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'Essantial to realistic and visually appealing images,

-shadows are difficull to compute in most display saviran-

| ments. This survay characterizes the various. types of
shadows. It also describes most aisking shadow algo-
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il Table 1. Common notation used in this survey,

| Symbal Definition
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! E Average number of edges per polvegon
p Number of points simulating an ex-

tended iight source

n [anear resalution ol some bollar used
i umber of primitives in the scene
MNumber of primitives in the scene !
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shadow if there exists an occloding surface betwesn
Light andd the region of interest, whether ransparant or not.

A shadow does nol necessarily look like a darkes
region: colored shadows can appear in ditferent wavs
in A scene, Forexample, let's say vou usad two diffor-
ent colored lipht sources, A region occluden from
onlv one light source by an opaque object will lie in
e shadow of this light source, Tl the color of the
second light source can influence the region, An oo-
ject can alsoact as a filter, with the color of the shadow
region depending an the wavelength spaetrum fil-
rered through the object. Moreover. diffraction of light
through a transparant ahject might provide color
within a shadow,

Lising almost any measure of the guality of an image.
the computation of shadows is essential. They rause
some of the highest intensity contrasts in images: they
provide strong clues about tha shapes. ralative posi-
tions, ana surface characieristics of the chjzcts: they
can indicate the approximate location. intensity.
shape, and size af the Light source(s); and they repre-
aent an integral part of the total etfect in architecture
with manv objects n the environment. In fact, in
some circumstances the shadows constitute the enly
components of the scene, as in shad ow-puppet the-
aler and in pin screan animation (developed by Alex-
ander Alexeiaff).

In the aonly previous comprehensive discussion of

shadow algorithmes, Crow' discussad shadow genera-
tion by classifyving the tvpe of algorithms used. He
distinguished three general categorias of shadow al
porithms, This usetul distinction has sinee inspired
many developments. However, the [ntervening vears
nave seen thoe advent of many new modeling primi-
toves and rendering technigques, Within each onsg, new
shadow algorithms have been developez,

Amanalides,” Thalmann and Thalmann,? and Foylav
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Figure 1, Hard shadows in rav tracing. Ray tracing
affers a simple technique to produce sharp shadows.
In this image, we used a single directional light
source, Nolice how the shadow of the table looks
sharp and well defined over the abjects in shadow.

el al.’ described some of the existing shadow algo-
rithms within the general context of image synthesis.
Howevar, they deall mainly with shadows created by
cpague obiects, and even within this framework their
discussion was ncomplete.

[rethris survey, we examineg the algorithms according
to the type of shadows produced: hard shadows and
saft shadows caused by opagque objects, shadows
caused by transparent chjects, and shadows causad
bv more complex modeling primitives, such as para-
metric and implicit surfaces, particle systems, vol-
ume-filling media. and surface selt-shadowing,
Within each Ivpe, we axaming algorithms as they re-

late to the specific rendenng techniques for which
they were developed. We hope that after reading this
survay, implemeantors will be aware ol nearly all the
existing shadow algerithms and will have sufficient
information 1o choose an algorithm given the 1vpe of
rendering, primitives, and ettects desired.

U course, many problems related to shadows
nol been solved {or solved wealll, With this in mind,
we have tried to identity gaps and suggest improve-

ments o known algorithms, as well as pointing out

Ve

direchons for new nnes.,
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Complexity of algorithms

As a consistent basis for comparison, all shadow
complexity order statistics assume a single light
source and polvgonal surfaces. The complexity con-
sigts mainly of three components: storage usags, pre-
processing runtime complexity, and runtime
complexity during actual rendering (referred to as
shadow rendering complexity from hers on). The stor-
age complexity is stated with respect to the total stor-
age requirements for shadow determinalion. The
runtime complexities represent the additional cost of
shadow computation over implementations that do
not compute shadows, The shadow rendering com-
plexity is also stated with respect to each pixel unless
otherwise indicated.

Mote that, in general, we give worst-case complex-
ily. Whenever practical, we also give an estimate of
average complexity, but this is risky withoul an analy-
sis of scane statistics,

Table 1 summarizes common notation used
throughout this survey.

Hard shadow generation

This section discusses shadow algorithms for hard
shadows, requiring the displav of the umbra section
alone (as illusirated in Figure 1). Calculation of hard
shadows involves only the determination of whether
or not a point in the scene lies in the shadow of
opacque objecls. This is 4 binary decision problem on
lop of the shading model. In other words, multiply a
value of ¢ither 0 or 1 by the light intensity, indicating
in shadow or not in shadow, espectively.

The domain of light sources truly generating hard
shadows is restricted to point®® and directional light
[see Figure 2).

In general, we can consider hard-shadow determi-
nation just as difficult as visibility delermination
from the eye. becavse shadow determination is visi-
hility determination with respect to the light source,
However, hard-shadow determination 1s actually sim-
pler to deal with. You do not need to calculate the
closest visible objacl; just deiernnine thae axistence of
an object between the light source and the point of
intornst.

Fake shadows

The simplast approach employs special-purpose
shadow algorithms that work anly under certain cir-
cumstances, For example, you might use a real-time
shadow gencrator that takes into account only shad-
ows projected on a floor.” Such short-cut algorithms
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Figure 2. Hard shadows.

tend to be faster computationally than “honest™ algo-
rithins [discussed in the upcoming subsections] and
can be very effective in the appropriate context, such
as video games,

Shadow generation during the scanning phase
Appel' and Bouknight and Kelley® suggested
shadow generation during the display phase using an
extended scan-line approach. During the display
phase, pulygonal houndaries are projected down onto
the scanned ohject to form shadow boundaries,
clipped within the boundaries of the scanned object,
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