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•• Single  PCI  boardSingle  PCI  board
–– DSP  interfaceDSP  interface

–– Single - chip  pipelined  ASICSingle - chip  pipelined  ASIC

–– Rambus  Rambus  DRAMDRAM

–– eDRAMeDRAM

•• Global  illuminationGlobal  illumination
–– Lifelike  rendering  improves  understandingLifelike  rendering  improves  understanding
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•• Clarify  spatial  relationshipsClarify  spatial  relationships
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Related WorkRelated Work

•• Volume  rendering  hardwareVolume  rendering  hardware
–– General  purpose  [General  purpose  [Cabral et al. 94Cabral et al. 94]]

–– Special  purpose  [Special  purpose  [de Boer et al. 96de Boer et al. 96]]
[[MeissnerMeissner et al. 98 et al. 98]  []  [PfisterPfister Kaufman 96 Kaufman 96]]

–– Multithreading  [Multithreading  [VettermanVetterman et al. 99 et al. 99]]

–– CommerciallyCommercially    available  [available  [PfisterPfister et al. 99 et al. 99]]

•• Global  illuminationGlobal  illumination
–– Perception  [Perception  [Levoy Levoy et al. 90et al. 90]]

–– Coherence,  reordering  [Coherence,  reordering  [Pharr et al 97Pharr et al 97]]
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•• Global  illuminationGlobal  illumination
–– Volumetric  shadowingVolumetric  shadowing

[[Kajiya  Kajiya  von von HerzenHerzen 84 84]  []  [MeinzerMeinzer et al. 91 et al. 91]]
[[SobierajskiSobierajski Kaufman 94 Kaufman 94]]
[[Behrens Behrens RateringRatering 98 98]]

–– Transport  theoryTransport  theory
[[Krueger 91Krueger 91]]

–– Participating  mediaParticipating  media
[[Pattanaik  MudurPattanaik  Mudur 93 93]  []  [Sillion  PuechSillion  Puech 94 94]]
[[Perez et al. 97Perez et al. 97]]
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AlgorithmsAlgorithms

•• A  cache – conscious  volume  ray  tracingA  cache – conscious  volume  ray  tracing
coprocessorcoprocessor

•• AcceleratesAccelerates
–– Direct  volume  renderingDirect  volume  rendering

–– Globally  illuminated  volume  renderingGlobally  illuminated  volume  rendering

–– Generalized  ray  tracing,  e.g.,Generalized  ray  tracing,  e.g.,
•• Hyper – textureHyper – texture

•• Photon  mapsPhoton  maps

•• Tomographic  Tomographic  reconstructionreconstruction

•• BSDF  evaluationBSDF  evaluation
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•• Ray  packet – 256  bitsRay  packet – 256  bits
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AlgorithmsAlgorithms

•• Base  configurationBase  configuration
–– 25625633  volume,  32  volume,  3233  blocks,  4  processors  blocks,  4  processors

•• Hybrid  image – object  orderHybrid  image – object  order
–– Rays  queued  on  blocksRays  queued  on  blocks

–– Blocks  processed  sequentially on  processorBlocks  processed  sequentially on  processor

–– Rays  passed  between  blocksRays  passed  between  blocks

•• Processor  has  multiple  queuesProcessor  has  multiple  queues
–– Processes  most  important  queue  firstProcesses  most  important  queue  first

–– Processes  round – robin  within  queueProcesses  round – robin  within  queue



AlgorithmsAlgorithms

•• ProcessorProcessor
pipelinepipeline
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AlgorithmsAlgorithms

•• Parallel  partitioning  –  load  balance,Parallel  partitioning  –  load  balance,
communication, & coherencecommunication, & coherence
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AlgorithmsAlgorithms

•• Global  illuminationGlobal  illumination
–– Two – pass,  Two – pass,  bidirectionalbidirectional

•• Light  tracingLight  tracing

•• Ray  tracingRay  tracing

–– Generalized  raysGeneralized  rays

–– SplattingSplatting
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AlgorithmsAlgorithms

•• Global  illumination  modesGlobal  illumination  modes
–– Low  Low  albedoalbedo

•• Few  rays,  little  scatteringFew  rays,  little  scattering

•• Good  for  shadowingGood  for  shadowing

•• Fixed  #  rays  sent  to  eachFixed  #  rays  sent  to  each
edge  edge  voxelvoxel

–– High  High  albedoalbedo
•• Many  rays,  much  scatteringMany  rays,  much  scattering

•• Good  for  clouds,  Good  for  clouds,  radiosityradiosity

•• Large  #  rays  sent  randomlyLarge  #  rays  sent  randomly
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HardwareHardware

•• Four  componentsFour  components
–– DSP,  Processors,  Memory,  and  PipelinesDSP,  Processors,  Memory,  and  Pipelines

•• DSPDSP
–– InterfaceInterface

–– ControllerController

–– Loads  datasetLoads  dataset

–– Generates  raysGenerates  rays

–– Assembles  imageAssembles  image

–– Relies  on  scratch  SDRAMRelies  on  scratch  SDRAM



HardwareHardware

•• ProcessorsProcessors
–– Take  one  sample  per  cycleTake  one  sample  per  cycle

•• Barring  stallsBarring  stalls

–– Maintain  and  sort  queuesMaintain  and  sort  queues
•• Pipelined  insertion  sorterPipelined  insertion  sorter

–– eDRAM  eDRAM  for  ray  queuesfor  ray  queues
•• High  on – chip  bandwidthHigh  on – chip  bandwidth

•• Regular  access  patternRegular  access  pattern

–– CommunicationCommunication
•• DSP, NeighborsDSP, Neighbors



HardwareHardware

•• MemoryMemory
–– Parallel,  distributed,  scalableParallel,  distributed,  scalable

–– Static  load  balanceStatic  load  balance

–– RDRAM  for  bandwidthRDRAM  for  bandwidth
•• 1.6 GB/s  available1.6 GB/s  available

•• 2.8 – 4.6 GB/s  required2.8 – 4.6 GB/s  required

•• 18-bits  at  800 MHz18-bits  at  800 MHz

•• 4  4  voxels voxels  per  100 MHz  pipeline  cycle per  100 MHz  pipeline  cycle

–– DDR  alternativeDDR  alternative
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SimulationSimulation

•• Two  simulatorsTwo  simulators
–– AlgorithmicAlgorithmic

•• Multi – threadedMulti – threaded

•• FlexibleFlexible

•• Initial  Initial  testbedtestbed

–– HardwareHardware
•• Single – threadedSingle – threaded

•• Bit  and  cycle  accurateBit  and  cycle  accurate

•• Gathered  exact  statisticsGathered  exact  statistics



                Simulation                Simulation

•• Direct  volumeDirect  volume
rendering,  reflectionsrendering,  reflections
–– 30030022  image,  44 Hz  image,  44 Hz

•• Caustics  (GI)Caustics  (GI)
–– 30030022  image,  2 Hz  image,  2 Hz



SimulationSimulation

CC6060 molecule molecule
–– ShadowsShadows

–– ReflectionsReflections

–– CausticsCaustics

–– LightingLighting
•• 361 ms361 ms

–– RenderingRendering
•• 39 Hz39 Hz
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Cache  EffectivenessCache  Effectiveness

•• BiggerBigger
blocksblocks
–– BetterBetter

•• CompulsoryCompulsory
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Rendering  TimeRendering  Time

•• SmallerSmaller
blocksblocks
–– BetterBetter

•• 88��88��88

•• PipelinePipeline
latencylatency

•• DesignDesign
pointpoint



ReorderingReordering

•• Evaluate  reordering  algorithm  relativeEvaluate  reordering  algorithm  relative
to  cached  volume  renderingto  cached  volume  rendering

16.3 Hz16.3 Hz9.2 Hz9.2 HzFrame  rateFrame  rate

0.8 GB/s0.8 GB/s1.9 GB/s1.9 GB/sMemoryMemory
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93%93%52%52%ProcessorProcessor
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ScalabilityScalability

•• Near – linearNear – linear

•• Ray  busRay  bus
contentioncontention

•• Pixel :Pixel : voxel voxel
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Pixel – to – Pixel – to – VoxelVoxel  Ratio  Ratio
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Image  SizeImage  Size
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Load  BalanceLoad  Balance

•• Simple  slab:  91%Simple  slab:  91%

•• Repeated  slab:  92%Repeated  slab:  92%

•• Block  skewed:  76%Block  skewed:  76%

•• Block  skewedBlock  skewed
–– 19%  longer19%  longer

–– Greater  communication  costsGreater  communication  costs
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Algorithmic  EnhancementsAlgorithmic  Enhancements

•• Designed  into  hardwareDesigned  into  hardware
–– FreeFree

•• Data  dependentData  dependent

24%24%12%12%0%0%Early  rayEarly  ray
terminationtermination

34%34%21%21%0%0%Space  leapingSpace  leaping
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ConclusionConclusion

•• Flexible,  scalable  volumetric  rayFlexible,  scalable  volumetric  ray
tracingtracing

•• Accelerates  direct  volume  renderingAccelerates  direct  volume  rendering

•• Supports  global  illuminationSupports  global  illumination

•• Extensively  simulatedExtensively  simulated

•• Reordering  doubles  frame  rateReordering  doubles  frame  rate

•• Near – linear  scalabilityNear – linear  scalability

•• Feasible  implementationFeasible  implementation
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