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Abstract

Generating soft shadows quickly is difficuli. Few techniques have emough flexibility to imteractively render soft
shadows in scenes with arbitrarily complex occluders and receivers. This paper infroduces the penumbra map,
which extends current shadow map techniques fo inferactively approximate soff shadows. Using object silhoueite
edges, as seen from the cemter of an area light, a map i generated containing approximate permumbral regions.
Rendering requires two lookups, one into each the pemmbra and shadow maps. Peruombra maps allow arbitrary
dynamic models to easily shadow themselves and other nearby complex objects with plausible perumbrae.

Categories and Subject Descriptors (according to ACN CCE):

[33 [Computer Graphics]: PictureImage

Generation—EBiimap and framebuffer operations, 1.3.7 [Computer Graphics]: Three-Dimenzicnal Graphics and

Realism—{elor, shadmg, shadowing, and texture
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1. Introduction

Shadows provide cues to important spatial relationships. By
changing shadow size, position, of onentation m an image,
an object can appear to chanpe size or location®!. Smmlarly,
soft shadows give contact cues. As an occluder approaches
a shadowed object, its soft shadow becomes sharper When
objects touch the shadow 15 completely hard.

Many recent mteractive applications have incorperated
real-time shadows. Generally, theze applications uze shadow
volumes®, shadow maps™, or related techmiques. Thesze
methods uze point hight sources which only cast hard shad-
ows. Since real world lights oecupy not a point but some
finite area_ realistic images require zoft shadows. Thus, as
mteractive graphics systems become more realishc, methods
for quckly rendering soft shadows are needed.

Shadows consist of two parts, an umbra and a pernumbra.
Umbral regions occur where a light 13 completely occluded
from view and penumbrae occur when a light 13 parfially
vizible. Unfil very recently the only techmiques to compute
theze regions imvelved erther evaluating complex visibility
funchionz'" or merging hard shadows rendered from van-
ous points on the lhight''. Evaluating visibility 13 slow, and
sampling techmques produce banding artifacts unless many
samples are used. Other approximations have emerged, but
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most do not allow dynamically moving objects to shadow
arbiiTary recervers.

We miroduce the penumbra map, which allows arbi-
trary polveonal objects to dvnamically cast approximate
soft shadows onto themselves and other arbitrary objects.
A penumbra map augments a standard shadow map with
penumbral intensity information. Our shadows (zee Fig-
ure 1) harden when cbjects touch, avoid banding artifacts in-
herent in sampling schemes, and are generated interactively
with commodity graphics hardware. Additionally, pemm-
bra maps can leverage existing research on shadow maps
(e_g. perspective shadow maps!* or adaptive shadow maps®
to help reduce shadow aliasing). On the other hand, ocur ap-
proach breaks down when the umbra region sigmificantly de-
creases or dizappears. This happens for very large area hght
zources or as an occluder moves away from the objects it
shadows.

The next section describes related work followed by a diz-
cussion of our algonithm m zechon 5. Sechion 4 discusses
some implementation specifics and cuthnes the limitations
of our technique. Secticn 5 presents our results, after which
we conclude.



Wimnan and Harnsen / Pevaombra Maps

Figure 1: With iwo penumbra maps, this scene runs af 11
bz for 1024x1024 images (lefi). Compare to shadow maps
(right) which orly render hard shadows.

2. Previous Work

This section provides an overview of previous work in ren-
denng interactive shadows. As complete coverage of other
shadow techniques 1= beyond the scope of this paper, refer
to Woo ef al 2 and Akenine-Méller and Haines* for a more
complete review.

Eesearchers have proposed soft shadow techniques which
run quickly, but do not handle dynamic zcenes mieractvely.
For mstance, Soler and Sillion"™ comvolve images of hard
shadows and the light source to approximate soft shadows
for nearly parallel configurations. Stark and Riesenfeld-"
uze vertex fracing to compute exact shadows for polygo-
nal scenes. Various backprojection techniques” can gener-
ate soft shadows via discomtimuty meshing. Usmg layered
depth mages' allows rendering soft shadows mteractrvity;
but moving hights or objects requires costly recomputation.

Parker ef al''* use a point hght source and a “soft-edzed
object” to rayirace soft shadows using only a smgle sam-
ple. They created this technique for mteractive raytracing,
limrting use to apphcations with significant computational
TEZ0UICes.

The two most common techmques for real-time shad-
ows are shadow volumes and shadow mapping. Shadow

volumes® create a polygenal shadow model based on object

silhouettes as seen from the light Heidmann' mmplements
thiz technique in hardware using a stencil buffer Shadow
mapping- renders the hight’s view of a scene info a depth
map. When rendering, each fragment’s depth 1= compared to
the depth map to determine itz visibility from the light. Segal
et al.'" show a hardware implementation of shadow maps.
As uzed today, shadow volumes and shadow mapping

only allow hard shadows. However, various researchers have
propesed extensions which allow them to render soft shad-

ows In cerfain cazes. Reeves ef al'" mitoduce percem-
age closer filtering, which reduces ahasing by blurring the
shadow map. This blurming can give the impression of softer
shadows. Headrich ef al'? use the two end pointz of a lin-
ear light fo compute a non-bmary visibility map of a scene,
allowmng for soft shadows. However, computing a visibility
map can take a couple zeconds.

Hames* presents a technique to render a shadow texture
on a receving plane. He suggests approximating umbral re-
grons using standard hard shadow techniques and extending
these regions with an approximate penumbra. These penum-
brae are computed uzmg the following process (zee Fig-
ure ). From the center of the hight object silhouettes are
found and a hard shadow 13 rendered onto the texiure plane.
Next, through each silhouette vertex a cone 1s drawn with
the tip at the vertex and the base at the plane Fmally, hy-
perboloid sheets are drawm conmecting each zilhouette edge
and the adjacent cones. The radn of the cones are based
cn the distance between the silhouette and the plane, and
the color rendered in the shadow texture ranges from black
(fully shadowed) to white (fully illumimnated) as the cones
and sheets approach the plane.

Figure 2: Haines generates soft shadows by (legft) rendering
a hard shadow, (middle) rendering cones at each silhoustte
vertex, and (right) rendering sheets connecting the cones.

Akenme-Moller and Assarsson” extend the shadow vol-
ume technique using a method similar to Hames. Instead
of computing a shadow sheet at each silhouette edge, they
generate a perumbra wedge conzsisting of four planar sides.
A per-fragment program renders these wedges to a hght
buffer, which can be used to render the zcene with vanous
shadow intensities. To get sufficient intensity gradations in
their penumbrae, however, they need a 16-bit stencil buffer
for use as a hght buffer Such stencil buffers are not aval-
able on current generations of graphics cards, though the
functionality can probably be emulated. Addifionally, they
are limited to cccluders whose silhouettes form closed loops,
with exactly two silhoueite edpes per vertex. Arbitrary, non-
clozed objects can have more complex silhouette behavior
We found that vertices with three or four adjacent silhou-
ettes edpes are not uncommen 1n fypical models, and some
patholopical vertices can have up to eight.

Brabec and Seidel® approximate soft shadows using a sin-
gle depth map. They transform an eye-szpace coordmate fo
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light-space using the standard shadow map technmique, then
zearch a neighberhood around the transformed point to find
nearby objects which may parhally occlude the hight This
technique can generate approximate soft shadows quckly,
but since it uses object IDs, soft self shadowing 1s not possi-
ble. Additicnally, the neighberhood search may not be plau-
zsible for high rezolution depth maps.

3. Penumbra Maps

As people are often peor judges of soft shadow shape*:,
plausible soft shadows should suffice In mmteractrve emvi-
ronments. Hames™ shadow plateaus give compelling shad-
ows quckly enough to use with dynamic occluders, but lack
the ability to shadow arbrfrary surfaces. The penumbra map
techmque draws heavily from this work

Two observaions allow us to develop an algomthm to
shadow arbitrary surfaces First, a shadow map can easily
create the hard shadow used to approximate an umbra Sec-
ond, if one assumes this hard shadow approximates the um-
bra, then the entire penumbra 15 visible from the point on the
light uzed for the hard shadow. This allows the penumbra in-
formation to be stored in a zingle texture we call the penuom-
bra map. This texture stores the penumbral intensity on the
foremost polvgons vizible from the hight, just as a shadow
map stores depth informafion about these surfaces. These
obzervations led to similar, concurrent work by Chan and
Durand®, allowing them to render approximate soft shadows
using new geometnc primitives called smoothies.

Renderng with penumbra maps 1z a three-pass process.
The first pass renders a standard shadow map from the view-

point of a pomt light source at the approximate center of the

light. The second pass renders the penumbra map. The third

pass combines depth information from the shadow map and
miensity mfcrmation from the penumbra map fo render the
final image.

Let ¥V = {v;,»,...} and £ = {e1,e2,...} be the set of
silhouette vertices and edges, as seen from the hight. Let I,
be the hight radms, Zy, the depth value of vertex v; from the
light, and Z,,. be the distance to the light’s far plane. Then,
to generate a penumbra map (such as m Figure 3):

e Clear the penumbra map to white.

e Find V' and £ for the current light.

e Vv; € V, draw a cone with tip at v; and base at the far
plane (zee Figure 4). The cone radius Cr, {E-F”ELE‘-'H".
We subdnnde each cone mte a number of tnangles with
one vertex at v; and two on the far plane.

e Ve; ¢ £ draw a sheet connecting adjacent cones. Depend-
ing on the cone radi, thiz quad may be non-planar We
subdivide extremely non-planar quads to avoid artifacts.

Each pixel in the penumbra map comrespends to a pixel
m the shadow map. Each perumbra map pixel stores the
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Figure }: An example shadow map (top lefi), corresponding
penumbra map (top right), and the final rendered resull
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Figure 4: Each cone s tip is located af a vertex v; with the
base located ot the far plane (Jeff). Lsing simple geometry,
we compute the cone radius Cr,. Each sheet (right) commecis
two adiacent cones.

shadow mtensity at the comesponding surface in the shadow
map. A fragment program applied to the penumbra sheets
and cones computes this mtensity uzing the simple geometry
shown in Figure 5. The 1dea 13 that by using 7y | the depth of
the current cone or sheet fragment £ and depth of the cor-
responding shadow map pixel Zp, we can compute the light
mienzity at pomnt P2 Equation 1 specifies this computation.
_Zp—ZF  Ir -y o
.EP == E'r_. E P — E'l,',

We compute Zy, on the CPU on a per-vertex basiz. For cones
Zv, 15 constant, and for sheefs we use the rastenzer to mter-
polate between the Z,; values of the two adjacent cones. Zp
can be computed by referencing the shadow map, and Zr 13
automatically computed by the rasterizer when processing
fragment F_
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