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Abstract

We propose a localized stylization method that combines object-space and image-space techniques to locally styl-

ize view-dependent lines extracted from 3D models. In the input phase, the user can customize a style and draw

strokes by tracing over view-dependent feature lines such as occluding contours and suggestive contours. For

each stroke drawn, the system stores its style properties as well as its surface location on the underlying polygonal

mesh as a data structure referred as registered stroke. In the rendering phase, a new attraction field leads active

contours generated from the registered strokes to match current frame feature lines and maintain the style and

path coordinates of strokes in nearby viewpoints. For each registered stroke, a limited surface region referred as

influence area is used to improve the line matching accuracy and discard obvious mismatches. The proposed styl-

ization system produces uncluttered line drawings that convey additional information such as material properties

or feature sharpness and is evaluated by measuring its usability and performance.

Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Picture/Image
Generation—Line and curve generation

1. Introduction

1.1. Background

Computer-generated 3D models have been extensively used
in applications that try to replicate realistic imagery. How-
ever, there is another branch of computer graphics called
Non-Photorealistic rendering (NPR), that focuses on how to
imitate the principles of abstraction used by artists. NPR re-
search covers different topics such as line extraction algo-
rithms, stylization and animation coherence. However, there
are still many problems to solve in order to generate im-
agery with the same degree of abstraction and stylization as
human-made drawings.

As stated in a recent study [CGL∗12], most of the lines
drawn by artists to convey 3D shape can be explained by
some of the most commonly-known line extraction algo-
rithms. However, artists often make global decisions such
as the omission of implicit lines or stylistic decisions which
tend to depart from realism. Human-made line drawings usu-
ally have a coherent style for the entire scene but also in-
clude subtle differences in the style of each individual stroke.
Therefore, there is a need for new algorithms that in combi-

nation with flexible user interfaces allow designers to cus-
tomize the appearance of drawings as well as to emphasize
or omit some of its details.

1.2. Related Work

Various methods have been proposed in order to extract lines
from 3D models. Image-space algorithms focus on image
processing methods such as edge detection to extract the
lines at each pixel of the output image [ST90,Dec96,Her99,
LMLH07]. This type of algorithm generates quite convinc-
ing images but suffers from noise problems and are unsuit-
able for further stylization.

Object-space algorithms are based on the field of differential
geometry which analyzes the properties of curves and sur-
faces. Previous research has successfully characterized var-
ious types of lines by making use of derivatives of different
order. The main contributions in this category can be clas-
sified into view-dependent lines such as occluding contours
[K∗84], suggestive contours [DFRS03, DFR04] and appar-
ent ridges [JDA07]; view-independent lines such as ridges
and valleys [OBS04] and demarcating curves [KST08]; and
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Figure 1: Overview of the proposed stylization system.

illumination-dependent lines such as photic extremum lines
[XHT∗07]. Some surveys [IFH∗03,LBSP14] have compared
numerous methods to extract silhouettes or feature lines and
analyzed the quality of the resulting lines. A common prob-
lem of most line extraction algorithms is that they usually
produce either too many lines which would not be drawn by
artists or not enough to convey the shape of the object.

Recently, researchers have focused on how to propagate the
path coordinates of lines in order to maintain the temporal
coherence of stylized strokes as the viewpoint changes or the
3D model is animated [KDMF03, BCGF10, BFP∗11, KH11,
BLC∗12]. Bénard et al. [BCK∗13] formalized the problem
of temporal coherence in term of three concurrent goals (flat-

ness, motion coherence, and temporal continuity) and com-
pared the methods proposed in recent years.

Earlier works successfully recreate styles found in artistic
and technical drawings [MKG∗97,NM00] but are limited to
a single style for each type of line. Other stylization tech-
niques include methods to express tone, texture or shading
from polygonal surfaces through hatching strokes [HZ00],
prevent cluttered drawings by adjusting the amount of lines
[SP03], locally control stylized shading [TABI07] or gener-
ate temporally coherent animation sequences from styliza-
tion examples provided by the user [BCK∗13].

Only a few previous works have stated the need for user
interfaces to provide better control of the style of feature
lines [KMM∗02, IB06, GTDS10]. These systems are useful
to quickly define the style of the entire scene but lack control
over the local stylization of view-dependent lines. Therefore,
the purpose of our research is to provide a system to stylize
view-dependent lines extracted from 3D models that main-
tains control over individual details. In this paper, we define
localized stylization as stylistic annotations made by the user
to represent local features such as material properties or fea-
ture sharpness. Our focus is to solve the following problems
related to the localized stylization:

• Maintain the style of view-dependent lines as the view-
point is changed or the 3D model is animated.

• Replicate global decisions made by artists such as empha-
sizing or omitting certain lines.

In our previous work [CS13], we proposed a localized styl-

ization method based on surface segmentation using the
Gaussian curvature. This method divides occluding contours

at inflection points and tracks object-space contours to gen-
erate additional surface areas. However, this approach has
the following problems and limitations:

• Terminal points are limited to inflection points.
• High dependence on object-space line topology.
• Does not support specifying stroke direction.
• Difficult to stylize individual lines.
• Not suited for suggestive contours.

In this paper we propose a localized stylization method that
solves the above limitations by combining object-space and
image-space techniques to locally stylize view-dependent
lines extracted from 3D models.

2. Overview

The proposed method allows the user to specify the style,
terminal points and drawing direction of individual strokes
where surface segmentation methods would fail because
multiple lines usually appear in the same area. Storing the
stylization information directly as strokes allows for a more
intuitive stylization system that replicates the 2-dimensional
nature of drawing so that the user can focus on the lines in-
stead of the underlying surface. The algorithm starts by ex-
tracting view-dependent feature lines such as occluding con-

tours and suggestive contours. The stylization system is di-
vided into an input phase where strokes drawn by the user
are registered and a rendering phase where the registered

strokes are matched to current frame feature lines in order
to synthesize strokes that maintain the style as specified by
the user. The overview of the proposed stylization system is
illustrated in Figure 1.
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Figure 2: Input phase: interactive stroke registration.

3. Input Phase

3.1. Stroke Registration

A user interface is provided to easily apply a wide range of
stroke styles to the lines extracted from a 3D model. The user
can customize style properties such as width, color, texture
and add line offsets by sketching an example stroke. Fig-
ure 2 shows the process to register a stroke: the initial state
without stylization shows the extracted feature lines as a vi-
sual guide; the user then traces over part of a feature line to
specify its style; for each stroke drawn, the system stores its
style properties as well as its surface location on the underly-
ing polygonal mesh as a data structure referred as registered

stroke and generates its corresponding influence area as ex-
plained in the following section; finally, all registered strokes

after drawing from multiple viewpoints are used to match
current frame feature lines as explained in section 4.1. Once
a stroke is registered, the user can select it and make further
adjustments through sliders controlling the style properties.
The user can change the camera position in order to input
new strokes for feature lines appearing at different view di-
rections. This process is repeated until the desired style is
achieved for all viewpoints. A local coordinate system de-
fined along each edge of the mesh is used to store the surface
location of the registered strokes so that it can be updated in
the case of animated models.

3.2. Influence Areas

We define an influence area as a surface region that delimits
the locations where its corresponding registered stroke can
be matched to current frame feature lines. The influence area

of a registered stroke is generated by diffusion over the sur-
face. When the viewpoint is modified, one problem is that,
while a contour line moves smoothly in image-space, it may
move abruptly over the surface. In object-space, the distance
on surface that the contour line traverses is inversely propor-
tional to the radial curvature (i.e. the curvature in the view di-
rection) of the underlying surface. Figure 3 shows how even
for small changes of view direction, the contour line may
move long distances when the underlying surface has low
radial curvature (e.g. planar surfaces). To solve this problem,
we propose a diffusion algorithm that accentuates the contri-

Figure 3: Movement contour lines in image space (top) and
object space (bottom).

(a) (b) (c) (d)

Figure 4: Generation of the influence area of a registered

stroke.

bution of vertices close in screen coordinates. The resulting
diffusion is indirectly dependent on the radial curvature and
spreads faster in the view direction. Figure 4 (a) shows the
registration of a stroke for the contour on the top edge of a
rounded cube and Figure 4 (b) shows the same rounded cube
from a different viewpoint as the influence values (red) are
propagated faster on its top side from the registered stroke

(green line).

We define a Laplacian approximation with weights equal to
the inverse of the lengths of the projected edges connecting a
vertex to its one-ring neighbor vertices into the image plane:

∆In,i = ∑
j∈i∗

wi j(In,i − In, j) (1)

where i∗ is the set of neighbors of vertex i, In,i and In, j are
the influence values at vertices i and j associated with the
registered stroke n and

wi j =
1

|qi −q j|
(2)

where qi and q j are the projected vertices i and j.

The diffusion process is done iteratively using the following
conditional explicit Euler scheme:

I
k+1
n,i =







1 if i ∈ t | t ∈ Tn

0 if i ∈ t | t ∈ TL and t /∈ Tn and t /∈ TLn

Ik
n,i +λ∆Ik

n,i otherwise
(3)

where λ is a constant such that 0 < λ ≤ 1, t is a triangle of
the 3D mesh, Tn is the set of triangles containing feature line
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Figure 5: Conditional diffusion and triangle sets. The influ-
ence value is set to 1 for vertices of triangles crossed by the
registered stroke (red dots), set to 0 for vertices of triangles
crossed by feature lines other than the one connected to the
registered stroke (black dots) and updated at each iteration
for all other vertices (white dots).
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Figure 6: Diffusion convergence to linear interpolation.

segments that belong to the registered stroke n, TL is the set
of triangles containing all line segments in the same view
when the registered stroke n was stored and TLn

is the set of
triangles containing line segments that belong to the feature
line connected to the registered stroke n (Figure 5).

By resetting the initial values to 1 and the boundary condi-
tions to 0 at each iteration, the diffusion process converges to
linear interpolation as shown in Figure 6. Setting the bound-
ary conditions stops the diffusion before reaching other fea-
ture lines but can be optionally omitted by the user. Figure 4
(c) shows the registration of a stroke on the outer ring con-
tour of a torus and Figure 4 (d) shows how setting the bound-
ary conditions to 0 for the inner ring contour results in a the
diffusion process where the influence values fade out before
reaching the inner ring contour.

The registered strokes and influence areas represent two-
dimensional information that is mapped into the object-
space domain. This approach is motivated by the need to
allow all types of affine transformations (e.g. rotations) that

would not be possible on the image-space domain. In the
rendering phase, this data will eventually be re-projected
into the image-space to match current frame feature lines as
explained in the following section.

4. Rendering Phase

The rendering pipeline takes as input a 3D model as well
as the registered strokes and corresponding influence areas.
View-dependent feature lines such as occluding contours

and suggestive contours are extracted from the 3D model.
These feature lines are then rendered as a binary image B

that is used as input to build an attraction field. This at-
traction field leads 2D polylines generated from the regis-

tered strokes to current frame feature lines. The influence

area explained in the previous section serves the purpose
of discarding obvious mismatches which are consequence
of self-occlusion and usually occur at surface locations far
away from the registered stroke. Figure 7 shows these mis-
matches and how an influence area avoids this problem by
limiting the area where a registered stroke is matched. For
each 2D polyline that successfully reaches current frame fea-
ture lines, one or more strokes are synthesized and rendered
as triangle strips reflecting the unique style properties stored
in the corresponding registered stroke. Figure 8 shows the
frame buffers used in the proposed method.

4.1. Line Matching

The proposed image-space line matching method leads 2D
polylines to current frame feature lines. These 2D poly-
lines are created along the projection of their correspond-
ing registered stroke into the image plane as active con-
tours [KWT88] with sample points v(s) = (x,y), s ∈ [0;1].
All sample points of the active contour are updated by min-
imizing an energy function composed of an internal and an
external energy:

E =

∫ 1

0
Eint(v(s))+Eext(v(s))ds (4)

We use a common internal energy definition in terms of first
and second derivatives to minimize length and curvature:

Eint =
1
2

α|v′(s)|2 +β|v′′(s)|2 (5)

where α and β are constants (α = 0.001 and β = 0.02 in our
implementation).

In contrast to methods that track feature lines frame by frame
to achieve temporal coherence [KDMF03,BLC∗12], the pro-
posed line matching algorithm needs to lead the active con-
tours from regions relatively far away from current frame
feature lines. Consequently, the common external energy
gradient is replaced by an attraction field An defined for all
points on the image near the registered stroke n that are lo-
cated over the 3D mesh or a feature line. For each registered
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Figure 7: Line mismatches (top) and their avoidance by an influence area (bottom).
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Figure 8: Frame buffers used in the proposed method. The triangle references of the 3D model (a); the depth of the scene (b);
the projected normals field Anormal (c); the underlying triangle references at feature lines (d); the feature lines binary image B

(e); the depth of the feature lines (f); the feature lines binary image B diffused by Gaussian filter (g); the feature line attraction
field Aline (h); the combined triangle reference image (i); the combined attraction field (j). The triangle references in (a), (d) and
(i) are color-coded for visualization purposes.

stroke n, the attraction field is scaled by its influence area:

∇Eext = An(v(s)) =

{

In(v(s))Aline(v(s)) if B(v(s)) = 1
In(v(s))Anormal(v(s)) otherwise

(6)
where Aline is the gradient of the result of filtering the binary
image B with a Gaussian kernel such that Aline =∇(Gσ ∗B)
(σ = 3 in our implementation) and Anormal is the projection
of surface normals into image-space.

The sample points v(s) of the active contours are defined in
the image space and therefore do not have direct access to
the influence values stored at the mesh vertices. In order to
provide access to the influence values, the triangle references
are stored in an intermediary frame buffer defined at every
pixel over the feature lines and the 3D model (Figure 8 (i)).
All sample points of the active contour are updated by min-
imizing the energy function using Euler-Lagrange integra-
tion method. This update process is repeated until the active
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Figure 9: Attraction fields, influence area and line matching.
The feature line attraction field Aline (a); the projected nor-
mals field Anormal (b); the combined attraction field before
scaling (c); the influence area of a registered stroke n (d)
and the corresponding attraction field An after scaling by the
influence values (e); the proposed attraction field leads an
active contour from a registered stroke (red line) to a current
frame internal feature lines.

contour converges or a maximum number of iterations is ex-
ceeded (500 iterations in our implementation). Aline is only
defined near external and internal feature lines while Anormal

is defined at almost all points over the 3D model. However,
the projected normals field Anormal does not provide the cor-
rect directions for the active contours to stop at internal fea-
ture lines. By combining Anormal with the feature line at-
traction field Aline, the proposed attraction field provides a
path to current frame feature lines from points far away and
provides the correct directions for internal lines. Figure 9 il-
lustrates the relationship between the attraction fields, influ-
ence areas and line matching. In practice, the scaled attrac-
tion field An is only calculated at the active contour sample
points and therefore the image in Figure 9 (e) is only pro-
vided for illustrative purposes.

5. Stroke Rendering

5.1. Visibility

The spine test method [CF10] is used to check for fragment
visibility at the nearest point on the spine of the feature lines.
However, the strokes generated from the active contours do
not have depth information to perform the spine test. There-
fore, the depth values at the spine of the feature lines are
stored into an intermediary frame buffer (Figure 8 (f)). This
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Figure 10: Stroke synthesis and texture coordinates.

frame buffer is used to assign a depth value to every sam-
ple point of the active contours that have reached the feature
lines. These depth values which correspond to the spine of
the feature lines are used to perform the spine test at each
sample point before synthesizing the final strokes.

5.2. Synthesis

The final step of the rendering pipeline consists of synthe-
sizing one or more strokes from the active contours that
have successfully reached current frame feature lines. The
style properties of the synthesized strokes are derived di-
rectly from their corresponding registered stroke. A stroke
is synthesized from an active contour as a 2D polyline with
successive visible sample points v(s) = (x,y) that fulfill the
following condition:

wnIn(v(s))> λ (7)

where wn =
∣

∣

∣
1− 2θ

π

∣

∣

∣
is a view-angle weight such that θ is

the angle between the current view direction and the view
direction when the registered stroke n was stored, In(v(s))
is the influence value associated to a registered stroke n

at sample point v(s) and λ is a scalar threshold such that
0 < λ < 1 (λ = 0.01 in our implementation). Additionally,
we adopt a one-to-one trimming policy similar to Kalnins et
al. [KDMF03] to prevent the overlapping of strokes at inter-
mediary viewpoints by selecting only the parts of the strokes
that maximize Eq. 7.

Final stroke rendering is done through a common method
that uses a geometry shader in order to extrude triangles
strips along the path of the synthesized strokes in the out-
ward and inward directions. Each vertex i of the polygonal
stroke is assigned with a texture coordinates t = (tu, tv) de-
pendent on the arc length li from the start of the stroke to
vertex i and the total arc length L (Figure 10). The shape of
a stroke can be customized by changing its width as well as
through tapering controlled by the α coefficients of a shifted
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and scaled sigmoid function [SKCN07]:

Sα(x) =
2

1+ e−αx
−1 (8)

The stroke thickness is calculated as follows:

T =

{

βSαL(L)Sαstart (tu) if tu < 0.5
βSαL(L)Sαend (1− tu)) otherwise

(9)

where β is the width of the triangle strip, αL is the arc length
coefficient that controls the influence of the length of the
stroke on its thickness and αstart , αend are the tapering co-
efficients that define the shape of the stroke near the starting
and ending terminal points respectively.

In practice, the tapering and arc length dependent width are
implemented in a fragment shader that discards all fragments
which fulfill the following condition:

β|2tv −1|> T (10)

6. Results

The proposed system provides an interactive way to locally
stylize view-dependent lines extracted from 3D models. Fig-
ure 11 shows results for organic and non-organic models
where strokes with different styles are used simultaneously
to convey additional information such as material properties
or feature sharpness. The process of stylizing models such
as the ones shown in Figures 11, 12 and 13 only needs to be
done for a small number of viewpoints and is pose invari-
ant for animated models. Figure 14 shows how the style of
the strokes is maintained from multiple viewpoints and Fig-
ure 12 shows how the proposed line matching method suc-
cessfully matches current frame feature lines of an animated
model by transforming the registered strokes in accordance
with the underlying surface. Figure 13 shows a compari-
son of results obtained with the single style approach found
in most previous methods and the proposed stylization sys-
tem. The single style approach produces strokes of different
thickness thanks to our tapering and arc length dependent
width implementation but is limited to global parameters that
control the overall appearance of the extracted feature lines.
In contrast, the results obtained with the proposed stylization
system show how stylistic annotations and global decisions
made by the user such as the omission of unwanted lines
produce highly stylized and uncluttered line drawings.

6.1. Usability

One inevitable consequence of localized stylization is that
the number of user operations and input time required in-
creases. However, the ideal system would maintain the con-
trol over all details of line drawings while reducing the bur-
den on the user. Therefore, we evaluated the usability of the
proposed stylization system by measuring the input times
to stylize various 3D models. Automatic stroke registration
of all visible feature lines (e.g. from three orthogonal view

directions) can generate an initial state where the style is
defined for most viewpoints and therefore greatly reduce
the input time required. This initial state is used as a base
from where the user can do any of the following operations
to make further adjustments: insert a new stroke; delete an
existing stroke; modify the style of an existing stroke; cut
an existing stroke; undo last operation. Figure 13 (bottom)
shows the results obtained for three different 3D models and
Table 1 shows the corresponding input times (less than 12
min in all cases).

Input time
Bunny 9 min 20 s
Buddha 11 min 29 s
Beethoven 7 min 38 s

Table 1: Input times.

6.2. Performance

We evaluated the performance of the proposed method by
measuring the pre-computation time and frame rate for var-
ious 3D models. The pre-computation phase registers all
strokes from three orthonormal view-directions to generate
an initial stylization state. The real-time phase consists of
the generation of the frame buffers and the attraction field
that will be used to lead active contours from the registered

strokes to current-frame feature lines and render the final
strokes. The hardware used to evaluate the performance is
composed by an Intel(R) Core(TM) i7-3770 CPU @ 3.40
GH processor, 16 GB of system memory and a GeForce
GTX 780 Ti graphics card. Table 2 shows the pre-computing
times and frame rates for three different 3D models.

# Tri-
angles

# Reg.
strokes

Pre-comp.
time

Frame
rate

Bunny 69666 197 7 min 27 s 12 fps
Buddha 25000 492 1 min 36 s 17 fps
Beethoven 30168 329 1 min 5 s 24 fps

Table 2: Pre-computation times and frame rates.

7. Conclusion and Future Work

In this paper we proposed a new localized stylization method
that enables the user to define the style of individual strokes
at view-dependent feature lines generated from polygonal
surfaces. The proposed attraction field leads active contours
to current frame external or internal feature lines far away
from the registered strokes. Furthermore, the combination
of active contour energy minimization and influence ar-

eas greatly reduces the number of incorrect matches. Line
matching is performed in image-space and consequently is
robust to changes in connectivity of the object-space lines.
The proposed method assumes that the shape of the surface
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Figure 11: Localized stylization using different styles for organic and non-organic models.

remains relatively similar and therefore future work may
deal with the problem of enabling complex animations such
as morphing. In our implementation we used a one-to-one
trimming policy to deal with overlapping strokes but an in-
teresting problem would be how to blend different styles
at intermediary viewpoints. Future work may also address
other remaining problems such as maintaining temporal co-
herence to deal with topological events and smooth the tran-
sitions for high frame rate render sequences of line drawings
containing multiple styles as well as implement a progres-
sive level of detail method to emulate how artists usually de-
pict far objects with higher degree of abstraction and close
objects with finer detail.
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Figure 12: Localized stylization using different styles for an animated model.

Figure 13: Comparison of results for three 3D models obtained with single style (top) and with the proposed method (bottom).
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Figure 14: Locally stylized strokes from multiple viewpoints.
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