
Soft Planar Shadows Using Plateaus
Eric Haines

Auto desk, Inc.
Ithaca, New York

erich@acm.org
June 18, 2001

Abstract: This paper presents an algorithm for rapidly creating and rendering soft shadows on a plane. It has the
advantagesof rapid generation on current hardware, as well as high quality and a realistic feel on a perceptual
level. The algorithm renders the soft shadow to a texture. It beginswith a hard drop shadow, then usesthe
object's silhouette edgesto generatepenumbrae in a single pass. Though the shadows generatedare physically
inaccurate, this technique yields penumbrae that are smooth and perceptually convincing.

1 In tro duction

Projective shadow techniques are commonly usedin real-time rendering. Blinn [1] discusseshow to
generateand render shadows by projecting the shadow casting object's polygons onto a ground plane. A
related, more generalmethod is to generatea texture containing the shadow cast, which is then projected
onto the objects receiving the shadow [7, 8, 11].

One drawback of thesemethods is that the shadows have a hard edge,i.e. there are no penumbrae. This
is often perceived as being unrealistic and prone to misinterpretation. A number of techniques have been
developed to synthesizepenumbrae for projective shadows. One method is to blur the shadow texture
generatedas a post-process.Soler and Sillion [12] improve upon this technique by using the shape of the
light itself as the ¯ltering kernel, so giving a variety of penumbrae types. However, such blurring is
uniform over the shadow edges,which is valid only when the edgesof the object casting the shadow are
all the samedistance from the shadow receiver. In reality, if an object touchesthe ground, the penumbra
should be non-existent at this point, and widen out with the object's height (seeFigure 1).

Heckbert and Herf [5, 6] take the approach of rendering the hard edgedplanar projection of the shadow
caster a large number of times, sampling the area light sourceacrossits surface. The averageof these
shadows givesa smooth, realistic penumbra. The main drawback of this method is that a large number of
passes(t ypically 16 or more) are neededfor smooth penumbrae; too few, and the hard-edgedshadow
edgesdo not blend, creating distracting artifacts. Gooch et al. [4] ameliorate theseartifacts by generating
a seriesof concentric shadows. However, multiple passesare still needed,sharp shadow boundariesare
still present, and visibly incorrect penumbrae are generatedwhere the object touchesthe ground.

2 Algorithm

The algorithm presented here givespenumbrae in a single passthat are perceptually acceptable. The
idea is to cast a hard drop shadow onto a texture, then create an approximation of the penumbra along
the silhouette edges.The resulting image is usedas a texture on the ground plane. This algorithm was
inspired by the work of Parker et al. [9], in which the authors useray tracing for shadow testing and
extend each shadowing object's edgesoutwards asgradients, then usethe darkest shadowing object found.

Figure 1 shows the basic idea behind the algorithm. The vertices and edgesof the object are cast onto
the ground plane. The interior of the projected object is renderedin the darkest color, as is normally



done when casting a hard shadow. Where a silhouette vertex or edgelands is where the soft shadow is
painted onto the ground plane. A vertex causesa radial gradient circle to be painted, with the vertex
location being the darkest shadeand going to white at the circle's edge. The radius of the circle is
dependent on the height of the casting vertex above the ground plane. Similarly, each silhouette edge
createsa quadrilateral or triangle, which is shadedfrom the darkest shadealong the hard shadow edge
and fading to white along the other edge.

Figure 1: The object's verticesand edgesare projected onto the ground. Silhouette vertices form
radial gradient circlesand edgesform gradient quadrilaterals or triangles.

If thesecircles and polygonswere drawn without regardsto each other the results would be unconvincing
at best, with light and dark areasintermingling at random. To implement Parker's idea of rendering the
darkest shadowing object, the two-dimensionalcircle and polygonal painting primitiv esare turned into
three-dimensionalconesand hyperbolic sheets,with the darknessof the object determining its closeness
in the Z -bu®er. In this way when two drawing primitiv esoverlap the darkest one will always then be the
one seen.

The algorithm consistsof drawing 3D primitiv es to form a texture approximating the soft shadow. First
the frame bu®erwhere the shadow texture image will be formed is clearedto white, and the Z -bu®er
clearedas usual. The view for this shadow texture is set to look straight down onto the ground plane
(i.e. a plan view).

Next, shadow casting objects in the sceneare projected onto the ground plane to create the umbra. In
addition to rendering the projected polygons to the color bu®er in the darkest desiredshadow color, these
polygons are also renderedat a depth equal to the hither plane and their z-depths are stored in the
Z -bu®er. In this way they are the closestobjects and so will cover any penumbra-forming objects,
thereby ensuring that the darkest shadowing object is visible in the texture.

All silhouette edgesof the shadow casterscomparedto the light sourceare then found. There are a
variety of strategiesfor doing this process[10]. A simple schemeis to createa list of edgesfor each shadow
casting object, with each edgepointing to the two polygons it shares.Each edgeis then comparedto the
light sourceand if one polygon facesthe light and the other facesaway, then the edgeis a silhouette
edge. The silhouette edgesare not neededin any particular order, so the processingcost is minimal.



The heart of the algorithm is drawing the penumbrae. For each projected silhouette-edgevertex, draw a
conewith the tip pointing directly toward the viewer. The apex of the coneis at the hither, at the
vertex's projected location on the texture. The baseof the coneis centered around this shadow-cast
location, and at the yon plane. The radius of the coneis proportional to the height of the original vertex
above the ground. The coneis shadedby using a color per vertex: the apex is black and the baseis white.

For each edge,the two conesformed by the edge'svertices are connectedby a sheetat their outer
tangents. The sheet is a °at quadrilateral when the coneshave the sameradius (i.e. are at the same
height above the ground). When the radii di®er, the quadrilateral's tangent edgesare not in the same
plane and the sheet formed is a hyperboloid. Each sheet is renderedwith its closestedge(on the hither)
as black and its far edge(on the yon) as white. Figure 2 shows the objects formed and rendered.

Figure 2: To ensurethat the darkest gradient color covers overlapping lighter colors, the gradient
circles are turned into conesand the quadrilaterals into 3D sheets. The upper left imageshows a
side view of the 3D object formed to createthe shadow texture. The hard drop shadow forms the
plateau's top, with conesand sheetsforming the penumbra sides.The upper right imageshows the
gradient coloration applied to the plateau object's primitiv es. In the lower left this plateau object
is then renderedfrom above, creating a soft shadow texture. The lower right is the ¯nal result,
madeby applying the shadow texture to the ground plane.

The resulting image is a reasonableapproximation of a penumbra for the object (seeFigure 3). This
grayscaletexture can be usedas a projected lightmap to modify the illumination on the receiving



surfaces.Shadow receivers do not have to be planar, but the further removed they are from the target
plane usedto generatethe shadow texture, the lessconvincing the e®ect.

Figure 3: On the left is a hard shadow, the middle shows the e®ectof a small arealight source,the
right a larger light source.

3 Implemen tation

A few details are worth mentioning in controlling and implementing this algorithm on graphics hardware.

The radii of the conesgenerateddepend on the height of the vertex above the ground plane times some
constant factor. This factor is proportional to the sizeof the area light source. In most of the imagesin
this paper a value of 0.1 was used, i.e. the penumbra's width is one tenth of the height of the object
casting the shadow.

The basic algorithm makesthe assumption that the light sourceis not near the horizon. As a light nears
the horizon the penumbrae will becomemore non-uniform, i.e. they will becomeelongated. This
stretching can be simulated by using and connecting coneswith elliptical bases,with the major axis of
the ellipse pointing towards the light.

Plateau objects do not have to be renderedto extend from the hither to yon; somerenderersmay not
properly handle such large changesin z-depth. In reality, the number of bits neededfor z-depths doesnot
have to exceedthe number of gray levels displayable, sincethe depths are only usedto di®erentiate these
levels.

Sinceeach silhouette edgeis processedseparately, a sharedvertex would normally generateits cone
twice. A mailbox schemecan be usedto render the conefor each silhouette vertex only once. When an
edgegeneratestwo conesand a sheet,each vertex record usedstores the current frame number. If
another silhouette edgeis encountered that would re-render one of thesevertices, the vertex can be
skipped if the current frame number is equal to its stored frame number.

Silhouette edgeswhich are fully inside the hard shadow could be discarded,as they have no e®ecton the
result. That is, only silhouette edgeswhich mark a true, visible shadow boundary are neededby the
algorithm. However, such edgesare usually more e®ort than they are worth to detect; it is simpler to let
all silhouette edgescreate conesand sheets.Simpler yet, all polygons (or, somewhatmore e±ciently , all
polygons facing the light) in a shadow caster could be usedto generateconesand the two sheetsjoining



the cones.While ine±cient, this method has the advantage of needingno model connectivity information
nor silhouette testing whatsoever.

Conversely, if full connectivity information is available, vertex conescould be trimmed in shape. By
knowing the two silhouette edgessharing a vertex, someor all of the vertex cone'striangular facesare
hidden and so do not needto be generated. For some(but not all) concave anglesthe coneis entirely
hidden by the two edgesheetsconnectedto it.

Sheetsare generatedby connecting two conesat their tangents. Thesetangent edgesare easyto ¯nd
when the coneshave the sameradius: the ¯rst vertex is at the tip of the cone,and the secondvertex is
on the base'sedgeat a point on a line perpendicular to the silhouette edge. When the coneradii di®er,
the tangent line betweenthe two basecircles is computed and the points usedto generatethe tangent
edges[3]. SeeFigure 4.
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Figure 4: Sheet formation. If the coneshave the sameradius (i.e. the vertices are at the same
height above the plane), the sheet1{2{3{4 is formedby generatingpoints along linesperpendicular
to the original edge1{4. If the radii di®er, the sheetedges4{5{6{7 are generatedat the tangent
points for line 5{6.

If only two triangles are usedto render a hyperboloid sheet, the penumbra can contain artifacts. It is
worth tessellating such sheetswhen the radii di®er by a noticeable factor. In Figure 2 the right side of
the plateau (shown in the left images)corresponds with the penumbra formed by the right edgeof the
standing slab. This sheet is tessellatedin order to avoid warping artifacts due to Gouraud
interpolation [13]. Such sheetsare a type of Coons surface,bounded and de¯ned by four straight lines.
The surfaceis tessellatedby linearly interpolating along each axis and generating the grid points.

A number of techniques can be usedto shadethe gradient polygons. Using a color per vertex is one
method. Another is to turn linear fog on, going from darkest gray for the objects at the hither to full
white at the yon. A third is to usethe Z -bu®erdepth valuesdirectly as grayscalecolor. A fourth method
is to apply a 1D grayscaletexture to the plateau object. This last method allows other fallo® patterns to
be usedin the penumbra. As Parker et al. [9] note, the intensity gradient of the penumbra for a disk area
light is sinusoidal, not linear. So, by using a texture map which translates the height of plateau surfaces
into a sine curve fallo®, a more realistic penumbra can be achieved, while also avoiding Mach banding at
the penumbra's borders. SeeFigure 5.

For simplicit y, a projected shadow vertex is given a circular projection. Similar to Soler and Sillion's use
of di®erent ¯ltering kernelsto represent di®erent light shapes[12], di®erent geometric projectors might be
usedhere. For example, instead of creating cones,pyramidal shapeswith rounded cornersmight be used
as a basis to represent rectangular area lights, or lozengeshapesmight represent linear lights such as
°uorescent tubes. No experiments have beendone with such variants at this time, so it is unclear



Figure 5: On the left the penumbra is formedwith a linear gradient. The middle shows a sinusoidal
drop o®. On the right is a Heckbert and Herf style rendering for comparison.

whether this is a viable approach.

4 Analysis

The major drawback of the algorithm is that shadows always have fully dark umbra regions,similar to
Parker et al. [9]. Each object will cast a hard shadow umbra, no matter how far it is from the ground
plane. Using a proper sinusoidal fallo® has the e®ectof making the umbra appear even larger overall (see
Figure 5). Another artifact is that where silhouette edgesmeet to form a concavit y there is a sharp,
unnatural changein the penumbra (seeFigure 3).

Figure 6: Plateau shadows on the left, Heckbert and Herf shadows on the right. A Monte-Carlo
sampleddisk area light sourceusing 256shadow passeswas usedfor Heckbert and Herf.

Figure 6 shows comparableviews of the samesceneusing plateaus and Heckbert and Herf's scheme. The
image on the right is more physically correct and shows where the plateau schemeis a poor match. There
are still someoverlap artifacts visible when using the Heckbert and Herf algorithm, even with 256 passes
(seethe imageson the web site).



5 Conclusions

There are a number of advantagesof the plateau algorithm over other real-time rendering shadow
techniques. The penumbra correctly varies with the object's distance from the plane, while creating no
noise,Moir¶e, or overlap artifacts. Umbrae are larger than is physically correct, but overall the e®ectis
perceptually convincing. The algorithm itself e±ciently usesgraphics hardware and costs relatively little
extra time.
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