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Figure 1: The rendering pipeline, with an intermediate rendering stage and image processing. These extra steps allows view-dependent image
information to be integrated into the �nal rendering. In addition to the segmentation results, all geometry and the bi-directional mapping
between the geometry and the segmentation are available to the �nal renderer.

2.1 Geometry-based illustration

One of the earliest works on pen-and-ink rendering was [Winken-
bach and Salesin 1994], who use pre-generated hierarchical tex-
tures on simple planar geometry. The technique was extended in
[Winkenbach and Salesin 1996] to automatically generate textures
based on the natural parameterization of a surface. Rendering ar-
bitrary surface meshes has been done using principle curvature di-
rection to guide stroke generation [Girshick et al. 2000] and two-
dimensional direction �elds based on surface curvature along sil-
houette edges [Hertzmann and Zorin 2000].

While most of the above techniques can not be run interactively,
there has also been real-time pen-and-ink rendering work. [Praun
et al. 2001] pre-compute a set of textures called tonal art maps for
the model using a natural parameterization. For arbitrary surfaces,
lapped textures [Praun et al. 2000] are used for generating a tex-
turing of an object given an example texture. The technique uses
hardware multi-texturing to blend between differing resolutions of
the maps to create temporally coherent, interactive shading. A dif-
ferent method for rendering that achieves interactive frame rates is
[Secord et al. 2002], which places primitives such as hatches and
stipples according to a probability function to match tone and pre-
serve details.

Silhouettes are important to a many artistic rendering styles.
[Isenberg et al. 2003] give an introduction to silhouette extrac-
tion and a comparison of several different approaches. Because
brute-force silhouette edge detection is straightforward, most work
has focused on interactivity or quality. [Raskar and Cohen 1999]
present a fast and simple method for rendering silhouette edges in
hardware. However, this method is not suited to techniques that
stylize the silhouette edges using pen or brush strokes because the
actual edges are never calculated. Fast software-based methods
include the edge buffer [Buchanan and Sousa 2000] and a four-
dimensional octree [Claes et al. 2001]. Higher-quality methods are
also used, including [Sousa and Prusinkiewicz 2003], who extract
important feature and silhouette lines to create minimal line draw-
ings of objects.

This work is also related to [Deussen and Strothotte 2000], who
generate pen-and-ink illustrations of trees. By rendering leaves us-

ing simple leaf-shaped primitives or circles and drawing outlines
when the depth difference exceeds a given threshold, this method
abstracts away unimportant detail and produces believably artistic
results.

2.2 Image-based illustration

Interactive techniques allow greater artistic expression by allowing
humans to make artistic choices and enhancements based on do-
main knowledge while freeing them from the more tedious tasks
such as drawing individual strokes. [Salisbury et al. 1994] describe
a system that presents an image and allows the user to �paint� tex-
ture onto areas of the image which are automatically adjusted to
match the reference grayscale. In the higher-level system described
by [Salisbury et al. 1997], the user edits a vector �eld over the im-
age which the computer uses to align pen strokes. A somewhat
different approach is taken by [R¤ossl and Kobbelt 2000], in which
the user edits a segmentation which the system uses to guide stroke
placement.

3 A General Approach for
Non-Photorealistic Rendering

Artistic rendering is a balance between the two opposing concepts
of detail and abstraction. Important parts of an image should drawn
in as much detail as is understandable to the viewer. Less critical
areas should be drawn more abstractly to focus the viewer’s atten-
tion to the important details while providing the necessary context
to interpret the entire image. Neither fully two-dimensional image-
based techniques nor three-dimensional geometry-based techniques
can give the full range of stylistic choices. Important edges and
material properties can be lost in image processing, and purely ge-
ometric algorithms do not take into account how the viewer will
perceive the scene.

Our pipeline for dealing with this challenge integrates two-
dimensional image processing into a three-dimensional rendering
pipeline as shown in Figure 1. During the �nal rendering, all ge-



ometry and segmentation information are available, combining the
advantages of both image and geometric techniques.

This process uses a series of intermediate renderings on which
segmentation or other image processing steps are performed. We
render several variables, including grayscale, edges, surface nor-
mal, depth, and object ID (for reverse-mapping from the rendering
to the geometry). These variables can, in general, be any mate-
rial property, including object tags or complex texture characteriza-
tions. The idea is similar to that of [Hamel and Strothotte 1999],
who also use a series of intermediate renderings to capture image
information. However, Hamel and Strothotte discard the geometry
once the intermediate images are created, and their goal is to char-
acterize the surfaces to copy rendering style. In contrast, we pre-
serve the geometry so as to have as much information as possible
in the �nal stage, and have the goal of synthesizing style. Inter-
mediate renderings are also used by [Deussen and Strothotte 2000]
to determine which leaf edges should be rendered. This work is
a generalization of Deussen’s technique, which relies on domain
knowledge to achieve very high quality tree renderings. We use ad-
ditional intermediate rendering modalities and more advanced two-
dimensional image processing to handle areas that may need special
treatment.

The intermediate image processing step can give important clues
as to how a viewer will perceive the scene that can then be ac-
counted for in the �nal rendering. For example, two very separate
objects with different material properties may, due to speci�c light-
ing and viewing conditions, appear ambiguous in the �nal image.
Figure 2 shows such a case, where the right faces of the cubes look
the same, as do the top face of the front cube and the front face of
the back cube.

The segmentation indicates this potential con�ict because the
very separate surfaces will likely fall into the same extracted
grayscale segments. Depending on the desired style, several steps
may be taken. Figure 2 shows two examples. In part (b), these
similar areas of the surfaces are merged and �lled with a single
stroke, corresponding to a more abstract drawing style. The oppo-
site approach would be to resolve the ambiguity by enhancing the
contrast at the ambiguous boundaries as in part (c). Many other
stylistic choices are also possible, even in this simple example.

The remainder of this paper discusses applications of the hybrid
2D/3D pipeline to silhouette rendering and hatching in order to deal
with very small, overlapping geometry.

4 Complex silhouette rendering

Much of the information in pen-and ink illustrations is contributed
by the silhouette lines. However, the portions of an image with
very high geometric complexity have large numbers of silhouette
lines that can interfere with each other and make the result mean-
ingless. There are two, sometimes con�icting goals, that we would
like to ful�ll. First, as much texture and important silhouette lines
should be preserved as possible. Second, the approximate grayscale
built up by the lines should accurately re�ect a reference. The use
of a reference ensures that grayscale value is consistent across the
scene, both within complex regions, and in relation to non-complex
regions potentially rendered with other algorithms. Grayscale value
can give important visual clues about shape which are lost if its use
is inconsistent. Figure 3 shows the reference grayscale rendering
and all extracted silhouette edges for Tree 1.

4.1 Generating complexity maps

The �rst step in our method is to identify complex regions that may
require special treatment. For this purpose, we use a complexity
map: a two-dimensional array with values corresponding to the
approximate complexity of the scene in the nearby area. Texture

(a) Geometry and lighting where different geometry has adjacent
and similar looking areas.

(b) Abstract representation where similar overlapping regions are
merged into larger meta-objects in screen space.

(c) More precise representation where potentially ambiguous
boundaries are highlighted.

Figure 2: A simple hand-drawn example of how an artist may in-
corporate image-space information in a rendering.

maps, hierarchical stroke textures, and procedural shaders are all
sources of complexity in a scene. This work focuses on geomet-
ric complexity, which we measure by rendering all visible silhou-
ette edges and blurring the result with a Gaussian kernel of a user-
speci�ed radius. Complex regions are therefore de�ned to be those
areas where the complexity map value is above a given threshold,
meaning that there are a large number of silhouette edges in the
vicinity. Figure 4 shows a complexity map for Tree 1.

The size of the Gaussian kernel should re�ect how close lines
can be without becoming ambiguous or confusingly complex. It
depends on the output resolution, the output image size, and artistic
aesthetic. Small kernels should be used when a very detailed out-
put image is required, as strokes can be very close without being
merged by the blur operation. Larger kernels are appropriate for
images designed to be viewed at a greater distance, reproduced at
low resolution, or when less detailed, more impressionistic output
is desired.

Because a blur operation is used to generate these regions, they
will necessarily be somewhat indistinct. In some cases, however,
it is desirable to have precise boundaries for complex areas. For
example, a scene might include a tree overlapping a house, and it




