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Abstract Photic extremum lines (PELs) are view-dependent,
object-space feature lines that characterize the significant
changes of surface illumination. Though very effective for
conveying 3D shapes, PELs are computationally expensive
due to the heavy involvement of the third- and fourth-order
derivatives. Also, they require the user to manually place a
few auxiliary lights to depict the model details, which is usu-
ally tedious work. To overcome these challenges, we present
a novel computational framework that improves both the
speed and quality of PELs. First, we derive a simple, closed-
form formula of gradient operator such that various orders
of derivatives can be computed efficiently and in parallel us-
ing graphics processing units (GPUs). The GPU-based PEL
extraction algorithm is one order of magnitude faster than
the original one. Second, we propose to extract PELs from
various non-photorealistic shadings that not only depict the
overall shape but also bring out the details at different fre-
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quencies simultaneously. As a result, the user can easily con-
trol the relative emphasis to different scales and obtain the
desired line drawing results. We demonstrate the improved
PELs on a wide range of real-world objects.

Keywords Real-time line drawing - Object-space
algorithm - Gradient operator - Non-photorealistic shading

1 Introduction

Computer-generated line drawings are effective for convey-
ing 3D shapes in a relatively succinct manner by ignoring
less important details [19]. The past decade has witnessed
a large amount of research efforts in this field, and many
effective feature lines have been developed, e.g., sugges-
tive contours [5], ridge-valley lines [16], apparent ridges [8],
principal and suggestive highlights [4], photic extremum
lines [23], demarcating curves [10], relief edges [11], and
Laplacian lines [24], just to name a few. In the recent study,
Cole et al. [3] investigated how artists’ drawings of 3D
shapes correlate with the mathematical properties of the
shapes and known computer graphics line drawing tech-
niques. They showed that most lines that do not overlap con-
tours overlap large gradients of the image intensity. In partic-
ular, Canny edges [2], characterizing the significant changes
of the image intensity, provide the strongest cues for artists
to use to draw lines. This observation motivates a research
direction that generalizes the feature detection from 2D im-
ages to 3D surfaces.

Xie et al. proposed photic extremum lines (PELs) on 3D
surfaces [23]. Given a 3D surface S and the illumination
function 7 : § — R, PELs are a set of points where the vari-
ation of illumination in the direction of its gradient reaches
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the local maximum. Roughly speaking, PELs naturally gen-
eralize the Canny edge detector [2] to 3D surfaces. Com-
pared to other view-dependent feature lines, PELs are more
flexible by offering the users more degrees of freedom to
achieve desired illustration effects. For example, the user
can control the line drawings by specifying the light posi-
tion, the number of light sources, and even the illumination
models. In [23], the authors used a point light whose posi-
tion coincides with the eye to convey the overall shape and
a few directional lights to highlight or hide the details of the
user-specified regions. Though very effective for conveying
3D shapes, PELs have two drawbacks that seriously limit
their applications. First, PELs are computationally expen-
sive due to the heavy involvement of the third- and fourth-
order derivatives. Even with the most simple illumination
model (diffuse reflection), PELs are still too slow to be ap-
plied to interactive applications. Second, for models with
scattered or multiscale features, the users have to manually
specify the regions to be lit by the directional lights. This
must be done with great care since two directional lights
are not allowed to overlap, otherwise the overlapped shad-
ing may lead to some undesired lines.

To overcome the aforementioned problems, this paper
presents a novel computational framework that improves
both the speed and quality of PELs. We develop a graph-
ics processing unit (GPU)-based algorithm that can ren-
der PELs at least an order of magnitude faster than the
method in [23] and enable PELs to be applied to interac-
tive applications. Within the new framework, the users do
not need to worry about the auxiliary lights since both over-
all shape and the details at different frequencies can be si-
multaneously rendered by a single non-photorealistic light.
Thus, the users can completely ignore the tedious auxiliary
lights and can generate the desired line drawings much more
quickly and easily. Figure 1 shows an example that com-
pares the new framework with the conventional PEL algo-
rithm.

The specific contributions of this paper are as follows:

— We develop a GPU algorithm to compute PELs in real
time. Our algorithm is based on a closed-form formula to
compute the gradient on triangular meshes. Using this for-
mula, the first-order derivative can be formulated as a sim-
ple weighted sum of a vertex’s one-ring neighbors, where
the weights can be precomputed and the high-order deriv-
atives can also be computed recursively. The computation
is highly parallel in nature and can be fully implemented
using GPU. This leads to a GPU-based PEL extraction
algorithm that is one order of magnitude faster than the
method in [23].

— We introduce non-photorealistic shading into the PEL
framework. Instead of extracting PELs from standard dif-
fuse lighting, we propose to use a non-photorealistic, or
enhanced, shading technique. With the enhanced shading,
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(a) Diffuse
lighting

(b) Conventional PELs
from (a), 1.4 fps

(¢) Close-up
view of (b)

(d) Enhanced (e) Improved PELs (f) Close-up
lighting from (d), 23.3 fps view of (e)

Fig.1 Real-time computation of (PELs). The input Buddha model has
fine details at the cloth, eyes, and base, etc. Using a single light and
standard shading, the conventional PELs [23] can only depict the over-
all shape at 1.4 fps. Notice that many fine details are missing. In our
proposed framework, we adopt an enhanced shading technique which
effectively conveys the overall shape and details. As a result, the users
can easily generate the desired line drawings using only one light. Fur-
thermore, the proposed GPU-based algorithm can render PELs an or-
der of magnitude faster than the method of Xie et al. [23]

the lighting is computed at multiple scales that simulta-
neously convey overall shape and details at different fre-
quencies. As a result, one can generate the desired line
drawing results without any auxiliary lights.

The remainder of the paper is organized as follows.
We review the related work of computer-generated line
drawings and non-photorealistic shading in Sect. 2. Then
we present the algorithm of real-time PEL computation in
Sect. 3. In Sect. 4, we show how non-photorealistic shading
can be employed to improve the PELs by bringing out the
details at different frequencies. The experimental results are
shown in Sect. 5. We conclude the paper in Sect. 6 and point
out some future work.

2 Previous work

2.1 Computer-generated line drawings

There is an extensive literature on computer-generated line
drawings and their applications. We refer the readers to the
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SIGGRAPH course notes of Rusinkiewicz et al. [19] for a
comprehensive list. The current techniques can be classified
into two classes: object- and image-space. The former com-
putes the features on the input 3D models directly and the
latter computes them on the rendered image space.

The object-space feature lines are usually defined by a
differential equation on the 3D surfaces. Silhouettes show
the strongest cues with model-to-background distinction
[6, 7]. However, silhouettes alone are quite limited in con-
veying shape, since they cannot capture the structure and
complexity of the shape interior. DeCarlo et al. [5] pro-
posed suggestive contours which naturally extend contours
and convey the shape effectively. To address the problem
that suggestive contours do not appear in the convex re-
gions, DeCarlo and Rusinkiewicz [4] introduced highlight
lines which complement contours and suggestive contours.
Ridge-valley lines are powerful shape descriptors but inde-
pendent of the view point [16]. Judd et al. [8] proposed ap-
parent ridges which elegantly generalize ridge-valley lines
with view-dependent features. Aiming at line drawing sim-
plification, Ni et al. [15] proposed view-dependently con-
trollable feature lines using preconstructed multiresolution
mesh. Inspired by the Canny edge detector, Xie et al. [23]
proposed PELs on 3D surfaces. Similar to the apparent
ridge, the PEL is also a third-order feature line, and thus
computationally expensive. Kolomenkin et al. [10] defined
demarcating curves as the zeros of the normal curvature in
the curvature gradient direction. In their recent work [11],
Kolomenkin et al. considered the surface as an unknown
smooth manifold, on top of which is placed a local height
image. Then the relief edge is defined as the edges of the
local height image. They showed that relief edges are con-
tinuous and smooth, and very promising for artifact illustra-
tion in archaeology [11]. Kalogerakis et al. [9] proposed a
real-time and highly parallel method to compute curvatures
and their derivatives for deforming objects. This method
is ideal for deforming objects with temporal coherence by
accurately predicting the curvatures and their derivatives.
However, for static objects, this property does not hold, and
the computation for surface curvatures and their derivatives
is still expensive. Zhang et al. [24] proposed Laplacian lines
that generalize the Laplacian of Gaussian (LoG) edge de-
tector to 3D surfaces. They showed that Laplacian lines are
computationally efficient because most expensive computa-
tions can be preprocessed, and the Laplacian line drawing
algorithm is as simple as the conventional silhouette extrac-
tion algorithm.

Compared to the object-space algorithm, image-space
line drawings are usually computationally efficient because
they avoid the expensive computations of surface deriv-
atives that most of the object-space algorithms require.
Thus, image-space algorithms can be easily used to ren-
der animated models in real time. Saito and Takahashi [20]

pioneered a method to extract feature lines using image
processing techniques. Buchanan and Sousa [1] proposed
the edge buffer data structure which enables highlight-
ing various feature lines on a polygonal model. Raskar et
al. [17] presented a novel NPR camera which detects depth
edges using multiflash images. Winnemoller et al. [22] pre-
sented an automatic real-time video and image abstrac-
tion framework using difference-of-Gaussian edges. Lee
et al. [13] proposed an algorithm to automatically extract
lines at appropriate scales from abstract shading. Maciejew-
ski et al. [14] used a well-studied image measurement to
differentiate stippling images. Recently, Vergne et al. [21]
proposed a novel image-space local shape descriptor to en-
hance surface depiction.

2.2 Enhanced surface depiction using lightings

There are a few research efforts that enhance surface depic-
tion using lightings. Lee et al. [12] introduced geometry-
dependent lighting that allows lighting parameters to be de-
fined independently over an object or scene based on the
local geometry. Inspired by the cartographic terrain relief,
Rusinkiewicz et al. [18] presented exaggerated shading that
dynamically adjusts the effective light position for different
areas of the surface. Recently, Vergne et al. [21] presented
an algorithm to enhance the shape depiction of 3D objects
by locally warping the environment lighting around main
surface features.

3 Computing PELSs in real time

Given a 3D surface S and the illumination function
I : S — R defined on §, photic extremum lines (PELs) are
a set of points on the 3D surface where the variation of il-
lumination in the direction of its gradient reaches the local
maximum [23], i.e.,

Dq|IVI|=0 and DgDq|VI| <O,

where V denotes the surface gradientandd =VI/||VI]|.
3.1 Gradient operator

We observe that the performance of PELs heavily depends
on the computation of the gradient at each vertex. Xie et al.
[23] computed the gradient in a two-pass approach. First,
the gradient vector for each face is computed. Second, the
gradient at each vertex is computed by a weighted sum of
the gradients of its adjacent faces.

In this paper, we propose an efficient single-pass ap-
proach to compute the per-vertex gradients. We are given
a triangular mesh M = (V, E, F), where V, E and F de-
note the vertex, edge, and face sets. Let f : M — R be a
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C! continuous scalar function defined on the mesh surface.
Consider an arbitrary vertex p € V. Let u and v be the prin-
cipal axes that span the tangent plane of p, and Nb(p) be
the one-ring neighbors of p. The gradient V f(p) can be
calculated by

Vip) = >

qeNb(p)U{p}

a(q) f(@u+ B(q) f(g)v, (D

where a(q) and B(q) are constant weights independent of
the function f and can be precomputed. As a result, the gra-
dient V f(p) is just a weighted sum of f(p) and its one-ring
neighbors. Furthermore, the high-order derivatives can be
computed recursively using (1). A detailed derivation of (1)
can be found in the Appendix.

3.2 Computing PELs in GPU

Computing vertex gradients using (1) is particularly suitable
for implementation in GPUs. First, the computation is com-
pletely parallel, i.e., the gradient vector of each vertex is cal-
culated individually. In addition, there is no data scattering
throughout the computation.

We implement the gradient computation using a standard
graphics pipeline, with an approach similar to GPU particle
simulation. For each vertex, we draw a single point. Indices
of the neighboring vertices Nb, and the coefficients «, B are
transferred to the pipeline as constant vertex attributes. The
dynamic scalar function f is stored in a texture and sam-
pled by the fragment program. Each fragment computes the
gradient vector of the corresponding vertex using (1) and
outputs the result to the frame buffer. In this way, the gradi-
ent vector of each vertex is stored in one pixel of the frame
buffer and is read by texture sampling in the next pass.

The complete pipeline of PEL rendering consists of four
passes as shown in Fig. 2.

Step 1

(a) The input mesh. (b) Illuminance I.

Fig.2 Computing PELs in GPU consists of four steps, i.e., computing

I, VI, Dq||VI]||, and extracting lines. For each of the first three steps,
the temporary computation results are stored in a 2D texture, where
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1. Compute the illumination / by a dot product of the vertex
normal n and the viewing vector v.
. Compute VI using (1) as explained above.
. Compute Dq||VI|| =d - V(||VI]) in a similar fashion,
i.e., taking || V]| as the scalar field.
4. Compute and render the iso-lines satisfying Dq||VI| =
0.

W N

The iso-line computation in the fourth step is done on
a per-face basis, with a simple geometry shader. More con-
cretely, we render a triangle for each facet and use the geom-
etry shader to compute the location of the iso-line segment
in the triangle and output the line segment to the graphics
pipeline. The inequality constraints are also performed in
the geometry shader. Similar to the software implementa-
tion, the test is performed only in triangles intersecting the
iso-lines. The normalized ||V 1| is output to the alpha com-
ponent of the image color, and thresholding is done via alpha
test.

The implementation is memory efficient in that all con-
stant data reside in high-speed static memory, and only the
dynamic scalar field is stored in texture memory and read
by texture sampling. In addition, the memory consumption
is reasonable. For each vertex, we only need to store the
neighbor indices and corresponding blending weights be-
sides vertex positions and normals. On modern GPUs, we
can process large-scale models with millions of vertices.

4 PEL:s based on enhanced shading

The major goal of computer-generated line drawings is to
convey both the overall shape and fine details as clearly as
possible. In the original PELs paper [23], Xie et al. assumed
that the surfaces have only diffuse materials and the light-
ings include a (required) main light and (optional) auxiliary

(d) Dq||VI]|. (e) The extracted PELs.

each vertex is stored in one pixel. The last step extracts the iso-line of
Dq||VI|| with a simple geometry shader
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lights. The main light is used to convey the overall shape
and the auxiliary lights to highlight or hide the fine details
of the user-specified regions. As mentioned earlier, for com-
plex shapes with multiscaled features, it is usually tedious to
control these auxiliary lights since two auxiliary lights (di-
rectional lights) are not allowed to overlap, otherwise, some
undesired lines will show in the overlapping region.

In this paper, we show that the constraint of lambertian
illumination in PEL rendering is unnecessary. On the con-
trary, we can take advantage of the recently developed en-
hanced shading techniques to achieve better line drawing re-
sults. Compared with standard illumination models, the en-
hanced shadings better convey the model details. Taking an
enhanced shading image as input, the extracted PELs should
better depict the fine details accordingly.

Figure 3 shows an example comparing the PELs based
on standard diffuse shading and enhanced shading. The en-
hanced shading highlights the rich details of the model, such
as on the legs, eyes, and armor. Clearly, the enhanced shad-
ing leads to better rendering results than the standard shad-
ing.

Incorporating PELs with an enhanced shading technique
is straightforward: simply replace the diffuse shading com-
putation (in the first pass of the PEL rendering pipeline)
with the enhanced shading, and the rest of the steps re-
main the same. Theoretically, any enhanced shading method
can be used for rendering PELs. In practice, we adopted

(b) Conventional
PELs (7.6 fps)
"4

(a) Diffuse
lighting

(¢) Closed-up
view of (b)

(d) Curvature enhanced (e) Improved
shading PELs (92.6 fps)

(f) Closed-up
view of (e)

Fig. 3 With standard rendering methods it is difficult to depict every
detail on the 3D surfaces. As a result, the generated PELs can only
convey the overall shape, missing the fine details. The enhanced shad-
ing, on the contrary, is effective for depicting the overall shape and
also bringing out the details simultaneously. Clearly, enhanced shad-
ing leads to a more clear line drawing than standard diffuse shading

a simple scheme that exaggerates the diffuse shading by
scaling a factor related to the surface curvature, as pro-
posed by [21]. Let I; be the diffuse illumination at vertex
i, and k, and k, be the principal curvatures, then the en-
hanced illumination I/ is computed as I/ = I; - (A, A,)" and
Ayuly = tan(arctan(akyy)/6 + 7 /4), where « and y are pa-
rameters controlling the degree of exaggeration. By adjust-
ing these parameters, different PEL rendering results can be
achieved with the same model. In this way, our framework
offers an intuitive interaction scheme to generate desired line
drawing results.

The GPU implementation of enhanced shading is rather
simple. We need only modify the vertex program for the first
pass to perform the illumination scale with the above equa-
tion and output the scaled illumination to the frame buffer.

5 Experimental results

We implemented the GPU algorithm using the Cg shading
language and tested our prototype system for a wide range
of 3D models on a PC with 3.0 GHz CPU and NVIDIA 285
GTX GPU. The statistics are shown in Table 1.

For all the tested models, the GPU implementation is
at least 11 times faster than the CPU implementation. For
the Buddha model, the performance speed-up is as high as
16.5 times. The speed-up is more obvious for large models
because the GPU algorithm involves multiple passes, and
the state changes between different passes incur constant
overhead time.

Figure 4 demonstrates that the improved PEL framework
is flexible by giving the users more degrees of freedom to
enhance the shading globally and locally.

Fig. 4 By tuning the parameters in enhanced shading, different PEL
rendering effects can be achieved. Note the different lines on the nose
and around the eyes. Parameter « is set to 1 for all images

@ Springer
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Table 1 Performance

comparison of various line Models #A SC AR LL PEL GPEL
drawing algorithms.
#/\: number of triangles. The Armadillo 330K 33.3 8.9 37.0 7.6 92.6
third through seventh columns Bimba 1M 11.2 2.9 12.5 2.5 32.2
show the rendering speed in fps: Buddha 1.5M 6.7 17 74 14 233
Suggestive contours (SC); ’ ’ ’ ’ ’ )
Apparent ridges (AR); Bunny 144K 76.8 20.6 85.4 17.6 2134
Laplacian lines (LL); Kid 511K 23.8 6.9 26.5 5.9 66.6
Conventional PEL (PEL); Lion 400K 28.6 7.0 317 6.0 69.0
GPU-accelerated PEL (GPEL) )
Mannequin 23K 455 143 505 122 1450
Sculpture 247K 45.5 9.5 50.5 8.1 119

455 fps 143 fps 505 fps 122 fps 1550 fps
(a) Suggestive contours (b) Apparent ridges (¢) Laplacian lines  (d) conventional PELs  (e) improved PELs

Fig.5 Comparison of the improved PELs and other feature lines. Among all feature lines, the improved PELs best depict the model details, e.g.,
the model eyes of the Buddha model and the Mannequin model

@ Springer
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Fig. 6 Comparison of conventional PELs and PELs extracted from
exaggerated shading. (a) Conventional PELs based on diffuse light-
ing; (b) improved PELs based on exaggerated shading; (¢) exagger-

Figure 5 compares the proposed approach with several
line drawing algorithms including the original PEL algo-
rithm. Using the enhanced shading image as input, PEL can
depict the details better than original PEL, which uses dif-
fuse lighting. For example, the new PEL algorithm more ef-
fectively depicts the hairs of the Bimba model and the eyes
of the Mannequin model.

As mentioned before, theoretically, any shading tech-
nique can be used to generate PELs. Besides the curvature
enhanced shading, we also tried several other shading algo-
rithms. Figure 6 shows an example using exaggerated shad-
ing [18]. The exaggerated shading is composited by illu-
mination calculated at various scales. The user can control
the weights of different scales by adjusting a few intuitively,
which results in different shading effects. Accordingly, dif-
ferent PEL rendering results can be obtained.

Figure 7 compares conventional PELs with PELs based
on mean-curvature shading. Standard diffuse lighting can-
not highlight every detail on the model surface. As a re-
sult, conventional PELs based on the diffuse lighting miss
some important features of the model. In contrast, the mean-
curvature shading clearly convey most of the features, from
which a better PEL rendering result is generated.

Another example is shown in Fig. 8. The handle model is
scanned from an ancient object and is very noisy. Standard
diffuse lighting does not convey the features clearly. Ac-
cordingly, the resulting PELs are totally unsatisfactory. The
mean-curvature shading effectively suppresses the noises
and conveys the major features of the model, and the result-
ing PELs clearly depict the characters on the model surface.

ated shading with a different parameter, where coarse-level shading is
made more important; (d) exaggerated shading with a different light
direction

(d) PELs from (c).

(¢) Mean-curvature shading;

Fig. 7 Comparison of conventional PEL and PELs extracted from
mean-curvature shading. The mean-curvature shading (c¢) highlights
the fine details better than standard diffuse lighting (a). Consequently,
PELs based on mean-curvature shading (d) depict various features of
the model better than the conventional PELs (b), e.g., the eyebrow,
nose, jewelry, etc.
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Fig. 8 Another comparison of conventional PELs and PELs based on
mean-curvature shading. The input model is noisy, see (a). The con-
ventional PELs do not provide any interesting information, see (b).
The mean-curvature shading provides better contrast than the diffuse
shading, see (c). As a result, the enhanced PELs effectively depict the
characters on the model surface, see (d)

One distinct advantage of PELs, compared to other fea-
ture lines, is that PELs can be naturally combined with any
enhanced shading technique to convey shapes simultane-
ously. The reason is that PELs are generalized from the
Canny edge detector. Therefore, given an arbitrary shad-
ing effect, PELs extracted from it mostly coincide with the
boundary of the shading image. This effect can be seen in
Fig. 6-8.

6 Conclusions and future work

This paper presented a novel computational framework to
improve both the performance and quality of photic ex-
tremum lines (PELs). We derived a simple and closed-form
formula for the gradient operator such that various orders of
derivatives can be computed efficiently and in parallel using
GPU. We developed a GPU-based PEL extraction algorithm
that is an order of magnitude faster than the one in [23].
Based on the observation that standard graphics rendering
cannot depict the overall shape and the details at different
frequencies simultaneously, we adopted non-photorealistic
shading into the PELs framework and showed that the user
can easily control the relative emphasis to different scales
and get the desired line drawings easily. Finally, by testing a
wide range of real-world models, we demonstrated that the
improved PELs are promising for depicting the surface de-
tails in real time.

In this paper, we implement the GPU-based PEL extrac-
tion algorithm using a standard graphics pipeline. In the fu-
ture, we would like to try to implement it using the more ad-
vanced CUDA framework. We will also develop GPU-based
extraction algorithms for other classical feature lines. In ad-
dition, we will try to improve the PEL rendering quality with
more shading techniques.

@ Springer
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Appendix

In this section, we derive the closed-form formula to com-
pute the gradient on the triangular mesh.

Let M = (V, E, F) be the triangular mesh, where V, E,
F are the vertex, edge, and face sets, respectively. A smooth
scalar function f : M — R is defined on the vertex set.

Given an arbitrary point v; € V, let Fy = (k1, k2, k3), k =
1,...,m, denote the neighboring triangles that are incident
to v;, where k;, i = 1,2, 3, denotes the vertex index. The
principal axes of the local coordinate system of triangle Fj
are Xy and yg, respectively. Then the per-face gradient of the
triangle Fy, V f|F,, is given by

Vf'Fk
N
L )yé‘—yéf =y - P
= — Xk, Yk 21,
Ax xb—xh xk - oxf - p
3

where A = (x} Y5 — Y{x3) + (65 ¥5 — y5x5) + (x3 v —y3x)
is twice the signed area of triangle Fj.

Let u; and v; be the principal axes at vertex v;, and the
projection of (u;, v;) on face Fy be (uf, Vf.‘), then the vertex
gradient V f (v;) is computed by

V) =@ v) Y w9V f 1k
k=1

The blending weight wf‘ is the same as defined in [23]. De-
fine

A, 8 <akl a, ak3>
=
bk, br, by

yh =k yk ke Yk
x k k k k k k)’

X=X

then

V@) =, vi) - Y Ak (fig fro fi)

k=1

(550 e (5500

k=1 j=1 k=1 j=1

> a@f(@ui+B@)f(@vi.

qeND(v;)U{p}
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