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Abstract

In computer graphics, silhouette finding and rendering has a central role in a growing
number of applications. The silhouette is the simplest form of line art and is used in
cartoons, technical illustrations, architectural design and medical atlases. In non-
photorealistic rendering (NPR), complex models and scenes are rendered as simple line
drawings by rendering silhouette edges.

In addition to NPR, silhouettes are advantageous in realistic rendering and in interactive
techniques. Sander et al. explain that high polygon count models can be rendered at
interactive rates by clipping the polygons of a coarse geometric approximation of a model
along the silhouette of the original model. Hertzmann and Zorin have shown that
silhouettes can be used as an efficient means to calculate shadow volumes. Haines
demonstrates an algorithm using silhouettes for rapidly creating and rendering soft
shadows on a plane. Johnson and Cohen show that haptic rendering can be facilitated
using silhouette information. Some authors,] have described the use of silhouettes in
CAD/CAM applications. Systems have also been built which use silhouettes to aid in
modeling and motion capture tasks.

The silhouette set of a model can either be computed in object space or in screen space.
Object space algorithms involve computations in three dimensions and produce a list of
silhouette edges or curves for a given viewpoint. Screen space algorithms usually involve
image processing techniques and are useful if rendering silhouettes is the only goal.
Additional important feature lines do exist for three dimensional models. These lines
include; texture boundaries, creases, and object boundaries. These additional feature lines
have the convenient property of being view independent, and can therefore be completely
specified prior to runtime.

This lecture examines both object space and image space silhouette extraction algorithms.
The algorithms are compared in terms of code complexity, necessary system resources,
and run time performance on a variety of polygonal models. The goal of this lecture is to
become an informative source for programmers making a choice between these
algorithms and methods.
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[. Object Space Silhouette Algorithms

II.

a)
b)

c)

d)

g)

Brute Force -- Iterate through each edge in a polygonal model and test
whether each edge is a silhouette edge.

Edge Buffer -- Using the "'Edge Buffer" data structure of Buchanan and
Sousa to iterate over facets instead of edges.

Probabilistic -- An edge tracing method where a finite number of "“seed"
edges are chosen of reach viewpoint based on a measure of the likelihood that
the "“seed" edges are silhouettes.

Gauss Map Arc Hierarchy -- The angles of arcs between front and back
facing polygons are stored in a tree structure.

Normal Cone Hierarchy -- Polygon normals are grouped into cones and
these cones are stored in a tree structure

Implicit Surfaces -- A silhouette tracing method where points on the
silhouette curve are found using "ray tests". The silhouette curve is then
traced along the surface in the direction of the view plane projection of the
gradient.

NURBS Surfaces -- Silhouette curves on a model are found by first using a
"marching cube" algorithm to find surface patches which the silhouette curve
passes through. Silhouette curves are then interpolated from the entry and exit
points of the patch.

Image Space Silhouette Algorithms

a)

b)

c)

d)

Two Pass Methods -- Back facing polygons are rendered first with either
their depth decreased or their field of view narrowed. Front facing polygons
are then rendered on top.

Environment Map -- Silhouette lines are added to a shading environment
map as a preprocess.

One Pass Method -- During a preprocess phase tow cube maps are created,
one of surface normals and one of eye linear maps. At runtime per pixel dot
products are computed yielding silhouettes.

Model Augmentation -- A second polygonal model is created with
degenerate quads, the quads have no height, positioned normal to the surface
at each edge of the model. At runtime each edge is checked to see if it is a
silhouette. If an edge is a silhouette the corresponding quad is made non-
degenerate i.e. the quad is given height.

Depth Discontinuity Methods -- Pixel depth is compared on a per pixel
basis, if the depth difference between two pixels is above a user defined
tolerance one of the pixels is colored black.
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1 Introduction and Background

The silhouette is the simplest form of line art and is used in cartoons, technical illustrations, architectural design
and medical atlases[14]. In non-photorealistic rendering (NPR), complex models and scenes are rendered as simple
line drawings by rendering silhouette edges. Lake et al. present interactive methods to emulate cartoons and pencil
sketching[20]. Gooch et al. built a system to interactively display technical drawings[12]. Rheingans and Ebert and
Lum and Ma have built a NPR volume visualization systems which use silhouettes to emphasize key data in volume
renderings[22, 28].

In addition to NPR, silhouettes are advantageous in realistic rendering and in interactive techniques. Sander et
al. explain that high polygon count models can be rendered at interactive rates by clipping the polygons of a coarse
geometric approximation of a model along the silhouette of the original model[29]. Hertzmann and Zorin have
shown that silhouettes can be used as an efficient means to calculate shadow volumes[14]. Haines demonstrates ar
algorithm using silhouettes for rapidly creating and rendering soft shadows on a plane[13]. Johnson and Cohen show
that haptic rendering can be facilitated using silhouette information[18]. Some authors,[4, 17] have described the use
of silhouettes in CAD/CAM applications. Systems have also been built which use silhouettes to aid in modeling and
motion capture tasks[2, 10, 21].

The silhouette set of a model can either be computed in object space or in screen space. Object space algorithms
involve computations in three dimensions and produce a list of silhouette edges or curves for a given viewpoint.
Screen space algorithms usually involve image processing techniques and are useful if rendering silhouettes is the
only goal.

2 Definition of a Silhouette

Given E(u,v) as the eye vector, a point on a surfade:, v) with surface normalV (u, v) is a silhouette point if
E(u,v)-N(u,v) =0, thatis, the angle betweé{u, v) andN (u, v) is 90 degrees. This relationship is demonstrated
in Figure 2. This definition includes internal silhouettes as well as the object’s outline, or halo. It is important to
note that the silhouette set of an object is view dependent, that is the edges of a model that are silhouettes change
based on the point from which the object is viewed.

Additional important feature lines exist for three dimensional models. These lines include; texture boundaries,
creases, and object boundaries. These additional feature curves are view independent, and can therefore be com:
pletely specified prior to runtime. In this work we evaluate only runtime silhouette extraction algorithms.

3 Silhouettes for Polygonal Models

The silhouette set for a polygonal model is defined to be all edges in the model which are shared by both a front-
facing and a back-facing polygon, as illustrated in Figure 1.

For uniformity throughout this work we assume that polygon normals point outward from surfaces. This assump-
tion yields the following:

if N-E < 0then the polygon is front-facing
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Figure 1: 2-D silhouette example for a polygonal surface.

if N - E > 0 then the polygon is back-facing

if N - E = 0 then the polygon is perpendicular to the view direction

4 Object Space Silhouette Algorithms

1. Brute Force — Iterate through each edge in a polygonal model and test whether each edge is a silhouette edge.

2. Edge Buffer — Using the “Edge Buffer” data structure of Buchanan and Sousa[3] to iterate over facets instead
of edges.

3. Probabilistic — An edge tracing method where a finite number of “seed” edges are chosen of reach viewpoint
based on a measure of the likelihood that the “seed” edges are silhouettes[23].

4. Gauss Map Arc Hierarchy — The angles of arcs between front and back facing polygons are stored in a tree
structure[1, 12].

5. Normal Cone Hierarchy — Polygon normals are grouped into cones and these cones are stored in a tree struc-
ture[14, 18, 25, 29] .

6. Implicit Surfaces — A silhouette tracing method where points on the silhouette curve are found using "ray
tests”. The silhouette curve is then traced along the surface in the direction of the view plane projection of the
gradient[6].

7. NURBS Surfaces — Silhouette curves on a model are found by first using a "marching cube” algorithm to find
surface patches which the silhouette curve passes through. Silhouette curves are then interpolated from the
entry and exit points of the patch[7, 11].

4.1 Brute Force

The brute force method of silhouette extraction requires testing each edge in the polygonal mesh sequentially to
verify whether or not it is a silhouette. One needs to create a data structure which holds the information about an
edge and contains pointers to the normal vectors of both polygons associated with that edge. Then create an edge list
using a static array of these edge data structures. At runtime, for every frame, traverse the edge list. Each polygon
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Figure 2: 2-D silhouette example for a smooth surface.

adjacent to the current edge is tested to determine whether it is front-facing or back-facing with respect to the current
eye point. If one polygon is front-facing and the other back-facing a silhouette is rendered.

There is a steep dropoff initially due to cache performance, then the brute-force silhouette method’s runtime
complexity scales linearly with the number of edges. Because of the simplicity of the brute force method, it is easy
to implement using a single iterative loop, thus eliminating any function call overhead.

4.2 Edge Buffer

Instead of iterating over each edge and testing both adjacent polygon normals for front/back facing, the Edge Buffer
method iterates over the polygons [3]. Since the number of polygons is always fewer than the number of edges, the
edge buffer method should run faster than the brute force algorithm. Create an edge list similar to the data structure
used in the brute force method, adding of a front facing flag and a back facing flag for each edge. The front facing
and back facing flags for each edge are initialized to 0. In addition, create a data structure which maps polygons
back to edges shared by the respective polygon.

For each polygon in the polygon list, test to see whether the polygon is front-facing. If the polygon is front facing,
XOR a 1 with the front facing flag for each edge shared by that polygon. Likewise, if the polygon is back facing,
XOR a 1 with the back facing flag for each edge shared by that polygon. Upon completion, each edge that shares
exactly one front-facing polygon and one back-facing polygon will have both flags set. Finally, iterate through the
edge list and draw only the edges that have both their flags set and reset both of the flags for all the edges to 0.

In practice our implementation of the edge buffer algorithm actually runs slightly slower than brute force. Al-
though the edge buffer method is less complex than brute force in terms of floating point operations, the edge buffer
has a higher overhead cost because the XOR operations are being performed, in addition to the dot products com-
puted to test whether polygons are front or back facing.

As outlined in the edge buffer paper [3], it is necessary to do a large number of edge table lookups at runtime.
We created the polygon list during the pre-process stage to eliminate all table lookups during runtime. Without this
optimization, the edge buffer runs much slower than brute force. The edge buffer’s runtime routine is implemented
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using a single loop, thus eliminating function call overhead.

4.3 Probabilistic

Markosian et al. [23] present a probabilistic silhouette finding algorithm. A small number of edges are chosen based
on the probability that they are silhouette edges, then tested to see if they are silhouette edges. Edges with higher
dihedral angles have a higher probability of being silhouettes. Silhouette edges from the previous frame also have a
high probablility of being silhouettes, or being close to the new silhouette edges. When a silhouette edge is found,
its adjacent edges are tested to see if any of these edges is also a silhouette edge.

Compute the dihedral angle of each edge in a model, sort the edges by their dihedral angle, and place the sorted
edges into a list. We call this list the dihedral angle list. The probibility that a edge is a silhougtte jsvheref is
the dihedral angle between the edges two adjacent polygons. At runtime choose random edges to test as silhouettes
and weight the random search to look at edges with a high probibility of being silhouettes. The data structure used
for individual edges can be modified from the brute force data structure with the addition of pointers to all adjacent
edges.

A collection of edges is chosen and tested to see if they are silhouette edges. All the silhouette edges from the
previously rendered frame are tested first. Next, a number of randomly chosen edges from the dihedral angle list
are tested to determine if they are silhouette edges. Each edge that is found to be a silhouette edge for the current
viewpoint is then traced.

If an edge is a silhouette, trace through the edge adjacency pointers in the dihedral angle list to check if any
adjacent edges are silhouette edges. Adjacent edges are recursively tested until there are no adjacent silhouette
edges. In order to avoid testing silhouette edges that have already been found, a reference to each silhouette edge i
hashed into a table. Every time a new silhouette edge is found it is checked for inclusion in this hash table. In order
to avoid having to reset the hash table after each frame, frame numbers are stored in the hash table and compared tc
the current frame number.

We observed a speedup over the brute force algorithm, although a small number of silhouette edges may be missed
each frame. We also observed that frame-to-frame coherence of silhouette edges works very well, but can become
more difficult as the model becomes very large because silhouette curves tend to move across many polygons and
are therefore may be missed by the tracing algorithm. For good performance scaling, the number of random edges
chosen at the beginning of each frame must be proportional to the square root of the total number of edges.

4.4 Gauss Map Arc Hierarchy

A modified Gauss map can be used to calculate the silhouette edges of a polygonal model [1,12]. The model is
placed at the origin of a bounding sphere (Gauss map) and each edge of the model maps to an arc on the sphere.
Silhouette edges are extracted from the Gauss map by intersecting the Gauss map with a plane. The intersecting
plane is defined as passing through a point at the origin of the bounding sphere and perpendicular to the viewing
vector. The arcs on the Gauss map which are intersected by the plane correspond to silhouette edges in the original
model. Since the Gauss map only takes into consideration the viewing direction, and not the viewing distance, this
technique will not work for perspective veiwing.

Begin by mapping the model edges onto the Gauss map. Each edge in the model has two ajaceht tawets,

F;, which have normalsv; and N,. Model edges are mapped to the Gauss surface by plaéingnd N, at the
origin of the Gauss Map and sweeping across the Gauss surfaceXg. For a Gauss spherd]; and N, sweep
out an arc on the surface of the sphere.

The Gauss map can be represented as a bounding cube. With the Gauss map represented as a cube, the Gauss m
arcs become straight lines on one or more of the cube faces. Each face of our cube is divided into a 20 by 20 grid of
buckets, and each edge maps to several of these buckets. After all edges have been mapped each bucket contains
list of zero or more edges.
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To extract the set of silhouette edges for a given viewing direction a plane is used to intersect the Gauss map.
The intersecting plane is defined by a point P at the origin of the Gauss map and a vector V which is the viewing
direction. Since our Gauss map is represented as a grid of buckets, the intersecting plane corresponds to a list of
buckets intersected in the Gauss map. Each bucket contains a possibly empty list of edges which are silhouette edges
for the current viewing direction.

This algorithm is simple to implement when the Gauss sphere is approximated by a cube. However, the data
structures used in this algorithim can become large depending on the bucket resolution, and this technique works
only for orthogonal projection. However, the Gauss Map method is ideal when sufficient quantities of memory are
available.

4.5 Normal Cone Hierarchy

There are several silhouette extraction methods based on hierarchal culling. Hertzmann et al. use dual surface
intersections [14]. Pop et al. use a wedge hierarchy [25]. Sander et al. introduce the idea of using two open-ended
normal cones to compute whether or not an edge is a silhouette edge [29].

Each of these algorithms requires descending a hierarchal data structure at runtime. We choose to implement the
normal cone method of Sander et. al because their method requires only a single dot to be computed at each level
of decent. The methods of Hertzmann et al. [14] and Pop et al. [25] interpolate between edges to find the exact zero
crossing of the silhouettes and require more complex calculations.

Sander et al. [29] create a hierarchy of normal cones during a pre-process, which can be used at runtime to cull
large numbers of edges which are not silhouettes. Any cones which intersect the current eye vector are discarded as
not being silhouette edges. Cones that do not intersect the eye vector have to be analyzed. The cones are organizec
in a hierarchical search tree. If the polygons in a node can be determined to be all front-facing or all back-facing,
the node can be discarded as not containing silhouettes.

The algorithm of Sander et al. uses weighting functions based on linear programming to determine which cones
can be combined when forming the search tree. These weighting functions are computationally expensive and cause
the pre-process algorithm to take anywhere from 30 minutes to 24 hours to load a polygonal model.

First, divide the edges into groups based on their dihedral angles. Next, divide the unit sphere into eight regions
and build normal cones for each of these regions. Each dihedral angle group is now sorted by normal to form the
next level of the hierarchy. Next sort each of the normal cones with respect to spatial proximity to build the next
level. Recursively continue the cone normal and spatial proximity sort process until each cone contains a single
edge.

During runtime, traverse the cone hierarchy and test cones to find if they include the current eye vector. This test
can be done with two dot products:

The eye vector is inside the cone if

(eyePoint —  coneOrigin)dot(scaledConeNormal) >= 0 and ((eyePoint —
coneOrigin)dot(scaledConeNormal))? >= ||leyePoint — coneOrigin||> where scaledConeNormal =
coneNormal [cos(coneAngle)

If a cone contains the eye point, discard it and all its sub-cones. Otherwise traverse down the cone hierarchy until
only edges are left. Each edge that is not culled at this point must be checked individually to determine whether or
not it is a silhouette edge.

4.6 Object Space Conclusions

We found that for small models, under 10,000 polygons for our hardware, brute force silhouette extraction is easy
to implement and runs nearly as fast much more complex methods. For more complex models it may be worth the
time implementing more complex methods. If orthographic is all that is needed, then Gauss Maps are easiest to
implement and also very fast. For large models with perspective, methods based upon heirarchical culling may be
necessary, but are generally difficult to program.



We found that silhouette extraction methods are more sensitive to size than to complexity in the polygonal models.
In all of the tests we performed model size dominated the runtime speed of the algorithims. We tested the algorithims
on the complexity based test suite of Kettner and Welzl [19] we found no significant difference in the runtime of the
algorithims on models of differing complexity but with similar polygon counts. This may be due to the fact that all
of the models in the Kettner and Welzl test suite have less than 15,000 polygons. The complexity based model test
suite is available online atwww.cs.unc.edu/ kettner/proj/obj3d/index.html

We would like to thank Aaron Hertzmann for sharing his code with us. We would also like to thank Peter Pike
Sloan, Amy Gooch, Lee Markosian, Mario Costa Sousa, Gershon Elber and Adam Finkelsein for their time and
consideration in talking with us and answering our many questions on this project. We would also like to thank Amy
Gooch for her help in constructing models.

Thanks to AliagWavefront for their generous donation of Maya Complete, which we used to create the geometric
models for this paper.

5 Image Space Silhouette Algorithms

1. Two Pass Methods — Back facing polygons are rendered first with either their depth decreased or their field of
view narrowed. Front facing polygons are then rendered on top[12, 27].

2. Environment Map — Silhouette lines are added to a shading environment map as a preprocess[12].

3. One Pass Method — During a preprocess phase tow cube maps are created, one of surface normals and one o
eye linear maps. At runtime per pixel dot products are computed yielding silhouettes[8].

4. Model Augmentation — A second polygonal model is created with degenerate quads, the quads have no height,
positioned normal to the surface at each edge of the model. At runtime each edge is checked to see if it is
a silhouette. If an edge is a silhouette the corresponding quad is made non-degenerate i.e. the quad is given
height[15, 26].

5. Depth Discontinuity Methods — Pixel depth is compared on a per pixel basis, if the depth difference between
two pixels is above a user defined tolerance one of the pixels is colored black[5, 16].

6 Two Pass Methods

There is no preprocessing stage.

During runtime the model is rendered in two passes. First the front facing polygons are drawn, moved slightly
away. Then back facing polygons are drawn as thick lines, moved slightly closer to the viewer.

Time to write and debug the code was very short, this is trivial to implement. (11 lines of code)

The visual quality for this method is generally the best of the four.

The speed is fast and the method scales well.

No programmable hardware or special extensions are needed.

No extra memory is needed outside the normal amount needed for the models.

7 Environment Map

There is no preprocessing stage.

During runtime the model is rendered with a cube map that is indexed via face normals. The cube map is white
with a uniform black line around the center, perpendicular to the viewer. Triangle vertices that have normals pointing
to the black line are close to the silhouette points and are colored black, the others are colored white.
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Time to write and debug the code was short. Because it uses extension that may not be covered in an undergraduate
course it may take a little longer than the method above. 20 lines of code to set up the cube map, 2 lines in the display
loop to turn the cube map on and off.

The visual quality of this method is generally below average, the silhouette line is wavy due to interpolating vertex
colors across triangle interiors.

The speed is the fastest of the four.

In our implementation, we use several ARB extensions (which should be on any modern card at this point) but no
programmable hardware.

In addition to the models, just a small amount of space is needed for the cube map which can be made ahead of
time in a paint program.

8 One Pass Method

There is no preprocessing stage.

During runtime register combiners are used to take the dot product between the eye vector and the surfaces normal
vector (both found in one of two cube maps) The alpha values of the normal map are scaled in its mipmap, scaling
the dot product (and therefore the color).

Time to write and debug the code was medium to long. Probably lower with pixel shader parsers we did not have
access to at the time. 9 lines in the display loop to turn the cubemaps on and off and to turn the register combiners
on and off. 50 lines of code to set up cube maps and combiners.

The visual quality of this method is generally the poorest. There are shading artifacts across the interior of the
model.

The speed (isnt as fast as the environment map, faster than the model augmentation, well have to see how it
compares to the two pass method.)

This method needs pixel shader hardware and the associated extensions.

Again, only trivial additional memory is needed for textures.

9 Model Augmentation

During the preprocessing stage quads are generated along each edge formed by pairs of triangles. Information on
normals for both generating triangles and an averaged direction (from the normals) are embedded in properties of
the quads and a new model is made of just the quads.

During runtime at each vertex a vector to the eye is dotted with both the normals. All quads start degenerate. If
the signs of the dot products are different (the quad is on the silhouette) the vertex is offset in the averaged direction
by a preset amount. Bases of quads are always extended by 0. Quads not on the silhouette stay degenerate and dor
get drawn. The original triangle model is used to occlude any concavities on the back side that may have caused
guads to extend.

Time to write and debug the code was medium. 28 lines of vertex shader assembly, half a dozen lines to load the
shader and prep constants, 2 lines of code in the main display loop and an estimated two dozen lines for the quad
model generation that was based on the normal model reader.

The visual quality of this method is generally very good. However because it uses quads along the vertex, there
can be cracks in the silhouette where the quads dont meet on the outer edge.

This method depends on vertex shader hardware and the associated extensions.

In addition to the triangle model additional space is needed for the degenerate quad model. (1.5X the size of
triangle model for the quad model)
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10 Future Work: Resolution Independent Silhouette Rendering

For polygonal models the silhouette set for a given viewpoint can be computed using one of the methods described in
Subsection 4 and placed into a line list. These lines could then be projected to screen space on a point by point basis
and drawn at the necessary resolution in post script. Curves can be treated in a similar manner but could be made
to appear smooth by sampling at each desired resolution. Gooch presented a method for multiresolution silhouette
curves for NURBS surfaces[11]. Finkelstein and Salesin presented a method for drawing multiresolution curved
strokes using Bezier curves[9]. This method can be applied to both polygonal and continious surfaces.

The unique problem presented by multiresolution silhouette rendering is occlusion culling. There are currently
three common methods for performing occlusion culling on the silhouette set. The first, an image space method, is
to simply render the model over the previously rendered silhouettes. This method while applicable, does not seem
appropriate for the purpose of multiresolution silhouettes. The second method for occlusion culling of the silhouette
set, presented by Northrop et al.[24], is to render the silhouettes, using the image space occlusion culling method,
with uniquely coded line colors. Then by checking these color ID’s edges in object space, only the edges which
need to be drawn can be determined. The problem with this method is that it is extremely slow. Models with fewer
than 200 silhouette edges take 5-10 seconds to process. The third method for preforming occlusion culling on the
silhouette set is Appel’s algorithim shich is used by Markosian et al.[23]. The drawbacks to using Appel’s algorithim
are code complexity and slow speed.
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