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Requirements 
�  Should have read  
◦ TDA361-Computer Graphics or similar 

� The beginners course was theoretically 
intensive 

� This follow-up course is to enjoy what you have 
learned and also learn the advanced techniques 
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Tutorial	
  	
  	
  	
  Shadow	
  Algorithms	
  for	
  Real-­‐time	
  Rendering	
  

Schedule 	
  	
  
¡  Tuesdays	
  15:15	
  to	
  17:00	
  

�  Check	
  that	
  this	
  works	
  with	
  parDcipants	
  

¡  	
  	
  	
  	
  Study	
  period	
  3,	
  study	
  week	
  1,2:	
  Tuesdays,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  3,	
  study	
  week	
  3:	
  Thursday,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  3,	
  study	
  week	
  4,5,6,7:	
  Tuesdays,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  4:	
  study	
  week	
  1,2,3:	
  Tuesdays,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  4:	
  study	
  week	
  4:	
  Monday,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  4:	
  study	
  week	
  5:	
  Possibly	
  cancelled	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  4:	
  study	
  week	
  6:	
  Monday,	
  15:15	
  	
  
¡  	
  	
  	
  	
  Study	
  period	
  4:	
  study	
  week	
  7,8:	
  Tuesdays,	
  15:15	
  	
  
¡  14	
  seminars,	
  ~9	
  occasions	
  with	
  student	
  presentaDons,	
  ~25	
  students	
  =>	
  2-­‐3	
  students	
  

presenDng	
  per	
  seminar.	
  

¡  80%	
  compulsory	
  aTendance.	
  I.e.,	
  you	
  can	
  max	
  miss	
  2	
  seminars.	
  



Tutorial	
  	
  	
  	
  Shadow	
  Algorithms	
  for	
  Real-­‐time	
  Rendering	
  

Seminars	
  
•  Affects	
  grade	
  (-­‐,0,+)	
  
•  Sign	
  up	
  in	
  pairs	
  (you	
  can	
  have	
  
individual	
  presentaDon)	
  

•  Choose	
  arDcle	
  of	
  your	
  preferred	
  
topic	
  (talk	
  with	
  me).	
  Create	
  15	
  
minutes	
  presentaDon	
  

•  1	
  week	
  before	
  each	
  seminar,	
  
email	
  arDcle	
  to	
  group.	
  

•  All	
  students	
  each	
  week:	
  prepare	
  
2	
  quesDons	
  per	
  arDcle	
  before	
  
each	
  seminar.	
  Discussions	
  will	
  be	
  
based	
  on	
  these.	
  

•  1st	
  presenters,	
  Tues.Feb	
  26th.	
  



Seminars 
�  Seminar 1-4/5 
◦ Volumetric Shadows 
◦  Free viewpoint Video, Geometry Compression and 

GPU Ray tracing of large scenes with shadows, 
reflections, ao,  
◦  Shading/Lighting in more detail 
◦ Advanced Path Tracing 
◦ Clustered Shading w. 1M lights. Shadows for ~400 

lights 
6 
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Tutorial	
  	
  	
  	
  Shadow	
  Algorithms	
  for	
  Real-­‐time	
  Rendering	
  

Project	
  (graded)	
  
Do	
  a	
  graphics-­‐related	
  project	
  of	
  your	
  choice,	
  e.g.:	
  
•  realisDc	
  explosions,	
  clouds,	
  fractal	
  mountains	
  (e.g.	
  clip	
  maps/
geomorph/ROAM,	
  ray	
  tracing	
  based	
  a	
  la	
  GPUGems3)	
  	
  

•  CUDA	
  program	
  (a	
  general	
  parallel	
  problem)	
  
•  Light	
  propagaDon	
  volumes	
  
•  Smaller	
  game	
  
•  real-­‐Dme	
  ray	
  tracer	
  	
  
•  ray	
  tracing	
  with	
  photon	
  mapping.	
  
•  Ambient	
  occlusion	
  
•  Spherical	
  Harmonics	
  
•  Collision	
  DetecDon	
  
•  Displacement	
  /	
  parallax	
  mapping	
  /	
  TesselaDon	
  shaders	
  



10 

Project (graded) 
Do a graphics-related project of your choice, e.g.: 
�  realistic explosions, clouds, fractal mountains (e.g. clip maps/geomorph/

ROAM, ray tracing based a la GPUGems3)  
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Project (graded) 
Do a graphics-related project of your choice, e.g.: 
�  realistic explosions, clouds, fractal mountains (e.g. clip maps/geomorph/

ROAM, ray tracing based a la GPUGems3)  
�  CUDA program (a general parallel problem) 



Hair rendering 

12 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  realistic explosions, clouds, fractal mountains (e.g. clip maps/geomorph/

ROAM, ray tracing based a la GPUGems3)  
�  CUDA program (a general parallel problem) 
�  Realistic Skin Rendering 
◦  Adding realistic hair 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  real-time ray tracer  
�  photon mapping. 
�  Path tracer. 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Smaller or larger game, in a group or alone 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Smaller or larger game  
◦  With screen space ambient occlusion (SSAO) 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Smaller or larger game  
◦  With screen space ambient occlusion (SSAO) 
◦  Spherical Harmonics – for indirect illumination 
◦  Tesselation shaders 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Smaller or larger game  
◦  With screen space ambient occlusion (SSAO) 
◦  Spherical Harmonics – for indirect illumination 
◦  Tesselation shaders 
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Smaller or larger game  
◦  With screen space ambient occlusion (SSAO) 
◦  Spherical Harmonics – for indirect illumination 
◦  Tesselation shaders 



WebGL examples: 

◦ E.g., Prodedural texturing 

22 

•  http://inear.se/plasmaball/
•  http://www.clicktorelease.com/code/
perlin/explosion.html
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Project  
Do a graphics-related project of your choice, e.g.: 
�  Model and animate using Maya/3DSMax or Blender 
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Advanced Computer Graphics 
� Home page: 
� http://www.cse.chalmers.se/edu/course/

TDA361/Advanced Computer Graphics/ 



This slide has a 16:9 media window 

Volumetric Shadows 

Ulf Assarsson 

(15 minutes) 



God Rays 



§  Real-Time Single Scattering in Homogeneous 
Participating Media 
§  Ray-Marching based approaches  

§  Shadow-Volume based approaches 

§  Real-Time Multiple Scattering in  
Homogeneous Participating Media 

Outline - Volumetric Shadows 



§  Participating media scatter 
light 
§  “Photons bounce off particles in 

the medium” 

§  Some scattered light reaches 
the observer (most doesn’t) 

§  Thus, we can see the 
participating medium 

Scattering in Participating Media  



Single Scattering [Blinn 82]: 
§  In scattering 

Ø Visible image contribution 

§  Out scattering 
Ø   Attenuation 

§  Absorption 
Ø Attenuation 

In scattering 

Out scattering 

Scattering in Participating Media  



§  Blockers cause airlight 
shadows 
§  Only in scattering along non-shadowed 

regions of eye ray for single scattering 

Scattering in Participating Media  



§  Blockers cause airlight 
shadows 
§  Only in scattering along non-shadowed 

regions of eye ray for single scattering 

Scattering in Participating Media  

Scene object 

At surface 
shading:  
à attenuate 
the light prop. 
to distance to 
light source 



§  Multiple Scattering: 
§  In reality, photons can bounce 

many times before in scattering 

§  In scattering happens also in 
shadowed regions. 

Scattering in Participating Media  



Single scattering 

Scattering in Participating Media  

Multiple scattering 



§  Multiple Scattering: 
§  In reality, photons can bounce 

many times before in scattering 

§  In scattering happens also in 
shadowed regions. 

§  Surface shading should consider 
not only one light direction but all 
incoming non-shadowed 
directions 

§  Typically too complex for real-
time. 

Scattering in Participating Media  

Scene object 

At surface 
shading:  
à consider 
incoming light 
for full 
hemisphere 



§  Multiple Scattering: 
§  In reality, photons can bounce 

many times before in scattering 

§  In scattering happens also in 
shadowed regions. 

§  Surface shading should consider 
not only one light direction but all 
incoming non-shadowed 
directions 

§  Typically too complex for real-
time. 

Scattering in Participating Media  

Scene object 

At surface 
shading:  
à consider 
incoming light 
for full 
hemisphere 

Images from Bo Sun et al. 
One incoming direction Multiple Scattering 



§  Non-homogeneous media 
§  Smoke and clouds instead of 

homogeneous fog 

§  With single scattering or with 
multiple scattering 

§  Consider in-scattering only at 
parts of light ray inside the 
medium 

Scattering in Participating Media  

Scene object 



§  If medium has low albedo 
§  I.e., few small particles such as 

§   dust, thin fog  

§  Then, single scattering is the 
dominating effect. 
Ø  Let us first focus on this simplest 

case for real-time purposes: 

§  single scattering in 
homogeneous participating 
media. 

Scattering in Participating Media  
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§  Pseudo code: 
§  For every pixel in screen space (A) 

§  Step along the eye ray, using ray 
marching 

§  For each sample position xj 

§  Check in shadow map (B) if light 
source is visible 

§  If so, add to pixel’s color: 

§  in-scattered light contribution 
with attenuation 

Ray-Marching Based Single Scattering 

B

A

B

x1
x2

x0

xn

 

p 



§  Ray-marching: at each point, 
determine if lit (shadow map) 

§  Done with: 
§  CUDA (Baran et al. 2010) 

§  Loop in fragment shader (e.g.,  
Toth and Umenhoffer 2009,  
Chen et al. 2011) 

§  Alpha-blended planes (Dobashi  
et. al. 2002, Imagire et. al. 2007) 

§  CPU (Kajiya and Von Herzen 1984) 

Ray-Marching Based Single Scattering 

B

A

B

x1
x2

x0

xn

 

p 



§  Utilize coherency (Baran et 
al. 2010) 

§  Compute ray incrementally 
from previous ray in same 
plane as the ray, light and eye 

§ Only new shadowed 
regions can appear (not 
new lit regions) 

Ray-Marching Based Single Scattering 

B

A

B

x1
x2

x0

xn

 



Ray-Marching Based Single Scattering 

§  On shadow map rendering 
§  Skew projection such that these 

epipolar coherent planes become 
rows of the SM (Chen et al. 2011) 
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Ray-Marching Based Single Scattering 

§  On shadow map rendering 
§  Skew projection such that these 

epipolar coherent planes become 
rows of the SM (Chen et al. 2011) 

§  Raymarching along view ray 
becomes traversal along SM row 



Ray-Marching Based Single Scattering 

§  Shadow map is a height field 
§  For each shadow map row (Chen et al.): 

§  a 1D min-max mipmap is computed 



Ray-Marching Based Single Scattering 
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Ray-Marching Based Single Scattering 

§  Shadow map is a height field 
§  For each shadow map row (Chen et al.): 

§  a 1D min-max mipmap is computed 

§  Logarithmic search time 

§  Algorithm O(#pixels * log d) 

§  d=sqrt(shadow_map_resolution)  

§  Real-time Min/
max 

Min/
max 

Min/
max 
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Min/
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§  Shadow map is a height field 
§  For each shadow map row (Chen et al.): 

§  a 1D min-max mipmap is computed 

§  Logarithmic search time 

§  Algorithm O(#pixels * log d) 

§  d=sqrt(shadow_map_resolution)  

§  Real-time 

Ray-Marching Based Single Scattering 

Min/
max 

Min/
max 

Min/
max 

Min/
max 

Min/
max 

Min/
max 

Min/
max 

55 fps. Image from Chen et al. 2011 



§  Wyman 2011: 
§  CUDA 

§  Extremely fast 

§  Voxelizes shadow casters 

Ray-Marching Based Single Scattering 



§  Wyman 2011: 
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§  3D bit grid 
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§  Wyman 2011: 
§  CUDA 

§  Extremely fast 

§  Voxelizes shadow casters 

§  3D bit grid 
§  For each column 

§  Binary prefix sum 

 

Ray-Marching Based Single Scattering 

0 
1 
1 
1 
1 



§  Wyman 2011: 
§  CUDA 

§  Extremely fast 

§  Voxelizes shadow casters 

§  3D bit grid 
§  For each column 

§  Binary prefix sum 
§  For each eye ray 

§  Compute #zeroes (popc) 
§   128 bits at once 

Ray-Marching Based Single Scattering 

0 
1 
1 
1 
1 

1 0 1 0 0 



§  Wyman 2011: 
§  CUDA 

§  Extremely fast 

§  Voxelizes shadow casters 

§  Less accurate computations 

§  In-scattering should actually be 
different per voxel 

Ray-Marching Based Single Scattering 



§  Wyman 2011: 
§  CUDA 

§  Extremely fast 

§  Voxelizes shadow casters 

§  Less accurate computations 

§  In-scattering should actually be 
different per voxel 

Ray-Marching Based Single Scattering 

~118 fps. Image from Wyman 2011 
~90 fps. Two lights. Image from Billeter 

et al. 2010 



Shadow-Volume Based Single Scattering 

+ + 

§  There are of course also Shadow 
Volume based approaches  
§  Billeter et al. 2010, Biri et al. 2006, James 2003, Nishita et al. ’87, Max ’86  

§  Add airlight for  
frontfacing shadow 
volume polygons 

§  Subtract for 
 backfacing ones 



§  Caveat: 
§  Does not work for  

intersecting shadow  
volumes 

§  Solution: 
§  Create shadow volumes  

from the shadow map 
(Billeter et al. 2010) 

Shadow-Volume Based Single Scattering 

Contribution subtracted  
twice: 
   èOnce per overlap 



§  Caveat: 
§  Does not work for 

intersecting shadow 
volumes 

§  Solution: 
§  Create shadow volumes 

from the shadow map 
(Billeter et al. 2010) 

§  Fast if done in vertex 
shader 

Shadow-Volume Based Single Scattering 

Connect shadow map  
samples with triangles  
and cap with the frustum planes 
 à  encloses volume in light 



Shadow-Volume Based Single Scattering 

§  Caveat: 
§  Does not work for 

intersecting shadow 
volumes 

§  Solution: 
§  Create shadow volumes 

from the shadow map 
(Billeter et al. 2010) 

§  Fast if done in vertex 
shader 

Correct air-light 
integration 

+ 



Pseudo code (Billeter et al. 2010): 
§  Render shadow map  
§  Render scene from camera 

§  Add light attenuation in the shaders 

 

Shadow-Volume Based Single Scattering 



Pseudo code (Billeter et al. 2010): 
§  Render shadow map  
§  Render scene from camera 

§  Add light attenuation in the shaders 

§  Create the light volume 
§  Render light-volume mesh to add airlight 

§  additive blending 

§  Shader computes airlight 

§  If polygon backfacing -> negate contribution 

Shadow-Volume Based Single Scattering 



Pseudo code (Billeter et al. 2010): 
§  Render shadow map  
§  Render scene from camera 

§  Add light attenuation in the shaders 

§  Create the shadow volumes 
§  Render the mesh to add airlight 

§  additive blending 

§  Shader computes airlight 

§  If polygon backfacing -> negate contribution 

Shadow-Volume Based Single Scattering 



Shadow-Volume Based Single Scattering 



Demo 



Shadow-Volume Based Single Scattering 

Videos: 



Multiple Scattering 

§  We’ve got single-
scattering  
§  real time 

§  produces quite nice results 

§  simple algorithms 

§  What do we have to do to 
add multiple scattering? 



§  Simulate light as it passes through the scene 
§  “Propagation” 

§  At every point, compute scattering: 
§  extinction (absorption + out-scattering) 

§  in-scattering 

§  We can do this in a 3D grid 

Multiple Scattering - idea 



§  Real-Time Multiple Scattering with Light Propagation 
Volumes, (Billeter et al. 2012) 
§  Extends “Light Propagation Volumes”, 

 (Kaplanyan and Dachsbacher,  
CryEngine3, 2010) 

§  Indirect illumination,  
one or multiple light bounces 

Multiple Scattering 



§  Real-Time Multiple Scattering with Light Propagation 
Volumes, (Billeter et al. 2012) 
§  Extends “Light Propagation Volumes”, 

 (Kaplanyan and Dachsbacher,  
CryEngine3, 2010) 

§  Indirect illumination,  
one or multiple light bounces 

Multiple Scattering 



§  Light Propagation Volumes: 
§  Render scene from light 

§  Inject 3D grid with radiance at  
cells containing lit surfaces 

§  Each cell stores light as SH 

§  Occluders represented by SH 

§  Iteratively propagate the light from cell to cell 

 

Multiple Scattering with LPVs 
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§  Light Propagation Volumes: 
§  Render scene from light 

§  Inject 3D grid with radiance at  
cells containing lit surfaces 

§  Each cell stores light as SH 

§  Occluders represented by SH 

§  Iteratively propagate the light from cell to cell 

§  Add multiple Scattering: 
§  Inject radiance from single scattering and propagate. 

§  Identified by shadow map 

§  Ray-march grid to visualize multiple scattering 

§  (Superimpose SV-based single scattering) 

 

Multiple Scattering with LPVs 



Light Propagation - Injection 

§  Each frame: start by 
generating an initial radiance 
distribution 

§  Inject 
§  radiance from single scattering 

§  identified by shadow map 

§  radiance from reflective 
shadow maps 

§  as in original LPV method 



Propagation Scheme 



•  Base propagation same as LPV 
 

Propagation Scheme 



•  Extinction proportional 
 to base propagation 

Propagation Scheme 



•  In-scattering proportional 
to total radiance in cell 

Propagation Scheme 



LPV Only 
Results 



Single Scattering Only 
Results 



LPV and Single Scattering LPV and Multiple Scattering 

Results 



Multiple Scattering 
Results 



Before and After 

LPV only 



Before and After 

LPV extended 
with multiple 
scattering 



Multiple Scattering 
Results 



Single Scattering: 
§  Chen et al. 2011: 

§  Textured Lights 

§  Wyman 2011: 
§  Fastest 

§  Only shadows – not unique in-scattering per ray segment 

§  Billeter et al. 2010 
§  No need for ray marching  

§  Simplest – OpenGL 2.x 

Multiple Scattering:  
§  Billeter et al. 2012 

Summary – Homogeneous Participating Media 



This slide has a 16:9 media window 

Volumetric Shadows 

THE END 


