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Abstract Meaningful mesh segmentation plays a more
and more important role in various graphics applica-
tions, such as texture mapping, shape retrieval, and high-
quality metamorphosis. This paper proposes a sketch-
based interactive framework for real-time mesh segmen-
tation. With an easy-to-use tool, the user can freely seg-
ment a 3D mesh while needing little effort or skill. In
order to meaningfully segment the mesh, two dimen-
sionless feature sensitive metrics are proposed, which are
independent of the model and part size. We show that
these metrics give the clear physical meaning to illus-
trate discrete differential geometric features, such as the
curvature tensor and the curve length of gaussian im-
age. Finally, we discuss three kinds of boundary smooth-
ing methods, and present two fast topology-invariant,
geometry-invariant adjustment algorithms based on con-
vex hull features and angle features. Compared with pre-
vious methods, our method can easily achieve multi-level
segmentation in just one session.

Key words Sketch-based mesh segmentation, Dimen-
sionless feature sensitive metric, Convex hull fitting, An-
gular feature smoothing

1 Introduction

Mesh segmentation (or decomposition, partition), is a
useful tool for modeling [1], texture mapping [2], cross-
parameterization [3], metamorphosis [4], shape retrieval
[5] and collision detection [6] in computer graphics. Cur-
rently, triangle mesh is one of the most common 3D data
representations due to its advantages in expressive abil-
ity and speed. However, triangle mesh does not capture
high-level structures, such as semantic features. In order
to obtain a meaningful object segmentation, it is vital
to extract these semantic features from low-level data
representations. But the concept of meaningful segmen-
tation heavily depends on the concrete application con-

text and varies among individuals due to subjectivity.
As a result, it is still a challenging problem in computer
graphics. Now a great interest has been gained in this re-
search community and much progress has been achieved.

Most existing mesh segmentation methods concen-
trate on the automatic decomposition of a surface into
meaningful shape features. One important goal of these
methods is to avoid over-segmentation and obtain small
patches by orders of magnitude. The final outputs are
typically less than 10 parts. In these methods, some con-
trol parameters are still needed to fine tune for different
scenes. So it is still hard to achieve a strict-meaningly
automatic segmentation, due to this problem’s intrinsic
difficulties.

Our main motivation is based on the fact that in
the real applications, the final outputs are usually very
small number of parts (5∼8, typically < 10). So the user
prefers to decide the output result by his simple and in-
tuitive assignment, rather than by abstract parameter-
tuning. Furthermore, in many important applications of
mesh segmentation, such as texture mapping and cross-
parameterization, a good user-oriented adjustment in-
terface is necessary for high-quality and visually appeal-
ing results. Therefore, an intuitive and simple tool plays
a crucial role in this task. However, existing automatic
methods can not provide such an intuitive interface. We
notice that the emerging sketch-based interactive tech-
niques bridge the gap between the user’s subjective in-
tention and the complex 3D objects. With this conve-
nient interactive mode, the user freely draws a few loose
strokes to identify interested areas or parts, then our
system gives the desired segmentation results. No spe-
cial training is needed for the non-expert users.

1.1 Contribution

The contribution of this paper is three-fold. Firstly, we
introduce a sketch-based segmentation system with a
simple and intuitive interface for efficiently performing
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(a) (b) (c) 

Fig. 1 An example of our method. (a) The user draws a few
freehand sketches on the model. (c) Then the system gives
the desired segmentation. Sketch-based interactive mode can
easily implement multi-level segmentation just in one session,
such as the tiny thumb zoomed in (b) vs. the huge body.

mesh segmenting operation. Next, we propose two angle-
based feature sensitive metrics, which are independent
of the model and part size. These metrics can clearly il-
lustrate the discrete differential geometric features, such
as the curvature tensor and the curve length of gaus-
sian image, which provide our method a solid founda-
tion. Finally, we discuss three kinds of boundary smooth-
ing methods and introduce two fast topology-invariant,
geometry-invariant refinement algorithms based on the
convex hull features and the angle features. It is worth
noting that our segmentation system not only improves
the user’s segmenting experience, but also easily achieves
desired multi-level segmentations just in one session, com-
pared with previous automatic segmentation algorithms.
Take the case in Fig. 1 for instance, the user freely seg-
ments the Android model into several parts of any size,
ranging from long legs to any user-specified tiny finger,
just in one interactive session. This kind of flexibility
makes our system satisfy the requirements of common
applications.

1.2 Definitions and scheme overview

We firstly introduce some definitions used frequently thr-
oughout this paper and then give the scheme overview.

Definition 1.2.1 Vertex-based Part Segmentation:
Let M = (T, G) be a 2-manifold triangular mesh. T =
(V, E, F ) is a graph where V denotes the set of vertices,
E denotes the set of edges and F denotes the set of

(a) (b)

Fig. 2 Another example of our method. From the front view
(a) and the side view (b), it can be seen that our system gives
a natural segmentation for the Camel model.

facets, and G is the geometry associated with each ver-
tex in V . P1, P2, ..., Pn is a vertex-based segmentation of

mesh M iff (1) ∀i, 1 ≤ i ≤ n, Pi ⊂ V ; (2)
n⋃

i=1

Pi = V ; (3)

∀i, j, i 6= j, Pi ∩ Pj = ∅.
Definition 1.2.2 Facet-based Part Segmentation:

P1, P2, ..., Pn is a facet-based segmentation of mesh M

iff (1) ∀i, 1 ≤ i ≤ n, Pi ⊂ F ; (2)
n⋃

i=1

Pi = F ; (3) ∀i, j, i 6=
j, Pi ∩ Pj = ∅.

The rest of the paper is structured as follows. Section
2 gives a brief review of related work. Section 3 describes
the vertex-based feature sensitive metric and its physical
meaning in detail. Section 4 describes the facet-based
feature sensitive metric. Section 5 discusses the methods
for boundary refinement. Section 6 presents some results.
Section 7 concludes and discusses future work.

2 Background and related work

Mesh segmentation: Segmentation, to divide an ob-
ject into distinct and meaningful parts, is also a classic
subject in computer vision. Specifically, in image editing,
segmentation is an important preprocessing step for the
subsequent composition step. Due to the intrinsic cogni-
tive difficulty, this quite easy task for human eye is still
a long way for the computer to perform in the same easy
way. So recently in this field, many convenient interac-
tive methods have been developed to assist the computer
(also the user) to produce high-quality segmentation re-
sults [7]. With these methods, the user’s experience is
significantly improved, contrast to per-pixel specifying
methods or the lasso tool.

For 3D mesh segmentation, the main difference from
image segmentation is that model’s geometric and topo-
logical information is given beforehand, and we need not
consider other factors such as occlusion and lighting vari-
ance. Nevertheless, this does not make mesh segmen-
tation an easy task. Actually, it is another challenging
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(a) (b) (c)

Fig. 3 Three steps in our method. (a) The segmentation result after vertex-based diffusion. Note that the blue part is the
boundary facets before applying facet part Strategy 2 in Section 4. (b) The result after applying all the facet part strategies.
(c) The result after boundary refinement.

work. Triangle mesh is organized in low-level structures,
while the segmentation is related to the high-level shape
reasoning and understanding, which is still an open prob-
lem both in computer vision and computer graphics. Fur-
thermore, 3D models lack a regular parameterization do-
main, which is harder to deal with than images.

Despite the intrinsic difficulty, much progress [6,8–15,
19] has recently been achieved in this field. These meth-
ods are mainly based on psychological studies of human
vision: (1) human’s perception for shape is partly based
on decomposition and complex objects can be regarded
as a combination of meaningful simple components [16];
(2) human perception inclines to divide an object into
parts along negative minima of principle curvatures [17].
These studies provide useful clues for mesh segmenta-
tion.

Based on these computable hypotheses, various tech-
niques have been proposed. Generally speaking, these
segmentation methods can be classified by the follow-
ing characteristics: whether it is based on local feature
(such as length, curvature [9]) diffusion or global primi-
tive approximation (such as blowing bubbles [19], cylin-
der tubular [10], convex hull [6,15]); whether it is based
on similar property clustering or distinct feature identifi-
cation (such as the boundary detection in [11]); whether
it is bottom-up hierarchical or top-down hierarchical;
whether it is vertex-based or facet-based. See [20] for
a good survey on mesh segmentation. [21] gives a com-
parative review for recent techniques.

Among these approaches, the local diffusion scheme
usually achieves faster speed than the global approxima-
tion scheme, while the latter achieves finer results than
the former. In our system, we take the local diffusion
scheme similar to [14, 22] as the startup. We also in-
troduce two scale-independent metrics and discuss their
clear physical meanings. With the two feature sensitive
metrics, our k-way segmentation system is efficient and
effective. Moreover, We take careful boundary refine-
ment into consideration. Contrasted with initial local
growing scheme, our boundary refinement method adopts
global fitting scheme, thus achieves a good balance be-
tween the speed and the effect of the overall procedure.
Since the number of the mesh’s facets is usually greater

than that of the vertices, the computation scale of the
vertex-based scheme is smaller than the facet-based one.
In our scheme, we first adopt a vertex-based diffusion
procedure and then take a facet-based procedure for re-
finement.

Sketch-based interactive interface: Sketch-based in-
teractive mode effectively bridges the gap between cur-
rent 2D human-computer interface and complex 3D mod-
els [23–26]. Sketch-based interface shows powerful abili-
ties in editing, manipulating, and animating existing 3D
meshes. It is worth noting that sketch is not only ”skele-
ton” (uncrossed curve), but also can include diverse 2D
feature components with 3D sensibleness, such as point,
(directed) curve, region, cutting plane etc. In this paper,
we only take the undirected curve as the sketch compo-
nent, since it has already satisfied most requirements.
Secondly, different from the image, which has only one
front view in 2D plane, 3D model is rendered on the
screen with current view, and back parts may be oc-
cluded by front parts. A simple strategy to deal with
it is to navigate the model to the appropriate position
and then begin drawing sketches. More complex schemes
carefully take the Z-buffer into consideration.

3 Generating vertex parts with angle-based
diffusion metric

In the interactive step, the user draws a few freehand
sketches on the 2D screen plane. These sketches are pro-
jected onto the 3D mesh to produce some seed vertices.
Every such vertex is assigned an index due to the sketch
it belongs to. Then we diffuse these initial vertices to
complete segmentation for the whole mesh. The natural
way is to consider 1-ring neighborhood diffusion, which
needs certain metric to decide feature distance between
two neighbor vertices. Compared with the curvature and
angle information, the Euclidean length is not a rather
relevant factor in the case of 1-ring neighborhood. So
we introduce an angle-based diffusion metric, which is
naturally independent of the model and part size. In the
following, we give a clear illustration to this metric.
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Fig. 4 The illustration of silhouette image for (a) angle-based feature sensitive metric for the vertices and (b) angle-based
feature sensitive metric for the facets. Detailed explanations are given in Section 3 and Section 4.

As illustrated in Fig. 4a, we mark a vertex as the
source vs with its normal ns, and mark a 1-ring neigh-
borhood vertex as the target vt with its normal nt. Since
the normal ns (or nt) is computed by averaging the 1-
ring neighborhood facets’ normals, we regard this as a
state because it reflects the local state of a vertex’s 1-
ring neighbors. Similarly, we consider the directed edge
est connecting the source vs and the target vt as a pro-
cedure, which represents the transferring procedure from
the source to the target. To compute the sensitive dis-
tance between vs and vt, we need to consider two aspects:
the magnitude of the procedure and the magnitude of
the state’s change. Specifically, we define the angle apro

from the source normal ns to the connecting edge est as
the procedure value, and the angle asta from the source
normal ns to the target normal nt as the state value.
From the silhouette image shown in Fig. 4a, due to the
concave shape, we will classify the source and the tar-
get from Fig. 4a-1 to Fig. 4a-3(not including) into two
different convex parts (in other words, further distance),
while classify the source and the target from Fig. 4a-4 to
Fig. 4a-6 into the same convex part (or closer distance),
due to the convex shape. Furthermore, we need to pay
more attention to deal with the former case, in order to
complete the segmentation. From Fig. 4a-1 to Fig. 4a-
6, the angle apro arises from 0◦ to 180◦; the angle asta

arises from −90◦ to 90◦. As for the first case, the feature
distance trend decreases when the angle apro increases,
which acts like the cosine curve trend in this angle re-
gion. In the second case, due to the indetermination of
the positive and negative angle in 3D space (if extra ref-
erence lacks), we focus on the relatively important region
−90◦ ∼ 0◦. In this angle domain, the distance trend also
decreases when the angle asta increases, which acts like

the absolute sine curve (|sin(x)|).

Now, we formulate the angle apro:

cos(apro) =
ns · est

‖ est ‖ (1)

Interestingly, this item is similar to the discrete di-
rectional curvature [27,28], i.e.,

kd = k1
p cos2(θ) + k2

p cos2(θ) discrete−→ 2
ns · est

‖ est ‖ (2)

where k1
p and k1

p are the two principal curvatures.
Then, we formulate the angle asta:

| sin(asta)| =‖ ns × nt ‖ (3)

Again interestingly, we find that the curve length of
gaussian image [22] is similar to the second angle, be-
cause this formula below has the same trend curve as
the angle asta in −90◦ ∼ 90◦.

∫

G∗

ds∗ discrete−→ ‖ ns − nt ‖= 2| sin(
asta

2
)| (4)

where ds∗ is the arc element on the Gaussian image G∗.
Thus, our overall feature distance metric is defined

according to both the procedure angle apro and the state
angle asta:

fV
d (s, t) = (1 + cos(apro))(1 + | sin(asta)|)

= (1 +
ns · est

‖ est ‖ )(1+ ‖ ns × nt ‖) (5)

This metric is a dimensionless feature sensitive met-
ric, i.e., it is independent of the model and part size.
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In above definition, there are two additional terms of 1:
the first one is used to avoid negative metric, the second
one prevents the cancelation of one item as the other ap-
proaches 0. We complete the initial vertex-base diffusion
with this metric, as shown in Fig. 3a. Note that addi-
tional enhanced functions also can be applied to different
angle regions for various filtering effects.

In the following, we introduce our diffusion algorithm.
For each vertex, we define its property with a tetrad
{vi, if known, id, fV

d } ,where vi is a vertex with the in-
dex i, i = 1, 2, ..., |V |; if known is a Boolean variable
to decide whether this vertex’s part id is determined
(known or unknown); id is the vertex’s part id (id=1,2,...n;
0 is reserved for the initial unknown state); fV

d is this
vertex’s feature distance to some known vertex in 1-ring
neighborhood. Initially, the vertices that have a known
vertex in 1-ring neighborhood are inserted to a candidate
list. At each step, we find a vertex with the shortest fea-
ture distance, change its state from unknown to known,
delete it from the candidate list, and insert the unknown
vertices in its 1-ring neighborhood to the candidate list.
Our vertex-based diffusion procedure is shown in Algo-
rithm 1.

4 Generating facet parts with angle-based
feature sensitive metric

After the initial vertex-based diffusion, we have marked
each vertex with a part id. Because the usual outputs
are facet parts, we need to convert these vertex parts
into facet ones. In order to tag each facet with a part id,
we adopt the following strategies:

¦ For the facet fs with three vertices of the same id,
the facet id is equal to the vertices’ id.

¦ Otherwise, the facet fs’s id is equal to the facet ft’
id with the closest feature distance.

We define the facet-based feature distance fF
d (s, t)

similar to the vertex-based feature distance. Here, we
only need to consider the state value. As illustrated in
Fig. 4b, fF

d (s, t) decreases with the angle asta from -180◦

to 0◦ (and also from 180◦ to 0◦), which acts like the curve
trend of (−cos(|x|)).

fF
d (s, t) = − cos(|asta|) = −nF

s · nF
t (6)

where nF
s , nF

t are the normals of the source and target
facet, respectively.

According to above strategies, vertex parts are turned
into facet parts, as shown in Fig. 3b.

5 Refining boundaries

After obtaining facet parts, we refine the boundaries
of parts. Existing refinement methods can be classified
into three categories: topology-variant and geometry-
variant, topology-invariant and geometry-variant,

Algorithm 1: Vertex-based part diffusion algo-
rithm

Data: Mesh M , and n sketches by user’s strokes. The
initial vertices Vinit are computed out by
projecting these sketches to the image plane.

Result: n parts on Mesh M .
begin1

/* initiate vertices’ if known value */

if vi ∈ Vinit then2

vi.if known ←− true;3

else4

vi.if known ←− false;5

/* initiate candidate list */

candidate list ⇐= {vi, if known, id, fV
d }, vi ∈6

1-ring unknown vertices of Vinit;
while candidate list 6= ∅ do7

find vmin with the minimal fV
d value in8

candidate list;
vmin.if known ←− true;9

/* update candidate list */

for vi ∈ 1-ring of vmin do10

if vi.if known = true then11

continue ;12

else if vi ∈ candidate list then13

if vi.f
V
d > fV

d (vi, vmin) then14

{vi, if known, id, distance} ←−15

{vi, if known, vmin.id, fV
d (vi, vmin)};

else16

candidate list ⇐=17

{vi, if known, vmin.id, fV
d (vi, vmin)};

delete vmin from candidate list;18

end19

topology-invariant and geometry-invariant. Most algo-
rithms focus on the first one for the flexibility and good
effect. However, some important applications of mesh
segmentation, such as cross-parameterization and meta-
morphosis [4], require the outputs to be compatible with
the inputs, i.e. with the same topology. So we opt for
topology-invariant algorithms. Specifically, our refinement
methods based on convex property and visual angle fea-
ture take topology-invariant and geometry-invariant strate-
gies.

5.1 Adjusting facet parts by convex property

As mentioned above, human perception usually divides
an object into parts along negative minima of principle
curvatures. This implies that the meaningful parts are
in some sense convex. Here, we adopt convex hull fitting
scheme, which constructs more compact convex-hulls in
boundary regions, to refine the boundaries. In [6,15], the
convex property is computed within a whole patch. How-
ever, iteratively constructing convex hull for the whole
region is much time-consuming for all adjustment steps



6 Huai-Yu Wu et al.

(a) (b) (c) (d) (e) (f)

Fig. 5 The effects of our boundary refining strategies. (a) and (b) are the effects before and after applying one-side incremental
convex hull adjustment strategy. (c) and (d) are the effects before and after applying two-sides dynamic convex hull adjustment
strategy. (e) and (f) are the effects before and after applying angle property adjustment strategy.

together, thus it is not suitable for real-time applica-
tions. In our scheme, we only consider the neighborhood
around a facet to be adjusted. Thus it effectively over-
comes the above drawbacks. The neighborhood facets
can be 1-ring, 2-ring, or 3-ring, etc. In our experiments,
we found 2-ring achieves an optimal balance in speed and
effect. We adopt two convex hull adjustment strategies
as described below.

One-side incremental convex hull adjustment
strategy. Given an edge ei lying on the boundary, we
find its 1-ring facets F a−ring

i belonging to part Pa and
compute the volume V ol(CH(F a−ring

i )) of F a−ring
i ’s con-

vex hull. Then we get ei’s incident facet f b
i be-

longing to part Pb. We also compute the vol-
ume V ol(CH(F a−ring

i

⋃
f b

i )). If Inequation 7 is satis-
fied, the incident facet f b

i is added to part Pa.

V ol(CH(F a−ring
i

⋃
f b

i ))− V ol(CH(F a−ring
i ))

V ol(CH(F a−ring
i ))

< Td

(7)
In this paper, we take the threshold Td = 0.1. Like-

wise, the same operation is applied to part Pb. Due to
the incremental convex hull construction, the computa-
tion even for overall boundary edges is still very fast.
The adjustment effect is shown in Fig. 5(a)(b).

Two-sides dynamic convex hull adjustment str-
ategy. Given an edge ei lying on the boundary, we find
its 1-ring facets F a−ring

i belonging to part Pa and com-
pute the volume V ol(CH(F a−ring

i )) of F a−ring
i ’s convex

hull. F b−ring
i and V ol(CH(F b−ring

i )) are obtained in the
same way. Then we get ei’s incident facet f b

i be-
longing to part Pb. We also compute the volume
V ol(CH(F a−ring

i

⋃
f b

i )) and V ol(CH(F b−ring
i − f b

i )). If
Inequation 8 is satisfied, the incident facet f b

i is added
to part Pa.

V ol(CH(F a−ring
i )) + V ol(CH(F b−ring

i )) >

V ol(CH(F a−ring
i

⋃
f b

i )) + V ol(CH(F b−ring
i − f b

i ))(8)

Likewise, the same operation is applied to part Pb. The
adjustment effect is shown in Fig. 5(c)(d).

5.2 Adjusting facet parts by visual angle property

In this step, we refine the boundaries directly according
to human visual perception for a regular boundary, i.e.,
minimizing the difference of adjacent boundary angles.
Given an edge ei lying on the boundary of part Pa and
it’s two vertices vprev, vcurr, we get ei’s incident facet f b

i

belonging to part Pb and ei’s incident facet fa
i belonging

to part Pa. We compute the boundary angles aprev and
acurr covering part Pa for vprev and vcurr, respectively.
Then we apply the following adjustment strategy:

¦ If acurr > 180◦ and |acurr − aprev| > Atd, add the
facet f b

i to part Pa.
¦ If acurr < 180◦ and |acurr − aprev| > Atd, add the

facet fa
i to part Pb.

Here, we take the threshold Atd = 120◦. Because this
step is very fast, we perform it N = 3 times for better
effect. The adjustment effect is shown in Fig. 5(e)(f).

6 Experimental results

Fig. 6 shows the GUI of our sketch-based interactive sys-
tem. The user simply draws freehand 2D sketches on the
3D model with the mouse, without parameter tuning.
Then our system gives the desired segmentation results.
In Fig. 7, the user completes the stroke drawing just in
one viewpoint within a few seconds. The tested models
not only include human and animal models, but also the
CAD models (Fig. 8). More results are shown in Fig. 1,
2 and 9. The whole interactive procedure is very conve-
nient both for the experienced user and the novice.

Thanks to our dimensionless feature sensitive met-
rics, the system works well for meshes with various sizes.
A significant advantage of our sketch-based system over
automatical methods is that it can easily segment multi-
level parts just in one session, such as the tiny right
thumb vs. the huge body in Fig. 1, the little right horn
vs. the big limbs in Fig. 7(a)(b). Moreover, our refine-
ment algorithms generate natural boundaries for the seg-
mentation.

The experiments were carried out on a 1.8Ghz note-
book with 1Gb memory. From the overall running time



A sketch-based interactive framework for real-time mesh segmentation 7

Fig. 6 The GUI of our sketch-based interactive system.

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

Fig. 7 The segmentation results of animals. The segmentation result of the Feline model is shown in (a),(b). The segmentation
result of the Dragon model is shown in (c),(d).

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

Fig. 8 The segmentation results of CAD models. The seg-
mentation result of the Hammer model is shown in (a),(b).
The segmentation result of the Screwdriver model is shown
in (c),(d).

statistics (including the boundary refinement time) shown
in Table 1, it can be seen that our method is fast enough
for the real-time applications. We also test the very huge
model such as the Dragon model (871414 facets, 1300K
edges, 66.8MB, shown in Fig. 7c), which was computed
in 72.562 seconds. Moreover, for large models, running
the algorithm first on a simplified model and then using
the hierarchical correspondence between the simplified

mesh and the original one can significantly reduce the
times.

7 Conclusions and future work

To meaningfully segment a model is a challenging task,
as human visual perception is extremely complicated and
highly subjective. This paper presents a sketch-based in-
teractive framework which segments meshes according
to the user’s intention, thus gives an effective solution to
this problem. Our feature sensitive metrics are indepen-
dent of the model and part size. We show that they give
the clear physical illustration to discrete differential ge-
ometric features. Furthermore, the boundary refinement
algorithms based on convex hull features and angle fea-
tures achieve natural segmentation effects. Experiments
indicate that our method not only produces meaning-
ful segmentation the user desires, but also improves the
user’s experience.

As we discussed the value of mesh segmentation has
been recently pronounced in the applications like mesh
parameterization, texture mapping, and high-quality meta-
morphosis. As for cross-parameterization between meshes,
it currently suffers from two main problems: the user
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(a) (b) (c) (d)

Fig. 9 More segmentation results produced by our method. (a),(b),(c) and (d) are the segmentation results of the Dinopet
model, the Dinosaur model, the Elephant model and the Officechair model, respectively.

burden induced by manually specifying many marker
points, the slow speed caused by the non-linear proce-
dure. We believe the sketch-based segmentation frame-
work possesses a lot of potential in overcoming these
drawbacks. We plan to extend this work in the future.

Mesh Facet Number Running time (seconds)

Lion 9996 0.2

Dinopet 15945 0.313

Camel 19536 0.5

Feline 19790 0.562

Dinosaur 28096 0.825

Elephant 84638 2.713

Table 1 Typical timing statistics (in seconds) of our method

Acknowledgements: This research work is supported
by the National Natural Science Foundation of China
(NSFC No. 60675012).
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