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Introduction

Shadows give computer-generated images additional naturalness and provide the viewer
with important cues about the relative sizes and positions of the objects and light in the
scene. Realistic shadows are difficult to produce, especially within the confines of real-time
graphics, and most shadows in 3D graphics are approximations of real shadows. Two
shadow algorithms in common use today are shadow maps and shadow volumes. This
article focuses on shadow volumes, which were introduced by Frank Crow in 1977 (1).

This article provides:

o A general overview of shadow volume algorithm, and describe some of its strengths and
weaknesses.

o A detailed implementation of the shadow volumes on mainstream graphics hardware
using Microsoft DirectX”.

o A simple example of threading to improve performance.

Figure 1: A simple scene rendered with a shadow generated by a shadow volume



Figure 2: The scene rendered again with the shadow volume visible

Shadow Volume Overview

Shadows are produced when light from a light source is blocked by an object (the occluder)
before it reaches a second object (the receiver). The darkest area of the shadow on the
receiver is called the umbra. Because lights usually have a significant volume, there is an
area around the edge of the shadow where some, but not all, of the light from the light
source reaches the receiver. This area, called the penumbra, blends the edge of the shadow
to the fully lit section of the receiver. Real-time graphics relies on a number of
simplifications to the lighting system that make accurate shadows difficult. The most
significant is the point light source; point lights do not generate a penumbra on the receiver
because the light is either fully occluded or not.

Point light sources will make our calculations much easier, but they result in unrealistic
“hard” shadows.
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Figure 3: More realistic lighting uses soft shadows where the umbra blends into the lit
region of the receiver
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Figure 4: The simplified point light source results in hard shadows

The shadow volume algorithm uses the volume of space defined by the light source and an
occluder. Anything inside the shadow volume is in shadow, and anything outside of the
volume is lit. The shape of the volume is determined by the silhouette edges of the occluder
relative to the light source. The shadow volume is the collection of silhouette edges
projected away from the light to infinity.

When lighting a scene, we must first determine the silhouette edges of the occluders and
generate the appropriate shadow volumes. Once we have the volumes we must determine
what geometry is in shadow and what is not. Then we must perform the lighting
calculations.

Silhouette Edge Detection

One of the most important aspects of using shadow volumes is the choice of algorithms for
determining the silhouette edges of the occluder. Once the boundaries of the shadow
volume are known, determining the lighting of a scene is reasonably straightforward.
Silhouette edge detection algorithms vary in running time, conceptual complexity, and
robustness. When choosing an algorithm, consider the models that you will use. If the
models are simple, a simple algorithm will suffice.



For our implementation, we chose a simple algorithm that relies on a closed mesh, and each
edge in the mesh is used by exactly two faces. The algorithm does not require any
additional restrictions and runs in O(n2 Iog n) complexity.

Algorithm:
start with an empty list of silhouette edges
for each face
if the face is front facing
for each edge of the face
if the edge is in the silhouette edge list
remove the edge from the list
else
add the edge to the silhouette edge list

The algorithm simply iterates over each triangle. If the triangle faces the light, check to see
if the edges are shared with another triangle that faces the light. If an edge is not shared,
then it is a silhouette edge. The included sample code contains an implementation of the
above algorithm that generates the edge list for an ID3DXMesh using the vertex buffer and
index buffer.
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Figure 5: A silhouette edge is shared by a face that points toward the light and a face
that points away from the light

Create the Shadow Volume

Now that we know the silhouette edges of the model, we must create a new mesh for the
shadow volume. We create a new quad for each silhouette edge and use the vertex
positions. For each position in the silhouette edges, we create two vertices: one that will be
the vertex near the light source, and the other that will be the vertex projected away from
the light source. We use a texture coordinate value to pass this information to the vertex



shader. When we create the quad, we must maintain the winding order of the original mesh
so that we know if we are entering or leaving a shadow volume.

O

Figure 6: The new quad created has two new vertices that will be projected away from
the light to form the shadow polygon

Count in the Stencil Buffer

There are two ways to use the stencil buffer and shadow volumes to determine if a point is
in shadow. The simplest is the Z-Pass approach. First render the scene with only diffuse
light. Then, render the shadow volumes. When we render the shadow volumes, we update
the stencil buffer only if the shadow volume is closer than the point stored in the Z-Buffer
from the ambient render pass, and we do not update the depth buffer. We increment the
stencil buffer for each front-facing polygon, and decrement for each back-facing polygon.
Then render the scene with diffuse light, and only update the render target where the stencil
buffer is 0.



Figure 7: A simple example of the Z-Pass stencil buffer counting technique

Figure 8: The Z-pass technique is incorrect when the view is inside of a shadow volume

The basic idea of Z-Pass is make sure that a ray cast from the viewer to a point in the scene
exits as many shadow volumes as it enters before it reaches that point (2). Unfortunately, if
the view is inside of a shadow volume, because we do not keep track of entering and leaving
specific shadow volumes, the count is off by one. The Z-Fail, or Carmack’s Reverse, avoids
this problem by counting all of the shadows that are farther away. To use Z-Fail, render the



scene with ambient light. Then, without modifying the depth or color buffers, render the
shadow volume polygons, but now update the stencil buffer only when the depth test fails.
The Z-Fail technique works well, but requires that the shadow volumes are closed to
maintain the correct count in the stencil buffer. We must generate caps for the shadow
volumes to maintain the correct count in the stencil buffer for cases where the shadow
volume is clipped by the view frustum and the volume. For simple convex shapes, capping
is straightforward, but more complex shapes must be handled carefully.

Figure 9: Simple convex shadow volumes have easy capping solutions. However, these
do not apply to more complicated shapes, e.g., holes

Drawing Shadow Volumes

The code for setting up the render state to draw the shadow volume polygons is below.

/ The RenderShadowVolume technique updates the stencil buffer using the
/ Z-Pass shadow volume technique. It uses the winding order of the

/ triangles to determine the face normals and projects vertices with

/ texture coordinates greater than 1.0f away from the light source.

/ The light source is assumed have been transformed into model space.
echnique RenderShadowVolume

pass pO0




VertexShader = compile vs_2 0 VertexShadowVolume () ;
PixelShader = compile ps 2 0 PixelShadowVolume () ;

// We will render front and back facing shadow volume
// polygons in one pass. We are using the Z-pass technique
// so increment and decrement on pass, keep on fail.

StencilRef = 1;

CullMode = None; // render both front and back

TwoSidedStencilMode = true; // faces, but treat them
// differently

StencilMask = OxXFFFFFFFF;

StencilWriteMask = OxXFFFFFFFF;

StencilFunc = Always; // clockwise faces

StencilZFail = Keep;

StencilPass = Decr;

Ccw_StencilFunc = Always; // counter clockwise faces

Ccw_StencilZFail = Keep;

Ccw_StencilPass = Incr;

StencilEnable = true;

// Do not write to the frame buffer. We want to keep the color
// and the current depth values generated from the ambient color
// render step.

ColorWriteEnable = 0x0;

ZWriteEnable = false;

ZFunc = Less;

Now that we have the proper render state, we can actually draw the shadow volume
polygons. The vertex shader examines the vertices passed to it, and projects some of the
vertices away from the light source. When creating the shadow volume mesh, we marked
some of the vertices with a texture coordinate value of 0; these vertices will remain where
they are. All of the others will be transformed here.

void VertexShowShadowVolume (float4 iPosition : POSITION,
float4 iNormal : NORMAL,
float3 iShadowProject : TEXCOORDO,
out float4 oPosition : POSITION,
out float4 oColor : COLOR)

{
// just check the value stored in iShadowProject. If it is larger than
// 1.0f, it should be projected away from the light source to create the
// shadow volume polygon.

if (iShadowProject.x > 1.0f)

iPosition = iPosition
+ 500.0f * normalize(iPosition - g vLightOPos) ;

}

oPosition = mul (iPosition, g _mWorldViewProjection) ;
oColor = 1.0f;

Threading Shadow Volumes

Shadow volumes present an excellent opportunity for parallel execution. Each
occluder/light-source pair is independent of all the other pairs. The silhouette edge



detection algorithm can be executed on a separate thread from the main rendering and other
edge detection routines when the edge detection is performed on the CPU. An update
manager can monitor the relative positions of light sources and occluders and update the
shadow volumes when an occluder or light source moves. The shadow volumes are then
regenerated on a separate thread.

To get access to the information about the model that we need, we must lock the vertex
buffer and the index buffer using the LockVertexBuffer and LocklndexBuffer methods
provided by the ID3DXMesh interface. The lock method allows you to specify the type of
lock needed; here we just need a read-only lock that does not block the rendering of the
model.

To ensure that all shadow volumes are up to date for the scene and to simplify
synchronization issues, we can start threads to regenerate any necessary shadow volumes
and draw the scene with ambient light at the same time. After the first pass of rendering,
we render the shadow volumes, then, the scene is rendered again with diffuse light.

Additional Considerations

Shadow volumes provide you with more control over the shadows in the scene. Because
only the geometry we specify as an occluder can act as an occluder, we can limit the
number of occluders in a scene to help improve system performance. Unfortunately, we
must also keep track of more information about the scene, so that we can regenerate any
volumes associated with geometry or a light that has moved.

While shadow maps suffer aliasing on the shadow boundaries because the lighting is
determined in light space (a perspective projection from the light), all shadow volume
lighting is determined in view space. Visual artifacts remain a problem because the
geometry casting the shadow must be of appropriate detail or the resulting shadow volume
may appear too rough. Non-manifold, non-closed, and other inconsistencies within the
geometry may present additional visual artifacts in the rendered scene.

Figure 10: Low resolution geometry results in low resolution shadows



Because shadow volumes rely on the repeated drawing of many possibly large and
overlapping polygons that make up the volume, the fill rate of the graphics system can be
the ultimate bottleneck. (3)

Shadows are very useful in real-time graphics because they provide needed realism and
important visual cues. The shadow volume technique is particularly good because it allows
a high degree of control concerning which lights and occluders require attention. The
technique also allows for a wide range of implementations from very simple to very
sophisticated, depending on the situation. Shadow volumes also present an excellent
opportunity for parallel computation that can greatly improve performance.
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