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In ordinary texture map applications, the cost of examining every 
pixel in a region can be avoided by saving the texture in some 
prefiltered format such as resolution pyramids [Wi183] or summed- 
area tables [Cro84]. Because our sample transformation depends on 
the unfiltered depth values, we cannot apply any such prefiltering 
technique here. But we can limit the number of  texture pixel 
accesses in another way. By employing Monte Carlo techniques 
[Coo861, we can use a small, constant number of  samples to approxi- 
mate the result of  transforming every sample in the region. 

This can be done in one of  several ways (Figure 3): 

(a) choose samples randomly from a bounding box for the 
region; 

(b) choose samples under some distribution, such as a Gaus- 
sian, from the same bounding box; 

(c) partition the bounding box into subregions and sample 
each one with jitter; 

(d) sample only positions inside the geometric boundary of  
the region. 

Method (c), jitter sampling, approximates a Poisson disk distribution 
to produce shadows that are less noisy than those produced with 
either (a) or (b). All figures in this paper use (c), though (a) was used 
successfully in Luxo Jr. [Pix86]. Images made with (b) did not 
appear substantially different from those made with (a). We have 
not implemented (d), which is potentially more accurate, but also 
more complex and expensive. 

Increasing the size of the sample region diffuses a shadow's edge 
over a larger area, resulting in a soft shadow edge resembling a 
penumbra. Although the shadow edges produced am not true 
penumbrae (in that their sizes do not depend on the relative distances 
between objects and light source), we have nevertheless found them 
convincing enough for many applications, 

3. Implementation of the Algorithm 

We now describe in detail how percentage closer filtering can be 
used with a depth buffer to create shadows. As in Williams's origi- 
nal z-buffer algorithm, we use two passes: one to create the depth 
map for each light source; and one to render the scene, using the 
depth maps to determine portions of objects in shadow. 

3.1 First Pass: Creating the Depth Maps 

The depth map for each light source is created by computing the 
depth values for all objects in the image from the light source's point 
of  view. In the screen space of  the light, the x -  and y-coordinates 
correspond to pixel locations in the depth map, and the z -coordinate 
(in floating point) is the distance from the light in world space. We  
use the term light space to refer to these x ,  y ,  and z values. 
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a Bounding box sampled with uniform distribution. 

c Bounding box sampled with jitter. 

In practice, we use regular sampling instead of stochastic sampling 
when creating the depth maps. This is because with one sample per 
pixel and low depth map resolutions, the slight aliasing of depth 
values with regular sampling is sometimes less objectionable than 
noise with stochastic sampling. We  use a relatively course resolu- 
tion for our depth maps in order to minimize the memory require- 
ments. 

The first pass can be implemented very easily. In our rendering sys- 
tem, we only needed to make one change: instead of  computing and 
storing integer color values in a picture file, the closest z values 
(which are already being computed for l~dden surface calculations) 
must be stored in floating point in a texture file.* This change 
amounted to about 40 lines of code out of over 30,000 for the render- 
ing system as a whole. 

A depth map can be computed faster than a shaded image for several 
reasons. First, none of the shading, texturing, and lighting calcula- 
tions are needed. Second, objects (such as the ground plane) that 
never cast shadows on any other object can be ignored. Finally, 
depth maps require only one sample per pixel. 

3.2 Second Pass: Rendering the Scene 

In the second pass, the scene is rendered from the camera 's  point 
of view. Each shading calculation represents some region on a sur- 
face. Depending on the rendering system, these regions might 
represent anything from polygons coveting large areas of pixels 
(e.g., for a painter 's algorithm) to exact pixel regions (e.g., for scan- 
line methods) to tiny subpixel regions-(e.g., for micropolygons 
[CCC]). The shadow algorithm presented here is independent of the 
type of region used. 

Each region to he shaded is first mapped into light space, giving a 
region in the depth map. Percentage closer filtering is used to deter- 
mine the proportion of z values in the region of the depth map that 
are closer to the light than the surface. This gives the proportion of  
the surface in shadow over the region. This proportion is then used 
to attenuate the intensity of the light. If  several lights in a scene cast 
shadows, this process is repeated for every light. The attenuated 
intensities are then used in the shading calculations. 

One problem arises if  the transformed region lies outside the extent 
of the depth map. Generally, we use the convention that regions out- 
side the light source's field of  view are not considered to be in sha- 
dow. For directed lights the distinction is not important, since 
objects outside a l ight 's  field of  view are not illuminated by that light 
anyway. For lights that cast shadows in all directions, a more com- 
plex mapping scheme, such as spherical or cubical environment 
maps, should be used [Gre86]. 

* F o r  p ixe l s  c o n t a i n i n g  no  v i s i b l e  surface ,  a v e r y  l a rge  cons t an t  is s tored to deno te  
an infinite depth. 

b Bounding box sampled with gaussian distribution. 
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d Geometric boundary sampled with jitter. 

Figure 3. Different methods for choosing samples. 
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