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Smooth Line Drawing on Graphics Hardware

ZHAO Han-Li"” JIN Xiao-Gang” SHEN Jian-Bing” WEI Fei-Fei” FENG Jie-Qing"
U (State Key Laboratory of CAD & CG, Zhejiang University ,» Hangzhou 310058)
2 (School o f Computer Science and Technology . Beijing Institute of Technology ., Beijing 100081)

Abstract  This paper presents a new object-space based algorithm for rendering a 3D model as a
line drawing using graphics hardware, based on the insight that a line drawing can effectively con-
vey shape using remarkably minimal visual content. Suggestive contours, a new type of line can
be combined with silhouettes to produce impressive view-dependent line drawing of smooth
shapes. In addition, geometry shader, which is newly introduced into the Direct3D 10 pipeline,
can process per-triangle primitive data and output zero or more line primitives. This paper propo-
ses a parallelized line drawing approach that directly extracts 3D sparse linear features in geome-
try shader. The method selects lines at an appropriate scale automatically, and exhibits good
frame-to-frame coherence at interactive rates. The implementation of the algorithm is straightfor-
ward, and several experimental examples are given at the end of the paper to demonstrate the ef-

fectiveness of our approach.
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story with regard to realistic rendering, while to

1 Introduction . . . .
make pictures photoreal is quite expensive. Fortu-

Computer graphics boasts an amazing success nately, there is an alternative to communicate
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visual information that avoids having to worry
about a myriad of perhaps unnecessary details. De-
picting information about shape by line drawing is
clearly effective and natural, having been used for
tens of thousands of years. When artists design
imagery to portray a scene, they do not just render
visual cues veridically. Instead, they select which
visual cues to portray and adapt the information
each cue carries. Line drawing styles can be found
in many contexts, such as cartoon, storytelling,
technical illustration, architectural design and
medical atlases.

DeCarlo et al. ' augmented the suite of availa-
ble line types by introducing suggestive contours—
Feature lines drawn along zero crossing of radial
curvature. Suggestive contours blend visually with
true contours and help convey 3D shape (see
Fig. 1). In addition, graphics hardware is becoming
more programmable and is increasingly used as a
co-processor. The shader model version 4.0 fully
supports 32-bit floating-point data format, which
meets adequate precision requirement for general-
purpose GPU computing (GPGPU). The program-
mable geometry shader, which is newly introduced
into the Direct3D 10 pipeline, can process per-tri-
angle primitive data and output zero or more line
primitives.

Fig. 1 An example showing the shape details depicted by
suggestive contours. The left image is rendered using
silhouette alone, whereas the right one is the result
using both silhouettes and suggestive contours.

However, existing smooth line drawing algo-
rithms using graphics hardware are image-space
based and implemented in pixel shader, and thus
cannot produce stylized effects for lines. In this pa-
per, we propose an object-space based line drawing
approach that directly extracts 3D sparse linear
features in geometry shader. The method selects
lines at an appropriate scale automatically, and ex-
hibits good frame-to-frame coherence at interactive
rates.

The rest of the paper is organized as follows.

Section 2 give an overview of some of the previous

work. Section 3 describe our new algorithm, while

experimental results and related discussions are

presented in section 4. Finally section 5 conclude
the paper.

2 Related Work

A variety of surveys in computer-generated
line drawings have been proposed for decades. In
image-based approaches, the object is rendered to
form an initial image, and then image processing
methods yield an output drawing. While in object-
based approaches, curves that have special proper-
ties in terms of the differential geometry of a
surface are directly extracted. There are many
types of feature lines: silhouettes (Hertzmann and
Zorint*; Elber and Cohen' ; Markosian et al. ™?;
Cipolla and Giblin"'; creases (Gooch et al.'®;
Markosian et al. “’), ridges and valleys (Interrante
et al.'™; Ohtake et al."®), suggestive contours
(Ni et al. 15 DeCarlo et al. "' ; Burns et al. '),
principal highlights and suggestive highlights (De-
Carlo et al. '®), apparent ridges (Judd et al. [**¥7).
Other non-photorealistic techniques that generate
lines from the rendered images are also widely de-
veloped (Iverson and Zucker; Raskar and Co-
hen™; Lee et al. "% ; Zhao et al. ['77),

In Direct3D 10, a new GPU shading platform
(Blythe®), the programmable geometry shader is
firstly introduced into the GPU pipeline. It proces-
ses entire primitives (which is a single vertex for a
point, two vertices for a line, or even three verti-
ces for a triangle). Furthermore, the primitives
generated by geometry shader can be streamed out
to graphics memory, preparing for rendering next
time. Now, more and more things can be trans-
ferred from CPUs into GPUsM%7,

The paper only deals with silhouettes and sug-
gestive contours, as suggestive contours blend vis-
ually with silhouettes and can produce a wide range
of line drawings. However, our algorithm can also
extract other types of lines, as long as they are de-
fined on a triangle face and can be estimated and in-
terpolated from the three vertices of triangle. Our
method is different from the method proposed in
[9], which draws lines via per-pixel operation on
pixel shader and cannot produce stylized effects.
Instead, we directly extract lines from 3D meshes
in object-space, as the geometry shader has power-
ful ability to process triangle primitive and can emit
line primitive. NVIDIA corporation® has presented
an object-space based algorithm to extract silhou-

@ http://developer. download. nvidia. com/SDK/10/direct3d/
samples. html
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ettes in geometry shader. However, they only take
the edges of underlying triangles into account.
Their lines are not smooth, while our approach can
produce vivid smooth lines.

3 Smooth Line Drawing on
Graphics Hardware

In this section, we begin with the definitions
of silhouettes and suggestive contours. Next, the
GPU implementation of feature line extraction is
discussed in detail. Lastly, some rendering optimi-
zations are introduced to improve the effect of the
resulting image.

3.1 Silhouettes and Suggestive Contours

There are two elements, though not exhaus-
tive, can produce a wide range of line drawings,
and often contribute to more complex illustrations.

Consider a smooth, closed surface S that is
viewed from a perspective camera centered at c.
For any point p on the surface, the viewing direc-
tion is defined as v(p) =c— p. The silhouette is
the boundary between the visible and hidden parts
of the surface. It is generated by the set of points
where the normal vector n(p) is perpendicular to
the viewing direction, that is:

v(p) * n(p)=0 @D

As suggestive contours as concerned, of particular

gent plane

relevance is the notion of the curvature of a curve.
The curvature k(p) at a point p on a curve is the
reciprocal of the radius of the circle that best ap-
proximates the curve at p. Larger circles corre-
spond to smaller curvatures, and any point on a
straight line has curvature zero. Similarly, the
normal curvature at a point p on a surface meas-
ures its curvature in a specific direction in the tan-
gent plane. On a smooth surface, the normal cur-
vature varies smoothly with the direction, and ran-
ges between the principal curvatures «, (p) and
K, (p) (the two values are calculated in their re-
spective principal curvature directions, which are
perpendicular to each other). If w is defined as the
projection of the view vector v onto the tangent
plane at p (see Fig. 2 (left)), the radial curvature
k,(p) is the normal curvature of the surface at p in
the direction of w (Koenderink™”). This defines
the radial plane (see Fig. 2 (right)), which con-
tains p, n, v, and w:
k, (p) =, (p)cos’P+ x, (p)sin’P,

where ¢ denotes the angle between w(p) and the
principal curvature direction corresponding to
k, (p). From its definition it is easy to see that «, is
view-dependent, and that it is undefined wherever

v and n are parallel.

Fig. 2 (Left) w is obtained by projected the viewing vector v onto the tangent plane. (Right) The radial plane is formed by p,

n, and w (also v) and slices the surface along the radial curve—the curvature of which is «,.p.

Informally, suggestive contours, which are
first introduced by DeCarlo et al. , are contours in
nearby viewpoints (see Fig. 3 (left)), or feature
lines drawn along zero crossing of radial curvature.
DeCarlo et al. offered three equivalent formal defi-
nitions for it. The first one is used in this paper,

[ Je—

current viewpoint

nearby viewpoint ~suggetive contour

contours

as follows:
Kk, =0
D, x,>0

Where the directional derivative Dk, stands

(2

for the differential of «,(p) applied to w. In other
words, Equ. (2) is equivalent to positive minima of

nuv<0

Fig.3 (Left) ¢ is contour as seen by the current viewpoint. As the viewpoint moves, the contour at ¢’ slides along the

surface from ¢, while a contour suddenly appears at s. Thus s is defined as suggestive contour. (Right) Zeros of

“Phong”-interpolated v * n: if signs at three corners not same. interpolate to find zero crossing within face.
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v *n in the direction of w.

As 0, the angle between v and n, comes to ze-

ro, the suggestive contour generator is too unsta-

ble to give meaningful information about shape.

Therefore, a threshold 0. is enforced to place a

tighter bound that the radial distance of the view-
points considered is at most ©/2—0. degrees:

cos-! <7z(p) c v(p)

lu(p) |

There are additional difficulties caused by er-

)00 (3)

rors in the curvature estimation. Again a small
positive threshold 7, is applied to avoid those situa-
tions:

D.x,

|w]
3.2 Line Extraction in Geometry Shader

>1t,>0 D

We have developed a new line extraction
method from 3D triangular meshes entirely in ge-
ometry shader. The algorithm is highly parallelized
and stable. Details follow in subsequent steps.
3.2.1

The normal, two principal curvatures, and

Preprocess Step

the derivative-of-curvature tensor at each vertex on
irregular triangle meshes need been estimated first-
ly. A finite-differences method for estimating cur-

21y, which may be thought

vatures (Rusinkiewicz
of as an extension of a common method for estima-
ting per-vertex normals, is used here: first com-
pute the per-face properties, and then estimate the
value at each vertex as a weighted average over the
immediately adjacent faces. These data accompan-
ying with positions will be used as input for line
extraction,

3.2.2 First Rendering Pass

The original mesh, as a canvas, is rendered
with depth buffer writing enabled. As a result, the
depth buffer can cull away the lines that lie on the
back faces. Render target writing can be disabled
to improve the efficiency.

3.2.3 Second Rendering Pass

The line extraction algorithm is performed in
this pass. The silhouettes and suggestive contours
are view-dependent, so we need render them every
frame. The estimated normals and curvatures are
bound as vertices buffer onto graphics hardware.
Given a viewpoint, the values of v *n, k, and D, at
each vertex are calculated using their definitions in
vertex shader.

Next, we extract contours and suggestive con-
tours in geometry shader. A naive way to compute
the contour is to check whether each edge has one
adjacent front face and one adjacent back face.

This can be done trivially easily in geometry sha-
der, as each input triangle primitive can also in-
clude the vertex data for any edge-adjacent verti-
ces. However, when viewed as a path along mesh
edges, the contour may form loops in single trian-
gle. Moreover, it has “pop-up” effect when view-
point changes.

Instead, we first ask whether v *#n has a dif-
ferent sign at some vertex for each face. If so, in-
terpolate v * n along edges connecting positive-
(v *n) and negative- (v *n) vertices to find zeros
(as depicted in Fig. 3 (right)), then connect the
two points with a segment. As for suggestive con-
tour, the same idea is used to find zeros of «,, and
check whether D, x, > 0. Furthermore, we can
solve the problems mentioned in naive method. If
no contour or suggestive contour is on this triangle
face, no line is emitted; otherwise, one or two
lines are generated. At last, the color for line
(usually black color) is directly output by pixel
shader. The example lines are illustrated in Fig. 1
and Fig. 4.

Fig. 4 Simple line rendering for Cupper left) brain, (lower
left) hand, and (right) Igea.

3.3 Rendering Optimizations

We have successfully extract contours and
suggestive contours. When the viewpoint starts to
approach a head-on view of a surface location
(here,d, the angle between v and n, comes to ze-
ro), the suggestive contour generator is too unsta-
ble to give meaningful information about shape.
Moreover, there are additional difficulties caused
by errors in the curvature estimation. DeCarlo
et al. " applied a single positive threshold to avoid
those situations:

D«

= >1,>>0 (5

sin®0
|w]

As we can see that suggestive contours will be
trimmed continually as the value of #, increases.
The parameter can be used for Level-Of-Detail
(LODM) representation of these lines. When the
viewpoint is near the model, decrease the threshold
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value; otherwise, increase it. The method selects
lines at an appropriate scale automatically accord-
ing to the distance between viewpoint and mesh.
The scalar fields v *n and k, are continuous on
mesh surface in our method, the trimmed lines will

&

occur at the “end” positions of the original lines.
Thus, it
frame-to-frame. It does not need any additional

pre-computation, while the LOD method in [ 9 ]
]

guarantees good temporal coherence

needs complex progressive meshes™?" generation.
As shown in Fig. 5, the underlying shape of dragon

can be still recognized with reduced detail in dis-

tant view.

Fig.5 A dragon model rendered from four viewpoints with
When viewed very far

while the whole

automatic controlled detail.
away, little detail is displayed,

shape is still preserved.

Lastly, because the vertices of primitives gen-
erated in geometry shader can be streamed out into
a vertices buffer, any non-photorealistic effect can
be added as wish (toon shading, line width, etc. ,
see Fig. 6).

Fig. 6

Line rendering with toon shading, resulting vivid
visual effects. Details conveyed by suggestive con-

tours play an important role in these images.

4 Experimental Results and Discussions

We have incorporated our new method into a
Direct3D 10 based scene graph library and tested it
on some scenes in order to evaluate its efficiency
for different scene types. All tests were conducted

on a PC with an Intel Core 2 Due 6320 CPU, 2GB
an NVIDIA GeForce 8800 GTS
and Windows

main memory,
GPU,
Vista Operating System.

320MB graphics memory,

The eight test scenes comprise of a dragon
model (0.19MB polygons);
(0. 64MB polygons); a octopus(49KB polygons) ;
a bunny(69KB polygons) ; a golfball (0. 98MB pol-
ygons); a brain (2.35MB polygons); a hand
(43KB polygons); and an Igea model (0.26MB
polygons) ; all are in resolution of 1440 X 900 pix-

a elephant model

els. Table 1 shows the model sizes and frame rates

for our test models. As we can see, our method
can achieve interactive frame rates even for models
with millions of faces. Note that the method in this
paper is object-space based, and the bottleneck is
the feature extraction, not the rendering. As a re-
sult, the processing time of each frame is little rel-

evant to the resolution of the rendering window.

Table 1 Performance statistics
(The rendering window is in 1440 X900 all cases)

Model Name Triangles Vertices Frames Per Second
Dragon 197664 98832 86. 9
Elephant 640000 320118 23.5
Octopus 49920 24968 236.0
Bunny 69473 34835 113.0
Golfball 983040 491522 16. 5
Brain 2353128 1179752 6. 68

However, because the original mesh is used as
a canvas for lines rendering, some lines will be
clipped to the mesh’s boundary in 2D. Moreover,
as the faces number increases, the data cannot all
fit in the memory of the GPU, resulting in extra

overhead each frame.
5 Conclusions and Future Work

In this paper, graphics hardware is made use-
ful to our new object-space based algorithm for
smooth line drawing. We propose a parallelized
line drawing approach that directly extracts 3D
The

method selects lines at an appropriate scale auto-

sparse linear features in geometry shader.

matically, and exhibits good temporal coherence at
interactive rates. In addition, the experimental re-
sults demonstrate both the feasibility and efficiency
of our proposed algorithm.

This paper gets good performance for genera-
ting contours and suggestive contours. However,
silhouettes and suggestive contours cannot convey
all the shape information about a 3D model, more
types of feature lines need be included in future,.
Moreover, stylized strokes and other non-photore-
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alistic rendering techniques will be introduced to
improve the resulting image.
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Background

Computer graphics boasts an amazing success story with
regard to realistic rendering, while to make pictures photore-
al is quite expensive. Fortunately, there is an alternative to
communicate visual information that avoids having to worry
about a myriad of perhaps unnecessary details. Depicting in-
formation about shape by line drawing is clearly effective and
natural, having been used for tens of thousands of years.
When artists design imagery to portray a scene, they do not
just render visual cues veridically. Instead, they select which
visual cues to portray and adapt the information each cue car-
ries. Line drawing styles can be found in many contexts,
such as cartoon, storytelling, technical illustration, architec-
tural design and medical atlases.

DeCarlo et al. recently augmented the suite of available
line types by introducing suggestive contours — Feature lines
drawn along zero crossing of radial curvature. Suggestive
contours blend visually with true contours and help convey
3D shape. In addition, graphics hardware is becoming more
programmable and is increasingly used as a co-processor.
The shader model version 4. 0 fully supports 32-bit floating-
point data format, which meets adequate precision require-
ment for general-purpose GPU computing ( GPGPU). The
programmable geometry shader, which is newly introduced
into the Direct3D 10 pipeline, can process per-triangle primi-

tive data and output zero or more line primitives.

However, existing smooth line drawing algorithms using
graphics hardware are image-space based and implemented in
pixel shader, and thus cannot produce stylized effects for
lines. This paper proposes an object-space based line drawing
approach that directly extracts 3D sparse linear features in
geometry shader. The method selects lines at an appropriate
scale automatically, and exhibits good frame-to-frame coher-
ence from at interactive rates.

The paper only deals with silhouettes and suggestive
contours, as suggestive contours blend visually with silhou-
ettes and can produce a wide range of line drawings. Howev-
er, our algorithm can also extract other types of lines, as
long as they are defined on a triangle face and can be esti-
mated and interpolated from the three vertices of triangle.
Our method is different from the method proposed by Ni et
al. , which draws lines via per-pixel operation in pixel shader
and cannot produce stylized effects. Instead, we directly ex-
tract lines from 3D meshes in object-space, as the geometry
shader has powerful ability to process triangle primitive and
can emit line primitive. Nvidia corporation” has presented an
object-space based algorithm to extract silhouettes in geome-
try shader. However, they only take the edges of underlying
triangles into account. Their lines are not smooth, while our

approach can produce vivid smooth lines.



