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OverviewOverview

•• Explore computation kernels used in ray Explore computation kernels used in ray 
tracing and photon mappingtracing and photon mapping
•• Each kernel is applicable to more general scientific Each kernel is applicable to more general scientific 

computingcomputing

•• Demonstrate ray tracing and photon Demonstrate ray tracing and photon 
mapping systems utilizing these kernelsmapping systems utilizing these kernels

•• Discuss some open issues in mapping Discuss some open issues in mapping 
algorithms to algorithms to GPUsGPUs

OutlineOutline

•• GPU abstractionGPU abstraction
•• Ordering and finding dataOrdering and finding data

•• SortingSorting

•• SearchingSearching

•• BinningBinning

•• Nearest neighbor queriesNearest neighbor queries

•• Bringing it all togetherBringing it all together
•• Ray tracing and photon mapping demosRay tracing and photon mapping demos

•• Open issues in mapping algorithms to Open issues in mapping algorithms to GPUsGPUs

GPU AbstractionGPU Abstraction
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Graphics PipelineGraphics Pipeline

ApplicationApplication

GeometryGeometry

RasterizationRasterization

TextureTexture

FragmentFragment

DisplayDisplay

CommandCommand

TexturesTextures
FragmentFragment
ProgramProgram

RegistersRegisters

FragmentFragment
InputInput

FragmentFragment
OutputOutput

Traditional PipelineTraditional Pipeline Programmable Fragment PipelineProgrammable Fragment Pipeline

GPU Abstraction BasicsGPU Abstraction Basics

•• Texture memory is memoryTexture memory is memory
•• Think of dependent texture fetches as pointer Think of dependent texture fetches as pointer 

dereferencingdereferencing

•• Programmable GPU is a programmable Programmable GPU is a programmable 
stream processorstream processor
•• Think ofThink of multipassmultipass rendering as stream and kernel rendering as stream and kernel 

programmingprogramming

•• These insights were key for mapping ray These insights were key for mapping ray 
tracing to a programmable GPUtracing to a programmable GPU

Texture Memory OrganizationTexture Memory Organization

xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz …… xyzxyz

00 44 1111 3838 …… 564564

00 33 11 33 77 2121 216216 ……

xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz …… xyzxyz

xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz xyzxyz …… xyzxyz

Uniform GridUniform Grid
3D Luminance 3D Luminance 

TextureTexture

Triangle ListTriangle List
1D Luminance1D Luminance

Texture Texture 

TrianglesTriangles
3x 1D RGB 3x 1D RGB 
TexturesTextures

vox0vox0 vox1vox1 vox2vox2 vox3vox3 vox4vox4 vox5vox5 voxMvoxM

vox0vox0 vox2vox2

tri0tri0 tri1tri1 tri2tri2 tri3tri3 tri4tri4 tri5tri5 triNtriN

v0v0

v1v1

v2v2

Stream Programming ModelStream Programming Model

Programmable fragment processor is Programmable fragment processor is 
essentially a stream processoressentially a stream processor

•• Kernels and streamsKernels and streams
•• Stream is a set of data recordsStream is a set of data records

•• Kernels operate on recordsKernels operate on records

•• Streams connect kernels togetherStreams connect kernels together

•• Kernels can read global memoryKernels can read global memory

kernelkernel

inputinput
recordrecord
streamstream

outputoutput
recordrecord
streamstream

kernelkernelglobalsglobals

globalsglobals
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Streaming Flow ControlStreaming Flow Control

FragmentsFragments
(Input Stream)(Input Stream)

Fragment ProgramFragment Program
(Kernel)(Kernel)

Fragment Program OutputFragment Program Output
(Output Stream)(Output Stream)

RasterizationRasterization

TextureTexture
((GlobalsGlobals))

ApplicationApplication
and Geometryand Geometry

StagesStages

Multiple Rendering PassesMultiple Rendering Passes

Pass 1Pass 1
GenerateGenerate
Eye RaysEye Rays

Draw quadDraw quad

RasterizeRasterize

Multiple Rendering PassesMultiple Rendering Passes

Pass 1Pass 1
GenerateGenerate
Eye RaysEye Rays

Run fragment programRun fragment program

Multiple Rendering PassesMultiple Rendering Passes

Pass 1Pass 1
GenerateGenerate
Eye RaysEye Rays

Save toSave to offscreenoffscreen buffer buffer 
(rays)(rays)
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Multiple Rendering PassesMultiple Rendering Passes

Pass 2Pass 2
TraverseTraverse Draw quadDraw quad

RasterizeRasterize

Multiple Rendering PassesMultiple Rendering Passes

RestoreRestore
(rays)(rays)

Pass 2Pass 2
TraverseTraverse

Run Run 
fragmentfragment
programprogram

Multiple Rendering PassesMultiple Rendering Passes

Pass 2Pass 2
TraverseTraverse

Save toSave to
offscreen offscreen 
bufferbuffer
(ray(ray voxelvoxel pr)pr)

SortingSorting
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SortingSorting

•• Given an unordered list of elements, Given an unordered list of elements, 
produce list ordered by key valueproduce list ordered by key value

•• BitonicBitonic merge sort [Batcher 68]merge sort [Batcher 68]

•• Used to order photons during construction Used to order photons during construction 
of photon map data structureof photon map data structure

BitonicBitonic Merge SortMerge Sort

1

2

3

4

5

6

7

8

BitonicBitonic Merge SortMerge Sort

1

2

3

4

5

6

7

8

BitonicBitonic Merge SortMerge Sort

1

2

3

4

5

6

7

8

3

8

7

4

5

6

1

2



6

BitonicBitonic Merge SortMerge Sort
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BitonicBitonic Merge SortMerge Sort
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BitonicBitonic Merge SortMerge Sort
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BitonicBitonic Merge Sort SummaryMerge Sort Summary

•• Separate rendering pass for each swapSeparate rendering pass for each swap
•• O(logO(log22n) passesn) passes

•• Hand coded to around 20 instructionsHand coded to around 20 instructions
•• 512x512 elements 512x512 elements -- 3060 instructions per pixel3060 instructions per pixel

SearchingSearching
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SearchingSearching

•• Find a specific element in an ordered listFind a specific element in an ordered list

•• Binary searchBinary search

•• Used to build uniform grid structure for Used to build uniform grid structure for 
photon mapphoton map

Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)

Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

44 44 44 44

v0v0 v1v1 v2v2 v3v3 v4v4 v5v5

44 44

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77

initializeGridGrid

SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)

Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

44 44 44 44

v0v0 v1v1 v2v2 v3v3 v4v4 v5v5

44 44

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77

22 22 66 6622 66

initialize

step 1

GridGrid

SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)
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Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

44 44 44 44

v0v0 v1v1 v2v2 v3v3 v4v4 v5v5

44 44

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77

22 22 66 6622 66

initialize

step 1

11 33 55 5533 55 step 2

GridGrid

SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)

Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

44 44 44 44

v0v0 v1v1 v2v2 v3v3 v4v4 v5v5

44 44

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77

22 22 66 6622 66

initialize

step 1

11 33 55 5533 55 step 2

00 22 66 6622 66 step 3

GridGrid

SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)

Binary SearchBinary Search

•• Find the first element in each grid cellFind the first element in each grid cell
•• If none, find first element in next cellIf none, find first element in next cell

44 44 44 44

v0v0 v1v1 v2v2 v3v3 v4v4 v5v5

44 44

v0v0 v0v0 v2v2 v2v2 v2v2 v5v5v0v0

00 11 33 44 55 6622

v5v5

77

22 22 66 6622 66

initialize

step 1

11 33 55 5533 55 step 2

00 22 66 6622 66 step 3

00 33 66 6633 66 step 4

GridGrid

SortedSorted
Photon ListPhoton List
(v# is key)(v# is key)

Binary Search SummaryBinary Search Summary

•• Single rendering passSingle rendering pass
•• O(log n) stepsO(log n) steps

•• 18 instructions per step (Cg 1.1)18 instructions per step (Cg 1.1)

•• 512x512 elements 512x512 elements –– 342 instructions per pixel342 instructions per pixel
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BinningBinning

BinningBinning

•• Given an unordered list of elements, Given an unordered list of elements, 
produce list ordered by key valueproduce list ordered by key value
•• Multiple elements with same key are placed in the Multiple elements with same key are placed in the 

same bin since they have no ordering amongst same bin since they have no ordering amongst 
themselves themselves 

•• Stencil routingStencil routing

•• Alternate approach to building the photon Alternate approach to building the photon 
map data structuremap data structure

Stencil RoutingStencil Routing

•• Treat Treat framebufferframebuffer as a as a 
flattened gridflattened grid

•• Vertex program sends Vertex program sends 
each photon to its grid each photon to its grid 
cellcell
•• Only the last photon in Only the last photon in 

each cell is savedeach cell is saved

Vertex ( photon_pos )

Vertex Program

Flattened Grid

1 pixel

Stencil RoutingStencil Routing

•• Enlarge each grid cell Enlarge each grid cell 
to nto n22 pixelspixels

•• Draw fat points to Draw fat points to 
cover each fat cellcover each fat cell
•• glPointSizeglPointSize(n)(n)

Vertex ( photon_pos )

Vertex Program

Flattened Grid

4 pixels
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Stencil RoutingStencil Routing

•• Control location Control location 
written to with stencilwritten to with stencil
•• Same stencil pattern for Same stencil pattern for 

each grid celleach grid cell

•• Pass when stencil is nPass when stencil is n22 --11

•• Stencil always incrementsStencil always increments

Vertex ( photon_pos )

Vertex Program

Flattened Grid
Stencil

Stencil Values

0 1
2 3

0 1
2 3

0 1
2 3
0 1
2 3

Stencil RoutingStencil Routing

•• Control location Control location 
written to with stencilwritten to with stencil
•• Same stencil pattern for Same stencil pattern for 

each grid celleach grid cell

•• Pass when stencil is nPass when stencil is n22 --11

•• Stencil always incrementsStencil always increments

Vertex ( photon_pos )

Vertex Program

Flattened Grid

1 pixel

Stencil

4 pixels

Stencil Values

0 1
2 3

1 2
3 4

0 1
2 3
0 1
2 3

Stencil RoutingStencil Routing

•• Control location Control location 
written to with stencilwritten to with stencil
•• Same stencil pattern for Same stencil pattern for 

each grid celleach grid cell

•• Pass when stencil is nPass when stencil is n22 --11

•• Stencil always incrementsStencil always increments

Vertex ( photon_pos )

Vertex Program

Flattened Grid
Stencil

1 pixel

4 pixels

Stencil Values

0 1
2 3

2 3
4 5

0 1
2 3
0 1
2 3

Photon Map StructurePhoton Map Structure

p0p0 p1p1 p2p2 p3p3 p4p4 p5p5 p9p9

v0

55 44 33 22 1010 99 88 77 44 33 22 11

v1 v2

Stencil Buffer (photon count)

Grid

Assuming p6 – p8 all land in v1
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Stencil Routing SummaryStencil Routing Summary

•• Single rendering passSingle rendering pass
•• Vertex program is fastVertex program is fast

•• 42 instructions (Cg 1.1)42 instructions (Cg 1.1)

•• Resulting structure is sparseResulting structure is sparse
•• Fixed number of entries per bin may be Fixed number of entries per bin may be 

unacceptableunacceptable
•• Requires render to vertex array (Requires render to vertex array (readbackreadback))
•• Requires stencil bufferRequires stencil buffer readbackreadback

Nearest Neighbor QueriesNearest Neighbor Queries

Nearest Neighbor QueriesNearest Neighbor Queries

•• Given a sample point Given a sample point pp, find the , find the kk points points 
nearest nearest pp within a data setwithin a data set

•• kNNkNN--gridgrid

•• Used when computing radiance estimate of a Used when computing radiance estimate of a 
given sample point during photon mappinggiven sample point during photon mapping

kNNkNN--grid Algorithmgrid Algorithm

sample point

photons in estimate
candidate photon

Want a 4 photon estimate
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kNNkNN--grid Algorithmgrid Algorithm

•• Candidate photons Candidate photons 
must be within max must be within max 
search radiussearch radius

•• Visit Visit voxelsvoxels in order of in order of 
distance to sample distance to sample 
pointpoint

sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• If current number of If current number of 
photons in estimate is photons in estimate is 
less than number less than number 
requested, grow search requested, grow search 
radiusradius

1
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• If current number of If current number of 
photons in estimate is photons in estimate is 
less than number less than number 
requested, grow search requested, grow search 
radiusradius

2
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• Don’t add photons Don’t add photons 
outside maximum outside maximum 
search radiussearch radius

•• Don’t grow search Don’t grow search 
radius when photon is radius when photon is 
outside maximum outside maximum 
radiusradius2

sample point

photons in estimate
candidate photon

Want a 4 photon estimate
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kNNkNN--grid Algorithmgrid Algorithm

•• Add photons within Add photons within 
search radiussearch radius

3
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• Add photons within Add photons within 
search radiussearch radius

4
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• Don’t expand search Don’t expand search 
radius if enough radius if enough 
photons already foundphotons already found

4
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Algorithmgrid Algorithm

•• Add photons within Add photons within 
search radiussearch radius

5
sample point

photons in estimate
candidate photon

Want a 4 photon estimate
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kNNkNN--grid Algorithmgrid Algorithm

•• Visit all other Visit all other voxelsvoxels
accessible within accessible within 
determined search determined search 
radiusradius

•• Add photons within Add photons within 
search radiussearch radius

6
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

kNNkNN--grid Summarygrid Summary

•• Finds all photons Finds all photons 
within a sphere within a sphere 
centered about sample centered about sample 
pointpoint

•• May locate more than May locate more than 
requested requested kk--nearest nearest 
neighborsneighbors

•• 202 instructions per 202 instructions per 
candidate neighbor   candidate neighbor   
(Cg 1.1)(Cg 1.1)

6
sample point

photons in estimate
candidate photon

Want a 4 photon estimate

Bringing It All TogetherBringing It All Together

Ray Tracing and Photon Mapping Ray Tracing and Photon Mapping 
DemosDemos

http://graphics.http://graphics.stanfordstanford..eduedu/papers//papers/rtongfxrtongfx
http://graphics.http://graphics.stanfordstanford..eduedu/papers//papers/photongfxphotongfx

Open Issues in Mapping Algorithms Open Issues in Mapping Algorithms 
to to GPUsGPUs
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Open IssuesOpen Issues

•• Compute mask, branching, or stream buffer?Compute mask, branching, or stream buffer?
•• Need some way to prevent execution of expensive Need some way to prevent execution of expensive 

programs over programmed subset of pixelsprograms over programmed subset of pixels

•• ScatterScatter
•• Expensive to implementExpensive to implement

••Not unsolved problemNot unsolved problem

•• Many algorithms benefitMany algorithms benefit

••Sorting gains log(n) with native scatterSorting gains log(n) with native scatter
••Building photon map improves by logBuilding photon map improves by log22nn

Open IssuesOpen Issues

•• ReadRead--modifymodify--write bufferswrite buffers
•• Efficient save and restore over multiple passesEfficient save and restore over multiple passes

•• Addressing modesAddressing modes
•• 2D textures vs. 1D textures2D textures vs. 1D textures

•• Integer computationInteger computation
•• Sometimes you need a mod or a divSometimes you need a mod or a div

•• Readback Readback speedspeed
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