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Overview

• BRDFs 

• Ambient Occlusion 

• Spherical Harmonic lighting 

• Radiosity



BRDFs

• Bidirectional reflectance distribution function 

• A function of the incident and outgoing angles 

• Can be dependent on position
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BRDFs

• Affected by the way light reflects on the surface 

• Smoothness of surface: 

• Single reflection from a smooth surface - specular 

• Multiple reflections - diffuse 

• Shadowing effect



Microfacet theory

● [Torrance & Sparrow 1967] 
− Surface modeled by tiny mirrors  
− Value of BRDF at 

— # of mirrors oriented halfway between         and  
where         is the incoming direction,         is the out going direction 

— Modulated by Fresnel, shadowing/masking



Isotropic and anisotropic BRDFs

• Isotropic: 

• Lighting depends only on 
angle with normal and 
relative angle around normal 

• Anisotropic: 

• Brushed metal 

• Can’t be modelled using 
diffuse and specular 
reflection



Examples

• Ward 

• Blinn-Phong:
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Capturing BRDFs

● Measured using a device called gonioreflectometer 
− Casting light from various directions onto the object, and capturing the light 

reflected back 
• Problems: 

− Takes a long time and produces a huge amount of data (many GB) 
− Introduces errors



BSSRDF

• Bidirectional surface scattering reflection distribution function 

• Some surfaces exhibit subsurface scattering over a long range
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Rendering subsurface scattering

• For short distances, approximate with a BRDF 

• Normal blurring 

• Use a bump map for specular reflection, but an 
unperturbed or blurred normal for diffuse shading 

• Texture space diffusion 

• Render with diffuse lighting into a texture 

• Blur the texture and use for diffuse term in shading 

• Depth map 

• Look up distance to surface in shadow map



Ambient occlusion

• Shadowing of ambient light 

• Incoming light is constant ambient lighting L from every 
direction, taking into account visibility function v(x,ω) at surface
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Ambient occlusion

• This approach works well for discrete objects, what about 
closed rooms? Replace visibility function with a distance 
function. 

• To combine with an environment map, we can apply normal 
bending: 

• Need to recalculate for non-static objects
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Screen space ambient occlusion

• Object space dynamic ambient occlusion 
is expensive 

• Screen space ambient occlusion takes 
advantage of screen space depth buffer 
and surface normal information. 

• Sample points in a sphere around each 
pixel 

• Use fraction that are closer than Z-
buffer depth value to estimate 
occlusion 

• Independent of object complexity



Spherical harmonic lighting

• Pre-computed radiance transfer (PRT) method 

• Independent of view point, works with arbitrary lighting 
conditions

  SPHERICAL HARMONIC LIGHTING 

Spherical Harmonic Lighting: 
The Gritty Details 
Robin Green, 
R&D Programmer, 
Sony Computer Entertainment America 
robin_green@playstation.sony.com 
January 16, 2003 

Introduction 
Spherical Harmonic lighting (SH lighting) is a technique for 
calculating the lighting on 3D models from area light sources that 
allows us to capture, relight and display global illumination style 
images in real time. It was introduced in a paper at Siggraph 2002 
by Sloan, Kautz and Snyder as a technique for ultra realistic 
lighting of models. Looking a little closer at it’s derivation we can 
show that it is in fact a toolbox of interrelated techniques that the 
games community can use to good effect. 

The results are compelling and the code to compute them is 
actually straightforward to write, but the paper that introduces it 
assumes a lot of background knowledge from the first time reader. 
This paper is an attempt to provide this background, add some 
insights into the “why” questions, and hopefully give you all you 
need to add SH lighting to your game. 
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Diffuse light transfer

• 2D example, incoming directions form a circle. Only 
considering shadowing:
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Spherical harmonics

• Used as a basis to represent functions defined over a sphere 

• Properties: 

• Simple rotation and convolution
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Spherical harmonic lighting

• Diffuse lighting (constant for every outgoing direction) based 
on incoming light and transfer function 

• Calculate integral by multiplying SH coefficients 

• Approximation based on a finite number of coefficients
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Examples

 

 

 
 

   

   
(a) diffuse, unshadowed (b) diffuse, interreflected (c) glossy, unshadowed (d) glossy, interreflected 

Figure 11: Diffuse and Glossy Self-transfer.  Unshadowed transfer (a,c) includes no global transport effects.  Interreflected transfer 
(b,d) includes both shadows and interreflections. 

   

   
(a) no interreflections (shadowed transfer) (b) 1-bounce interreflections (c) 2-bounce interreflections 

Figure 12: Interreflections in Self-Transfer.  Top row shows diffuse transfer; bottom row shows glossy transfer.  Note the reflections 
under the knob on the lid and from the spout onto the body.  Run-time performance is insensitive to interreflections; only the preproc-
essed simulation must include additional bounces.  Further bounces after the first or second typically provide only subtle change. 
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Problems

• Only valid for static objects 

• To represent sharp changes (e.g. shadows) or high frequency 
lights we need many spherical harmonic coefficients 

• An alternative approach - Haar wavelets

Reference Image W (25): 23% L2, 22% H1

SH (25): 20% L2, 18% H1 SH (200): 13.4% L2, 12% H1 SH (2000): 8.1% L2, 7.1% H1 SH (20,000): 2.0% L2, 1.8% H1

W (200): 2.2% L2, 2.0% H1 W (2000): 0.07% L2, 0.06% H1 W (20,000): 0.00% L2, 0.00% H1

Figure 3: Image relighting of a plant scene in St Peter’s Basilica displays sharp shadows from small windows. We compare shadow fidelity using linear
spherical harmonics (top row) and non-linear wavelets selected with area-weighted prioritization (bottom). The number of terms is given in parentheses below
each picture, as are the L2 and H1 error. Notice that for high quality shadows wavelets require two orders of magnitude fewer coefficients for comparable
error (compare W (200) and SH (20,000)). Model courtesy of O. Deussen, P. Hanrahan, B. Lintermann, R. Mech, M. Pharr, and P. Prusinkiewicz.

Reference Image W (25): 4.8% L2, 11% H1

SH (25): 4.0% L2, 13% H1 SH (200): 1.3% L2, 6.4% H1 SH (2000): 0.21% L2, 1.6% H1 SH (20,000): 0.09% L2, 0.33% H1

W (200): 0.46% L2, 2.1% H1 W (2000): 0.02% L2, 0.07% H1 W (20,000): 0.00% L2, 0.00% H1

Figure 4: Image relighting of a glossy teapot in Grace Cathedral (inset cubemap) epitomizes all-frequency cast shadows from area lights of different sizes.
We compare fidelity of the shadows and the specular highlight, using linear spherical harmonics (top row) and area-weighted, non-linear wavelets (bottom).
Note that harmonics blur the specular highlight at 200 terms and the tip of the spout’s shadow at 2000. Both features are well resolved with 200 wavelets.

Buddha Teapot Plant
Light Res. Sp. Size Sp. Size Sp. Size

6×4×4 32% 8.5 MB 19% 9.5 MB 17% 8.4 MB
6×8×8 32% 34 MB 16% 32 MB 15% 31 MB
6×16×16 26% 113 MB 14% 111 MB 14% 115 MB
6×32×32 10% 185 MB 10% 331 MB 12% 394 MB
6×64×64 3.8% 314 MB 3.1% 476 MB 7.4% 1.0 GB

The matrices are large but manageable for high-resolution lighting.
In the cases where Sloan et al. provide a perceptually valid approxi-
mation, the lighting is very low-resolution, and a comparably com-
pact wavelet matrix suffices. The video shows environments for
which these low-resolution approximations are valid.

It should also be noted that scaling the methods of Debevec
et al. [2000] or Sloan et al. [2002] to our resolutions would re-
sult in similarly sized datasets, but their systems would not work in
real-time because of the lack of sparsification provided by lighting
compression. In the case of linear spherical harmonics the resulting
matrices would also not provide the sparsity exhibited by wavelet
matrices, because harmonics are globally supported basis functions.

4.2.3 Total Compression and Rendering Speed

The combined lighting and matrix compression ratio is on the order
of 103:1 or 104:1. The associated reduction in computation allows
interactive relighting from environments that are at least ten times
greater in resolution than previously demonstrated.

We report performance on a commodity 2.8 GHz Pentium 4
computer with an nVIDIA GeForce4 graphics card. We present
end-to-end frame rates (“Full” columns below), as well as refresh
rates for just relighting (“Relight” columns below). Relighting in-
cludes everything in Section 3.2 except rasterization and display.

Buddha Teapot Plant
Terms Full Relight Full Relight Full Relight

40 19 / 9.8 38 / 13 15 / 6.9 25 / 7.4 18 / 8.1 25 / 9.9
100 14 / 6.2 21 / 7.7 8.8 / 3.4 10 / 4.4 12 / 5.1 13 / 5.5
200 9.5 / 3.5 13 / 4.4 5.0 / 2.5 5.3 / 2.4 6.6 / 2.6 6.7 / 3.3

Rates are presented in Hz. Each cell contains rates for both
monochromatic / color rendering. In color rendering, each channel
is handled separately, with no optimization to use vector operations.

380



Overview

• BRDFs 

• Ambient Occlusion 

• Spherical Harmonic lighting 

• Radiosity



Radiosity rendering

• Based on a method developed by researchers 
in heat transfer in 1950s 

• Applied to computer graphics in the mid 1980s  
• by Michael Cohen Tomoyuki Nishita



Radiosity rendering

• Can simulate inter-surface reflection 
• Can produce nice ambient effects 
• Can simulate effects such as 
• Soft shadows,  
• color bleeding   

• Can only handle diffuse colour 
• → need to be combined with ray-tracing to 

handle specular light



Colour bleeding and soft shadows



The Radiosity model

• At each surface in a model the amount of energy that 
is given off (Radiosity) is comprised of 
• the energy that the surface emits internally (E), plus  
• the amount of energy that is reflected off the surface  (ρH)

Bj



The Radiosity model

• The amount of incident light hitting the surface can be 
found by summing for all other surfaces the amount of 
energy that they contribute to this surface

Form factor



Form factors

• The fraction of energy that leaves surface i and lands 
on surface j 
• Between differential areas, it is 

• The overall form factor between i and j is



Form factors

• Also need to take into account occlusions 
• The form factor for those faces which are hidden from each 

other must be zero



Radiosity matrix

• The radiosity equation now looks like this: 
                                                                            

• The derived radiosity equations form a set of N linear equations 
in N unknowns. This leads nicely to a matrix solution:  

• Solve for B – Use methods like Gauss-Seidal



Radiosity steps

1. Generate Model (set up the scene) 
2. Compute Form Factors and set the Radiosity 

Matrix  
3. Solve the linear system  
4. Render the scene
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Radiosity steps
1. Generate Model 
2. Compute Form Factors and set the Radiosity Matrix  
3. Solve the linear system  
4. Render the scene 

● Where do we resume from if objects are moved? 
● Where do we resume from if the lighting is changed? 
● Where do we resume from if the reflectance parameters of 

the scene are modified? 
● Where do we resume from if the view point changes?



Radiosity features

• Very costly  
• The faces must be subdivided into small patches to reduce 

the artefacts  
• The computational cost for calculating the form factors is 

expensive 
• Quadratic in the number of patches 

• Solving for Bi is also very costly 
• Cubic in the number of patches 

• Cannot handle specular light 



Hemicube method

by Michael Cohen’85 

• Accelerates the computation of the 
form factor 

• The form factor for the right four faces 
with respect to a small patch in the 
bottom is the same  

• Then, we can project the patches onto 
a hemicube



Hemicube method

• Prepare a hemicube around the 
patch i 

• Project those polygons you want 
to compute the form factor with 
patch i onto the hemicube 

• Then, compute the form factor 
between them 



Hemicube method

• This can be done by perspective 
projection 

• We can use the Z-buffer 
algorithm to find the closest 
polygon 
• Handling the occlusion 
• Setting the form factor of the 

pairs that occlude each other 
to zero



Hemicube method

• The form factor between each pixel of the hemicube and the 
patch at the origin can be pre-computed and saved in a table  

• Only 1/8 of all are needed, thanks to symmetry



Progressive refinement

• Find patch in scene with 
largest undistributed radiosity 
and distribute it into the scene 

• Store radiosity shot into scene 
and mark as undistributed 

• Iterate until converged 

• No need to store radiosity 
matrix (form factors computed 
on the fly)

4
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Progressive Refinement

! The idea of progressive refinement is to provide a quickly rendered image to 
the user that is then gracefully refined toward a more accurate solution.  The 
radiosity method is especially amenable to this approach.

! The two major practical problems of the radiosity method are the storage costs 
and the calculation of the form factors.  

! The requirements of progressive refinement and the elimination of 
precalculation and storage of the form factors are met by a restructuring of the 
radiosity algorithm.

! The key idea is that the entire image is updated at every iteration, rather than a 
single patch.
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Reordering the Solution for PR

Shooting: the radiosity of all patches is updated for each iteration:
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This method is fundamentally a Southwell relaxation
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Progressive Refinement Pseudocode
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Progressive Refinement w/out Ambient Term



Summary

• BRDFs describe how a surface reflects light 

• Ambient occlusion approximates shadowing of ambient 

lighting 

• Spherical harmonic lighting allows us to efficiently render pre-

calculated radiance transfer under arbitrary lighting conditions 

• Radiosity can simulate diffuse inter-reflectance  

• Form factor computation can be accelerated by hemi-cube.



References

• BRDFs: Shirley Chapter 20.1.6 

• Ambient occlusion: Akenine-Möller Chapter 9.2 

• Spherical harmonic lighting: 

• Akenine-Möller Chapter 9.11 

• Extra: http://www1.cs.columbia.edu/~cs4162/slides/spherical-harmonic-
lighting.pdf 

• Radiosity: 

• Foley Chapter 16.13 

• Extra: http://http.developer.nvidia.com/GPUGems2/
gpugems2_chapter39.html

http://www1.cs.columbia.edu/~cs4162/slides/spherical-harmonic-lighting.pdf
http://http.developer.nvidia.com/GPUGems2/gpugems2_chapter39.html


References - papers

• Spherical harmonics: 
• Precomputed Radiance Transfer for Real-Time Rendering. in 

Dynamic, Low-Frequency Lighting Environments. Peter-Pike 
Sloan. Jan Kautz. John Snyder, SIGGRAPH 2002 

• NG, R., RAMAMOORTHI, R., AND HANRAHAN, P. 2003. 
All-Frequency Shadows Using Non-Linear Wavelet Lighting 
Approximation. ACM Transactions on Graphics 22, 3, 376–381  

• Jan Kautz, Peter-Pike Sloan, Jaakko Lehtinen. "Precomputed 
Radiance Transfer: Theory and Practice", SIGGRAPH 2005 
Courses  

• Radiosity: 
• Cohen et al., The hemi-cube: a radiosity solution for complex 

environments, SIGGRAPH ‘85


