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Artistic Motivation 
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•  Perceived depth 
•  Proximity 

•  Lighting contrast 
•  Curvature and creases 

Environment + Direct Only + Ambient Occlusion 



Intuition 
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•  Analytic 
•  Sphere proxies [BUNNELL 05, HOBEROCK AND JIA 07, SHOPF ET AL. 09] 
•  Offline [BAUM ET AL. 89, ZHUKOV ET AL. 98, HOBEROCK AND JIA 07, SHOPF ET AL. 09] 

•  Sampled 
•  Ray tracing [e.g., DUTRE ET AL. 04] 
•  Signed distance field [Evans ‘06] 
•  Precomputed [KONTKANEN AND LAINE 05, MALMER ET AL. 07] 
•  Voxel ray trace [REINBOTHE ET AL. 09] 
•  Light probe [SLOAN ET AL. 07] 
•  Raster bit mask [Laine and Karras ‘10] 

•  Phenomenological 
•  Tree-specific [HEGEMAN ET AL. ’06] 
•  Unsharp masking [LUFT ET AL. ’06] 
•  Screen space [MITTRING ’07, SHANMUGAM AND ARIKAN ’07, BAVOIL AND SAINZ ’09, KAJALIN ’09] 

Selected Previous Work 

3 

Analytic on bounding box 

Precomputed volume of AO effect 

Tighter bounding volume and LOD 

Sparse sampling 



•  Real-time 
•  Dynamic polygon soup 
•  Physically based 
•  Noise-free 
•  Approaches the quality of offline ray traced occlusion 

•  Requirements: 
•  Geometry shader for preferred implementation 

•  Normal and depth (“Geometry”) buffers 

•  High fill rate GPU 

•  Minimum thickness to objects; overdarkening when this is violated 

AOV Features 
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Unlike phenomenological screen-space methods: 
•   Viewer independent 
•   Viewport independent 
•   Designed for integration with real GI  



DERIVATION 
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Physical Basis 
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Physical Basis 
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✗ 



Physical Basis 
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✗ 

[ARIKAN ET AL. 05; SZIRMAY-KALOS ET AL. 09] 

Set     to your global illumination 
algorithm’s sampling resolution (or 
choose artistically) 

               is undesirable: makes 
everything 100% occluded for indoor 
scenes [SHANMUGAM AND ARIKAN 07] 



Incident Light 
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[KAJIYA 86] 

[MCGUIRE 09, 10] 
“emitted” (e.g., emissive map) 

“direct” (BRDF + shadow map) 

“ambient” (e.g., S.H. evt. light) 

“local indirect” (often ignored) 

“accessibility” 
(via AO estimation) 

“ambient light” 
(e.g., precompute, VPL, or ISPM) 

Ambient term: 

best when Lf and f are smooth (ideally, constant) low freqency medium frequency 



Ambient Occlusion 
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“accessibility” “ambient occlusion” 

[ZHUKOV ET AL. 98] 

obscurance 
Ambient occlusion of     by one polygon,     : 



For minimum scene thickness    , no 
other polygon obscures P, so V =1 

Choose linear falloff in 
point-poly distance 

Clip P to tangent plane 

AOV Fundamental Operation 
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k = 4 for clipped triangle 
store cos-1 LUT in a texture 



New Ambient Occlusion Volume 

Iterating over Polygons Near a Point 
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Small size avoids traditional 
shadow volume problems 

Shadow Volume 
[CROW 77] 



Geometry + AOVs 
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Accessibility Factor 
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Final Shading Result 
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Quality 
•  Partial coverage 

•  Disable near plane clipping 
Use “z-fail” depth test or full-screen quad if camera position is inside AOV 

•  Compensation map 

Performance 
•  Precompute volumes for static geometry 

•  Sparse sampling 

Details 
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RESULTS 
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Ray traced AO 
•  “Ground truth” baseline 

•  8-cores, BVH 

Crytek SSAO [MITTRING ’07, KAJALIN ’09] 
•  Popular industry technique 

•  Artistically driven 

Volumetric AO [SZIRMAY-KALOS ET AL. ’09] 
•  Fastest screen space method 

•  Physical based 

AOV (This paper) 
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Qualitative 
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Ray traced AO Real time AOV 

1.4 million triangles, 1280x720 pixels,    = 0.42m 
“Secret War” scene from Marvel Ultimate Alliance 2 courtesy Vicarious Visions 

124309 ms = 2 minutes 23 ms 
(or 6 ms with 3x3 subsample) 



Bounding Volume Wireframe 
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Quality Comparison 
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Ray trace AOV 

Crytek SSAO Volumetric 



Compensation Map 

22 Ray trace 

Raw AOV Result 

AOV + Compensation 



Overdarkening Artifact 
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Ray trace AOV 



Alpha-Masking 
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AOV 

Volumetric 



Quality vs. Performance (varying sample rate) 

25 NVIDIA GeForce GTX 480, Dual Quad-core Intel CPU 

Performance 
Q

uality 



Quality vs. Performance (varying sample rate) 

26 NVIDIA GeForce GTX 480, Dual Quad-core Intel CPU 

Slow but high quality 

Real-time, low quality 

Fast and good 



Quality vs. Performance (varying sample rate) 
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504 fps 144 fps 251 fps 28 fps 

4.2 minutes/frame 

AOV Performance at Ray Trace Quality Level 
NVIDIA GeForce GTX 480, Dual Quad-core Intel CPU 



Quality vs. Performance 
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AOV 1:1 (28 fps) AOV 9:1 (144 fps) AOV 25:1 (251 fps) AOV 225:1 (504 fps) 



Render Time vs. Triangles, vs. Pixels 
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Performance for significant scenes 
appears to be: 

•   Independent of triangle count 
•   Linear in pixel count 
•   Slightly better for static geometry 



δ = 6.0m 
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δ = 4.0m 
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δ = 2.0m 
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δ = 1.0m 

33 



δ = 0.5m 

34 



δ = 0.1m 

35 



δ = 1.0m 

36 2-24 ms 



Foliage (150k triangles, with α) 

37 3-20 ms 



Architectural Detail (690k sliver triangles) 

38 3-17 ms 



Summary 
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Presented physical basis for AO and other real-time terms  
•  Made clear previously implicit approximations and assumptions 

•  How to combine with real-time GI methods without overlap 

Two tricks (AO expression + volumes), many practical considerations 
•  Compute tight bounds in geometry shader 

•  Compensation map 

•  Includes α factor 

•  Upsampling 

High-quality AO now possible in real time 
•  Analytic: viewer independent and noise free 

•  Comparable to screen-space AO performance 

•  Comparable to ray traced AO quality 

In StudioGPU’s “MachStudio Pro” 
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ADDITIONAL MATERIAL 
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Integrate with real-time global illumination 
•  Corrects missing high frequencies in ISPM and VPL approaches 

•  Natural extension to near-field indirect illumination: accumulate 
both light and occlusion 

Performance improvements 
•  Ongoing work with Louis Bavoil at NVIDIA 

•  LOD and hexaprism from Laine and Karras EGSR ’10 

Real-world artist controls 
•  AO caster/receiver flags 

•  Per-surface falloff function 

•  Delta as a function of distance from camera 

Future Directions 
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Algorithm 
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1.  Render x, n geometry buffers [Saito and Takahashi 91] 

2.  Bind Accessibility buffer, clear to 1 

3.  Set subtractive blending mode 

4.  Draw Call + Vertex Shader: as if making a regular pass 

5.  Geometry Shader:  

     For each polygon P with vertices {p0, …, pk-1}: 

1.  Compute prism B bounding gP(x) > 0 
2.  If camera is inside B, then emit full screen quad, else emit B 

6.  Pixel Shader: 

1.  Read position x and normal n 
2.  Compute g = gP(x); discard if g ≤ 0 
3.  Clip P to the local tangent plane, generating quad P’ = {p0’,…, p3’} 
4.  Output to AOP’ (x) to blender  



Quality vs. Performance (varying sample rate) 
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Images, 3D models, and data at 
http://graphics.cs.williams.edu 



500 fps 
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Volumetric 1:1 AOV 225:1 



Quality vs. Performance (varying sample rate) 
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AOV Quality at Real Time Performance Level 

Volumetric 1:32 

1/30s 

AOV 1:1 



Geometry Shader 



Operation Cost: Pixel Shader 
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Maximum 4 vertices * (1 cross, 5 dot, 2 rsqrt, 4 scalar mul, 1 fetch) 
100 scalar arith, 8 rsqrt, 4 fetch 

3 vec3 sub, 4 dot, 1 clamp, 1 vec4 madd, 4 scalar mul = 29 arith, 1 clamp4   

Falloff function 

Form factor 

Clip P Maximum: 3 dot, 4 if, 11 move, 2 divide, 2 vec3 lerp = 21 arith, 2 div, 4 if 

significant scalar ops: 150 arith, 2 divide, 6 fetch, 4 if 

Read x, n 2 fetch 


