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ABSTRACT

Todays graphics hardware is capable of performing a large number
of operations at very high rates. Since most of the graphics chips
are designed in a pipelined fashion, e.g. similar to the OpenGL ren-
dering pipeline, it is necessary to utilize as many processing units
as possible to achieve high-quality results while keeping the num-
ber of rendering passes needed at a minimum. In this paper we
present an algorithm that combines two well known algorithms in
a very efficient manner. One is the shadow mapping technique that
is used to compute a shadow mask to determine lit and shadowed
pixels. The second algorithm is called light mapping and is a com-
mon approach for rendering complex light effects. These two are
combined into a single texture map which we call an extended light
map. The benefit of this approach is that nearly all stages of the
graphics pipeline can be used during the shadow map generation
phase, which results in better image quality and a reduced number
of rendering passes.

INTRODUCTION

Accurate shadowing and lighting are the most important parts in
realistic image synthesis. In the field of hardware-accelerated ren-
dering, there exist various algorithms to support these kind of ef-
fects. Shadows are mostly computed using either the shadow vol-
ume (Crow 1977) or the shadow map (Williams 1978) approach.
While shadow volumes still require object space computations that
can only be performed on the host CPU, the shadow map algorithm
can be directly mapped to hardware (Segal, Korobkin, van Widen-
felt, Foran, and Haeberli 1992; Heidrich 1999; Brabec, Heidrich,

and Seidel 2000). In the case of accurate lighting, one of the com-
monly used approaches are the so called light maps. Light maps
are precomputed textures that are either directly mapped onto the
surfaces or projected into the scene, as done by (Segal, Korobkin,
van Widenfelt, Foran, and Haeberli 1992). Light mapping is mostly
used to overcome the limitations imposed by poor per-vertex light-
ing (e.g. to render high quality specular highlights on large poly-
gons) but is also suitable for special effects like simulating slide
projectors (Heidrich, Kautz, Slusallek, and Seidel 1998).

In this paper we describe a technique that combines the power
of light mapping with the traditional shadow mapping algorithm in
a very efficient way. We call this combination an extended light
map, since we add an additional shadow channel to the RGB light
map. In the following sections we describe our approach in more
detail, give some example applications and finally show some re-
sults. As an underlying graphics API we refer to the OpenGL ren-
dering pipeline (Segal and Akeley 1998; Woo, Neider, Davis, and
Shreiner 1999) and some of the extensions proposed by (NVIDIA
1999a), but it is also possible to map the algorithm to other graphics
APIs such as Microsoft’s DirectX (Microsoft 2000).

EXTENDED LIGHT MAPS

Modern graphics hardware is capable of rendering large polygonal
models with several simultaneously applied textures and lights at
real-time frame rates. However, as speed and quality increases, it
is always important to utilize as much hardware resources as pos-
sible in a single rendering pass to achieve good looking results at
high frame rates. The idea of rendering with extended light maps is
simple but very efficient: To compute shadows using the traditional
shadow map approach, one has to render the whole scene as seen
by the light source position. Normally this is done by rendering
the scene and reading back the depth buffer which is later used as a
shadow map texture. In the case of utilizing graphics hardware this
approach is far from being efficient: rendering the geometry is ex-



pensive and no lighting or texture mapping had been applied at this
time, which e.g. means that some ultra-fast T&L (transform and
lighting) circuits as well as several texturing units had been wasted.

The solution to this dilemma is simple: during shadow map gen-
eration, we also compute parts of the illumination of the frontmost
surface and combine the resulting light map with the computed
shadow map. This has the advantage that much more surface detail
can be achieved during the final rendering pass. While performing
the normal shadow mapping, which is done via projective texture
mapping, we can also apply our precomputed illumination infor-
mation to lit pixels (pixels that pass the shadow test) at nearly no
additional cost.

An extended light map is basically a two-channel 2D texture im-
age storing information as seen by a point light source. The first
channel, which we call the light channel consist of RGB triples
representing some kind of lighting information of the frontmost sur-
face (as seen from the light source). The second channel, called the
shadow channel, is used to store the depth (z value) of this front-
most surface. This channel is usually stored in the alpha channel of
the extended light map and is later used to determine which pixels
are lit and which ones are in shadow.

Shadow Channel

Our shadow mapping implementation is based on the approach
described by (Heidrich 1999) and (Brabec, Heidrich, and Seidel
2000). The main idea of this algorithm is to encode depth values
in the alpha channel of the frame buffer. During shadow map gen-
eration, the whole scene is textured using a 1D texture map repre-
senting a linear ramp between 0 and 1 in the alpha channel. With
automatic texture coordinate generation enabled, one can compute
z values in light source space and map these into the alpha channel.
This image is stored away in a 2D texture map and will later be
projected into the scene. For the final shadow test the scene is now
rendered as seen by camera, but this time with two textures enabled:
one is the 2D shadow map from the previous pass (which holds z
values of the frontmost pixels as seen by the light source), while
the other is the linear ramp 1D texture which now generates the z
values in light source space of the frontmost pixels as seen by the
camera. Using state-of-the-art graphics hardware, e.g. NVIDIA’s
register combiners (NVIDIA 1999a), the shadow test can now be
performed by subtracting these two values and using a conditional
test: a pixel is in shadow, if the camera’s z value is greater than the
corresponding shadow map entry. Otherwise the pixel can be seen
by the light source and will be lit.

Shadow Mapping using the Fog Computation

Since our main goal is to utilize as much hardware resources as
possible during the shadow map generation pass, we use a slightly
modified version of the alpha based shadow map algorithm. Instead
of using a 1D texture one could also use OpenGL’s fog computation
in order to map z values to alpha values. Fog is normally used to
fade away objects as the distance to the eye increases. To do this,
OpenGL computes the so called fog factor. Beside some expo-
nential functions, the fog factor can also be configured to decrease
linearly as the distance to the eye increases 1. In this mode, the fog
factor is computed as

f =
end− |z|

end− start
,

where end and start are user defined scalar values. Setting start
and end to the light source view’s near and far clipping plane, f

1Note that the distance is computed as the distance to the eye plane
(0, 0, 1, 0).

gives us the same linear mapping as the 1D alpha texture (beside
the fact that the mapping is now from 1 to 0 as the distance in-
creases). To avoid numerical problems we also slightly offset (bias)
the z values so that lit pixels don’t shadow themselves in the final
rendering pass. The bias is applied by simply subtracting a small
positive value (biasz) from both, the end and start value. So the
fog factor will be computed as

f =
lightfar − biasz − |z|

lightfar − lightnear

.

Instead of blending incoming fragments with this fog factor, we
directly store f in the alpha channel. Using this method, we don’t
need any texture mapping units during the generation of the alpha
shadow map.

It should be pointed out that this fog based approach can only
be applied during the shadow map generation pass. This is due
to the fact, that fog is calculated in eye space. Since we need z
values in the light source coordinate system we still have to use the
1D mapping in the final pass, because there is no way to transform
z values before the fog factor is computed. A possible extension
for future graphics hardware would be some kind of user-defined
reference plane for fog computation, so that we can perform shadow
mapping without any ”helper” textures.

Light Channel

Precomputing Illumination

One possible use of extended light maps is the precomputation of
illumination. Having z values encoded in the alpha channel, we
still have the RGB channels left to store the result of the lighting
and texturing computation. Using only ambient and diffuse illumi-
nation, we could simply enable the light source, store the result-
ing color values and map them onto the scene in the final pass.
In the case of specular reflections this would be incorrect, because
the computation of specular highlights is done using the so called
halfway vector, which is the normalized vector between viewing
and light direction. These would always be the same since we are
rendering the scene as seen by the light source. The idea is to sep-
arate the specular part from the calculation of ambient and diffuse
illumination. To get the correct halfway vector we simply use an
additional light source for the specular contribution which is placed
at the final camera position. With this setup we have just swapped
the meaning of ”viewing direction” and ”light direction” during the
light map generation step , but this swap operation has no effect on
the halfway vector anyway.

What is now incorrect is the computation of the spotlight effect
and attenuation. The spotlight effect, which describes some kind of
intensity fall off with respect to the main spotlight direction, would
now be computed using the camera’s direction. There are two solu-
tion to this problem. One would be to simply ignore the spotlight ef-
fect and have the additional light source act like a point light source,
while the other solution involves some kind of spotlight texture, as
described by (Segal, Korobkin, van Widenfelt, Foran, and Haeberli
1992). The later has the benefit, that spotlight textures are applied
on a per-pixel basis and therefore usually look much more convinc-
ing then the per-vertex spotlight effect computed by OpenGL. If a
spotlight texture is used, it should be applied to both light sources,
not only to the specular one.

To solve the problem of correct attenuation one could also use
some kind of 1D texture map, representing the combination of con-
stant, linear, and quadratic fall off, but this would probably be a
waste of resources. A cheap approximation could be achieved by
moving the specular light source along the camera direction so that
the distance to objects is nearly equal to the distance as seen by the
light source position.



Environment Mapping

The light channel could also be used to map all kinds of reflections
onto the frontmost surfaces. OpenGL supports various methods for
computing texture coordinates suitable for environment mapping.
Nearly all of the them are calculated using the reflection vector

r = u − 2nn
T
u

which is based on the vector u pointing from the origin to the ver-
tex and the current normal vector n. If we want to use these texture
coordinates during the light channel generation phase, we have to
ensure that the reflection vectors are calculated in the camera’s eye
space, not in light source space. We can achieve this using a ma-
trix setup that is normally a ”don’t do” in OpenGL programming.
For the actual viewing matrix, we use the camera viewing matrix.
This yields correct eye space coordinates during the texture gener-
ation phase. For the projection matrix, we concatenate the light’s
projection and viewing matrix and also multiply the inverse of the
camera’s viewing matrix to the right. So the setup is something like

Viewing = Cview

Projection = LprojLviewC
−1
view .

This enables us to render the scene from the light source view, but
with all eye space computations done in the camera’s eye space,
which is important for proper calculation of texture coordinates
used for environment mapping. One drawback of this approach
is that also the fog computation or the 1D ramp texture used for
shadow testing will no longer be performed in light source space.
So we have to be careful that the coordinate system used during
the generation of the shadow channel is somehow compatible to the
one used in the final shadow test phase.

RESULTS

We have implemented the approaches described in this paper us-
ing a standard PC with a NVIDIA GeForce2 GTS 32MB graphics
card. This card is able to perform up to two texturing steps si-
multaneously and does also support the NVIDIA register combiner
extension (NVIDIA 1999a).

Figure 1 shows the result of using two extended light maps to
illuminate a given scene. During the generation phase, lighting and
texturing is computed and stored away in the light channel of the
extended light map. In the final rendering pass, only geometry with
no additional lighting or texturing is rendered, so every surface de-
tail is part of the extended light maps. Even at very high resolution
(1024×1024 pixels for the extended light maps) the scene can still
be rendered at real-time frame rates on a NVIDIA GeForce2 GTS.
Rendering this scene requires four passes in total (two for the gen-
eration of the extended light maps plus two for the final image).

In Figure 2 the light channel is used to perform some kind of
environment mapping for the sphere in the center of the room. This
scene uses three passes in total, one for the generation of the ex-
tended light map (left), one for normal lighting and object textures
(center) plus one final pass to apply the extended light map (right).
Reflections are rendered using a precomputed cube map (NVIDIA
1999b) where the six faces correspond to the wall, ceiling and floor
textures.

CONCLUSIONS

In this paper we presented a way of combining shadow maps with
light maps. The benefit of this approach is that additional hardware
resources are available during the shadow mapping step. These ad-
ditional resources can be used to achieve better image quality while

reducing the number of rendering passes normally needed for these
kind of effects. It has to be pointed out that this precomputed light
channel will only be applied to lit pixels, since information is only
available for pixels seen by the light source. So in the case of en-
vironment mapping it is not possible to have reflections appear in
shadowed regions. Another problem related to accurate shadowing
is the resolution and depth of the frame buffer. In our implementa-
tion the maximal size of an extended light map was 1024 × 1024

pixels. This is enough for most applications but in order to achieve
high quality images it would be necessary to have some kind of fast
high resolution offscreen buffers or the ability to render directly into
textures, which is currently only possible on some SGI workstations
and on a few PC graphics cards in addition with Microsoft’s Di-
rectX. The frame buffer’s depth is also important to achieve reason-
able shadow quality for highly detailed scenes. Most of the graphics
hardware available today is still using 8 bits for each color channel.
This results in a very poor sampling quality of depth values, but
hopefully this will improve in the next generation of graphic cards.
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Figure 1: A scene illuminated by two extended light maps. Left: light and shadow channels of the two extended light maps. Right: final
image rendered from camera position.

Figure 2: A simple scene with one extended light map used for environment mapping. Left: light and shadow channel of the extended light
map. Center: scene rendered without the extended light map. Right: scene with the extended light map applied for shadows and environment
mapping.


