong; into
directiong

= directionaldensityf o holdsthe absorption/emission
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Lighting Model (isotropic case)

_ 1)=0
7T a0
8 .
< 1=12 ] =0
1= 1;:5;6 ij = s=12 ] >0, ] 61
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Lighting Model (derivation)

P
mlf (1) = fm(et), limiting caseof

fm(F+ enmt+ ) fu(st)= nf(st)

as: | Ois
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Lighting Model (derivation)

P
mlf (1) = fm(et), limiting caseof
fm(F+ €nit+ ) fm(t)= mf(Ht)
as; ! Ois

%:Drﬁ
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Lighting Model (derivation)

P
mlf (1) = fm(et), limiting caseof

fm(F+ enmt+ ) fu(st)= nf(st)

as: | Ois
@)
@ — DI‘ E
wherethe diffusioncoefcient
2 2= 1

41+ )
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Lighting Model (derivation)

P
mlf (1) = fm(et), limiting caseof

fm(F+ enmt+ ) fu(st)= nf(st)

as; ! Ois
@)
@),

— = Dr ?

wherethediffusioncoefcient

2
D= —

(2=¢) 1
41+ ,)

m consistentvith previousapproaches modeling

multiple photonscattering

pvents
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Lighting Model (application)

= enclosesachtree(“leaf cloud”) in a 128 lattice
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Lighting Model (application)

= enclosesachtree(“leaf cloud”) in a 128 lattice
= multiply entriesof by meanbiomassdensityper
lattice site
= densityO yieldsstraightpass-through
= densityl yieldsfull scattering
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Lighting Model (application)

= enclosesachtree(“leaf cloud”) in a 128 lattice

= multiply entriesof
lattice site

by meanbiomasg

ensityper

= densityO yieldsstraightpass-through
= densityl yieldsfull scattering

= labeleachsite“green” (allow forward scattering)r
“brown” (backscatteringnly)
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Lighting Model (application)

= enclosesachtree(“leaf cloud”) in a 128 lattice

= multiply entriesof
lattice site

by meanbiomasg

ensityper

= densityO yieldsstraightpass-through
= densityl yieldsfull scattering

= labeleachsite“green” (allow forward scattering)r
“brown” (backscatteringnly)

m still mustdetermine ; and
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Capturing Leaf Transparency

m absorptionre ection, transmissiorarewavelength
dependent
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Capturing Leaf Transparency

m absorptionre ection, transmissiorarewavelength
dependent

m speciesiependent?
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Capturing Leaf Transparency

m absorptionre ection, transmissiorarewavelength
dependent

m speciesiependent?

= KnappandCarter(Am. J. Botary 1998).
amazingack of variabllity acrossawide range
of speciedrom awide rangeof habitats

= conclude:singlesetof wavelengthdependent
parametersvill sufce to determine ;, and o

A Lighting Model for FastRenderingoforestEcosystems- p.13/2



Capturing Leaf Transparency

m absorptionre ection, transmissiorarewavelength
dependent
m speciesiependent?

= KnappandCarter(Am. J. Botary 1998).
amazingack of variabllity acrossawide range
of speciedrom awide rangeof habitats

= conclude:singlesetof wavelengthdependent
parametersvill sufce to determine ;, and o

m restrictwavelengthdependenct threecomponents
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Capturing Leaf Transparency

m absorptionre ection, transmissiorarewavelength
dependent

m speciesiependent?

= KnappandCarter(Am. J. Botary 1998).
amazingack of variabllity acrossawide range
of speciedrom awide rangeof habitats

= conclude:singlesetof wavelengthdependent
parametersvill sufce to determine ;, and o
m restrictwavelengthdependenct threecomponents
m scaleabsorptancgaluesfrom KnappandCarterto
obtainpercomponenmodelabsorptiorcoefcients,
2, X=R,G,B;then =1 %
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Capturing Leaf Transparency

m scatterings anisotropidandwavelengthdependent)
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Capturing Leaf Transparency

m scatterings anisotropidandwavelengthdependent)
= multiply sin ; by normalizedphaseunction:

pi; (9)
i=1 2pI;J (g) + i=7 Bi;] (g =24

A Lighting Model for FastRenderingoforestEcosystems- p.14/2



Capturing Leaf Transparency

m scatterings anisotropidandwavelengthdependent)
= multiply sin ; by normalizedphaseunction:

pi; (9)
i=1 2pI;J (g) + i=7 Bi;] (g =24

where(Henyey-Greenstein)

1 o
(1 2g9m my + g2)32

Pi;j () =

/; IS normalizeadirection,g; g2 [ 1, 1] controls
scatteringdirection
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Capturing Leaf Transparency

percomponenphasdunctionparamete(qg) values:
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Capturing Leaf Transparency

percomponenphasdunctionparamete(qg) values:

m tfransmittanc@ndre ectanceratiosfrom Knappand
Carterdetermineforwardandbackward scattering

component®y constraintf s* + bs* = 2
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Capturing Leaf Transparency

percomponenphasdunctionparamete(qg) values:

m tfransmittanc@ndre ectanceratiosfrom Knappand
Carterdetermineforwardandbackward scattering

component®y constraintf s* + bs* = 2
= hormalize:

v fs*  bs

Rl forX =R, G, B

g
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Capturing Leaf Transparency

percomponenphasdunctionparamete(qg) values:

m tfransmittanc@ndre ectanceratiosfrom Knappand
Carterdetermineforwardandbackward scattering

component®y constraintf s* + bs* = 2
= hormalize:

fsX  pgt
X _ _
0" = rxpx fOrX=R,G,B

= note:identicaltransmittancendre ectancevalues
for colorcomponeniX yield isotropicscattering
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Capturing Leaf Transparency

percomponenphasdunctionparamete(qg) values:

m tfransmittanc@ndre ectanceratiosfrom Knappand
Carterdetermineforwardandbackward scattering

component®y constraintf s* + bs* = 2
= hormalize:

fsX Dbst
X — —
g Rl forX =R, G, B

= note:identicaltransmittancendre ectancevalues
for colorcomponeniX yield isotropicscattering

= if nodeis classi edas“brown;” g* = 1all X
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Lighting Model (implementation)

= run LB lighting model(CUDA) to steady-statas
pre-processingtep;storevalues
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Lighting Model (implementation)
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= raytrace(CUDA)

m ateachintersectiorpoint,readlLB valuesat
surroundingdattice nodesandinterpolate
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Lighting Model (implementation)

= run LB lighting model(CUDA) to steady-statas
pre-processingtep;storevalues

= raytrace(CUDA)

m ateachintersectiorpoint,readlLB valuesat
surroundingdattice nodesandinterpolate

= modulateLB valuewith textureandaddto standard,
local illumination
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CUDA

CUDA basics...

m codeorganizedaroundkernels functionsinvokedon
CPU, executedon GPU

m kernelsinvoked simultaneouslyy multiple threads
m threadsorganized(by programmer)nto blocks

m eachblockis mappedo a multiprocessoil(8 cores)
= minimumschedulingunitis awarp (32 threads)

= eachMP executesawarpin 4 clock cycles
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CUDA

CUDA basics...

m codeorganizedaroundkernels functionsinvokedon
CPU, executedon GPU

m kernelsinvoked simultaneouslyy multiple threads
m threadsorganized(by programmer)nto blocks

m eachblockis mappedo a multiprocessoil(8 cores)
= minimumschedulingunitis awarp (32 threads)

= eachMP executesawarpin 4 clock cycles

® memorymanagemenmportant!

= avoid control o w divergencewithin warps!
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CUDA Lattice-Boltzmann

straightforvard...
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CUDA Lattice-Boltzmann

straightforvard...

m 128 threads

m updatas synchronousnatrix multiplication persite
m effectively zerocontrol o w divergence

m entiremodel ts in device memory
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CUDA Ray Tracing

m storeall kd treesin texture memory(cached)
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CUDA Ray Tracing

m storeall kd treesin texture memory(cached)

m threadblock (onethreadperray) will trace8 8tile;
warpreceves8 4tile

m kd traversalby short-sta&; stacksize5, storedin
sharednemory

m 4 kernels:

= primaryrays(leaf shapdrom alphaof texture)
= shadov rays

= shading

= tonemappinganddown-sampling

A Lighting Model for FastRenderingoforestEcosystems- p.19/2



CUDA Ray Tracing

m storeall kd treesin texture memory(cached)

m threadblock (onethreadperray) will trace8 8tile;
warpreceves8 4tile

m kd traversalby short-sta&; stacksize5, storedin
sharednemory
= 4 kernels:

= primaryrays(leaf shapdrom alphaof texture)
= shadov rays

= shading

= tonemappinganddown-sampling

= OpenMPIldistributesacrosanultiple GPUs
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Results

full LB scattering local plusambient
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Results

local illuminationonly  volumevisualizationof LB
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Results(BeechForestScene)




Results(Pine ForestScene)




BeechForestSceneComposition

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
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BeechForestSceneExecution Time

singleGPU:
platform  1ray/pixel 4rays/ppel LB lighting
G380 2.277s 8.044s 32.1s

G200EES 1.151s - 15.9s
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BeechForestSceneExecution Time

singleGPU:.
platform  1ray/pixel 4rays/ppel LB lighting
G380 2.277s 8.044s 32.1s
G200EES 1.151s - 15.9s
multiple GPUs:
G80count executiontime (1 ray/pixel)
2 1.162s
4 0.666s
8 0.351s

16 0.1/0s
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Conclusions

m Raytracingforestecosystems real-timeremainsa
dif cult task.
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pre-processingtep.followedby interpolation.
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Conclusions

m Raytracingforestecosystems real-timeremainsa
dif cult task.

= Globalillumination (leaf transparencand
inter-objectlight scatteringanbe approximatedy
a lattice-Boltzmanmmodel,executedasa
pre-processingtep.followedby interpolation.

= MappingbothLB modelandray tracingengineto
CUDA deliversreasonabl@erformancel6 G80s
delivered6 fps atresolution896 448onascene
with 273Mtriangles.

m Safeconjecture24 G200s(full clock)would
provide real-time.
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Conclusions

m Drawbacks(directionsfor futurework):
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Conclusions

m Drawbacks(directionsfor future work):
LB executionis notreal-time.Reducinghe

latticeto 64° would make it sub-secondandit is
easilydistributed.

Device memorymusthold modelsof all species.
Hundredsof speciesouldnot be supported.

Adaptie transparengcontrol (asyet) interferes
with quality.
Raytracingengineperformancdasroomfor
Improvement.Exploiting additionalparallelism

andusingbetteracceleratiorstructureswill
probablyimprove results.
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Thanks!

m NSF- CISE0722313
= NVIDIA Corporation graduatd-ellowship
= NVIDIA Corporation G200EES
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