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ABSTRACT

We present a novel sketch-based tool, called iCutter (short for intelligent cutter), for cutting out semantic parts of 3D
shapes. When a user performs a cutting task, he only needs to draw a freehand stroke to roughly specify where cuts should
be made without much attention. Then, iCutter intelligently returns the best cut that meets the user’s intention and expec-
tation. We develop a novel scheme for selecting the optimal isoline from a well-designed scalar field induced from the
input stroke, which respects the part saliency as well as the input stroke. We demonstrate various examples to illustrate the

flexibility and applicability of our iCutter tool. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Decomposing 3D shapes into semantic parts is an impor-
tant ingredient in computer graphics and has received
increasing research attention during the last decade [1,2].
However, semantic parts can hardly be measured quanti-
tatively as human perception on semantics is subjective.
Therefore, interactive tools for mesh decomposition, which
can aid the user to extract semantic parts at ease, have
become increasingly popular in recent years [3-6].

Existing interactive interfaces for mesh decomposition
can be classified into two categories: boundary-based inter-
faces [3,5], which require the user to specify points or
strokes at the desired cutting boundary, and region-based
interfaces [4,6], which allow the user to freely draw strokes
on the foreground and background regions. The latter pro-
vides the user little control on the cut, thus generally requir-
ing the user to put extra effort on specifying more hints to
refine the cut [4,7].

Before he performs the cut, the user generally knows
what he wants to cut out from a model and roughly knows
where the cut should be made. In this paper, we present a
novel interactive tool, called iCutter (short for intelligent
cutter), for cutting out semantic parts of 3D shapes. The
user roughly draws a stroke around a desired cut. From
the user’s perspective, the meaning of the input stroke is “I
want to cut the object along the best cut around here”. From
the tool’s perspective, it specifies a hint and constraint on
where the cut must pass near the stroke. Then, our iCutter

Copyright © 2011 John Wiley & Sons, Ltd.

tool intelligently returns satisfied cuts, which respect the
user’s intension, as shown in Figure 1. This tool is so intel-
ligent to meet the user’s intention and expectation that
the user roughly draws the strokes without paying much
attention.

The contributions of our iCutter are as follows:

e iCutter provides an intuitive and easy-to-use tool for
cutting out semantic parts from 3D shapes. The user
only needs to draw rough strokes without paying
much attention. A number of experimental results
show that iCutter produces satisfactory cutting results
and provides users a favorable experience on cut-
ting out meshes in both ease of use and cutting
quality, which provides a direct cut-out tool for 3D
shapes.

e We have developed a novel and non-trivial tech-
nique for computing a cut from the input stroke.
The core of the technique is to compute a scalar
field that is obtained by averaging some harmonic
fields defined by the estimated foreground and back-
ground pairs induced from the sampling points on the
stroke.

e We have conducted two user studies to evaluate the
performance of iCutter. The studies show that iCut-
ter is not only better than the previous boundary-
based user interfaces but also it is easier to use than
the region-based user interfaces like the easy mesh
cutting.
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Figure 1. Two mesh cutting results produced by our iCutter tool.

The user only needs to roughly draw a stroke (in purple) around

the desired cutting boundary. iCutter obtains the similar cuts no
matter how the user draws the strokes in different ways.

2. RELATED WORK

There has been a number of work on mesh decomposition
[1,2]. We only review relevant work on interactive mesh
cutting and their user interfaces.

2.1. Boundary-Based Interactive Mesh
Cutting

Boundary-based user interfaces require the user to input
some hints that are on or close to the desired cuts. The work
of [2,8] requires the user to specify a sequence of points,
or draw a scree-space “lasso” [9], or paint a stroke or path
[3,10] on/near the desired cutting boundaries. Then, the
cuts are automatically obtained by connecting the points or
closing the stroke via shortest paths. 3D geometric snake
[11] is often applied to move the initial contour by con-
sidering the part salience until it settles to define the final
cut position. The recent work of cross-boundary brushes
[5] requires the user to draw strokes across a desired cut.
However, the user has to pay much attention on the direc-
tions of strokes, and multiple strokes are often needed to
obtain desired results.

Similar to the interfaces used in [3,10], our iCutter tool
allows the user to draw rough strokes on the mesh to spec-
ify where cuts should be made. Instead of using the short-
est paths as the cuts, we estimate some foreground and
background points at both sides of the stroke and com-
pute a scalar field on the basis of these points. The cut is
then obtained by finding an optimal isoline from the scalar
field [5].

2.2. Region-Based Interactive Mesh Cutting
Region-based user interfaces require the user to draw free-

hand strokes on the foreground and background regions.
Starting from the initial seeds, various techniques, such
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as region growing [4], graph cut [12,13], random walks
[6,14], and hierarchical aggregation [15], have been pro-
posed to extract the foreground and background regions.

One drawback of these approaches is that the user has
lack of control on refining the cutting boundaries. These
approaches do not always guarantee that the exact cuts
that the user wants are obtained, thus also allowing the
user to make extra effort on interactively refining the cuts
as a postprocessing. The easy mesh cutting [4] allows the
user to draw freehand strokes to replace a segment of the
cut. In the mesh snapping [6], the user is allowed to spec-
ify vertices or triangles where he wants the cut to pass. A
recent work [7] allows both soft and hard constraint inputs
to modify the cuts.

Our iCutter tool shows that the user can directly cut
out the mesh through specifying rough strokes on the cuts
instead of making it as a postprocess of those region-based
user interfaces.

3. THE ICUTTER TOOL

To execute a cutting, the user draws a stroke on the mesh to
specify where cuts should be made, as shown in Figure 1.

3.1. Adaptive Sampling

The input stroke in the image plane is denoted as S. Thus,
S roughly indicates the position and the direction of the
cut. The basic idea is to sample some pairs of foreground
and background points along S, which provide initial seeds
for computing the cut.

3.1.1. Stroke sampling.

First, we uniformly sample a sequence of n points (every
dsST =5 pixels), denoted as S = {S1,S2,--+,Sn}, on
S (Figure 2 (left)). By projecting these sampling points
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Figure 2. lllustration of adaptive sampling. Left: a sequence of
points {Ty, T,--+, T} (in green) are uniformly sampled on the
stroke T(S) (in purple). For each T;, we sample a set of points
(in orange) along its normal direction and choose the one (in light
blue) with minimum negative curvature as the feature point.
Then, the foreground and background candidate points T/ (in
red) and Té (in blue) for T; is computed. Right: all the foreground

and background candidate points {T/}"_,, {To}i_, are shown.
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onto the mesh surface M, we have a stroke on M: T =
{Th. T2, Ty}

3.1.2. Feature points.

At each point S;, we sample m (= 5) points (every diN R
pixels), {S}.---, S}, }, along its normal direction N;. Sim-
ilarly, we sample m points along — N; as {Sil, ce SELY
Denote Sé = §;. Now we have 2m + 1 sample points
around S; as S; = {S_m,- . ,S,i,,}. Denote their projected
points on M as T; = {T%,,,--- , TLV. I T; (= T§)isa
concave vertex, we set diN R — 3; otherwise diN R =35,
We compute the principal curvatures of vertices T} (J =
—m,---,m) on M and find the vertex with the minimum
negative curvature as Ty (—m < k < m) (Figure 2 (left)).

3.1.3. Foreground/background candidate points.

In the image plane, we compute two points Sf and
S{; with distance diFB(: (m + |k|)diNR) to S;{ along
N; and —N;, respectively. Then, we project Sf and Sl‘;
onto the mesh M and obtain 7} and T;}. The vertices
Tfi and Tbi are regarded as foreground and background
candidate points, respectively. Thus, we obtain a set of
foreground vertices T (i = 1,2,---,n) and background
vertices Tbl (i = 1,2,---,n) on the mesh, as shown in
Figure 2 (right).

3.2. Scalar Field

iCutter computes an isoline of a scalar field over the mesh
as the cutting boundary. We compute the scalar field on the
basis of some harmonic fields induced from the foreground
and background candidate points.

A harmonic field is a scalar field which is the solution to
the Laplace equation Au = 0 subject to some Dirichlet
boundary constraints. The discretization of the Laplace
equation leads to a sparse linear system Lu = b, where
the matrix L represents the discrete Laplace—Beltrami
operator matrix [16]

—wjj, J ENG),
L = > wik,j =1, 1
& keN () M
0, otherwise

where N (i) is the one-ring neighbors of vertex i.

3.2.1. Naive harmonic field.

As in [5,13], we can regard all Ti, Tg i=1,---,n)as
foreground and background points, respectively. A naive
harmonic field F© can be obtained by solving the Laplace
equation with the following Dirichlet boundary conditions:

uy=lLv=Ti=1,--

uv—Ov—T’i—l @

We can see that the Dirichlet boundary conditions are
regarded as hard constraints in the system. However, it
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is not guaranteed that Ti,Tlf (i = 1,---,n) correctly
located in the foreground/background regions. If there is
one incorrect foreground and background pair, the har-
monic field £ will be incorrect and thus result in incorrect
segmentation (Figure 3 (left)).

3.2.2. Our scalar field.

Instead, we compute a harmonic field F; for each pair of
points 7} and T} by solving the Laplace equation with the
following Dirichlet boundary conditions:

Uy =1,v= Tfi ,
; 3
{ Uy =0,v= Tb’ 3)

fori = 1,--- ,n. Then, we compute a weighted averaged
scalar field F as

Z,Uszz 4

i1 i i=1
where p; = Z3o01 +01 and d; = |S’ S,’C’

The well- des1gned scheme of computing the scalar field
in (4) has a few advantages. First, the individual harmonic
field F; has different reliability measured by ;. The closer
the sampling point is to the local feature, the more reliable
the foreground/background pair. Second, most of the fore-
ground/background pairs Trl Tlf are correct to respect the
input stroke. Third, there is only a small number of incor-
rect pairs TE, Tlf which has little effect on the weighted

(a)

Figure 3. Comparison between the naive harmonic field (left)

and our scalar field (right). (a) The harmonic fields; (b) The cor

responding cutting results. There are a few pairs of sampling

points incorrectly indicating the foreground and background
along the input stroke.
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averaged scalar field. Figure 3 (right) shows our scalar field
and the correct segmentation result even if there are a few
incorrect foreground/background pairs.

3.2.3. Geometry aware harmonic field.

In the discrete Laplace equation, we modify the weight-
ing scheme on the basis of normal variation [13] to make
the scalar values change abruptly along concave regions as

wy= (14 s
the normals n; and n; of vertices v; and v, respectively,
avg(a;;) is the average of all oj;, and y = 0.1 if either v;
or v; is concave; otherwise, y = 1.

The improved weighting scheme generates better har-
monic field, which reflects the concave regions, than the
one used in [5], as shown in Figure 4.

-1
) where o;; is the angle between

3.3. Computation of Cutting Boundary

Similar to [5], we compute a set of isolines and choose the
best one as the cutting boundary. Specifically, we compute
N (we set N = 15) isolines {Iy,---, Iy} (with isoline I;
having the iso-value i /(N + 1)) on the generated scalar
field, as shown in Figure 5. We develop a novel scheme to
select the best isoline on the basis of two factors: centerness
and curvature concavity.

3.3.1. Centerness.
The best cut is expected to be close to the middle of

the isolines. ;’Ve use the same centerness measurement
_ -1
®; =e¢ 22 t=N/2asin|[5].

3.3.2. Concaveness.
We also expect the best cut to run across the concave
shape areas. We uniformly sample a sequence of points

(a) i | i
(b) £ £

Raad’ Rad
(@ \ Q {5/

Figure 4. Comparison between the scalar fields using the
weights in [5] (left) and our new weights (right). (a) The harmonic
fields; (b) The corresponding cutting results.
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Figure 5. Comparison of isoline selection between the method
of [5] (left) and our method (right). The isoline candidates are
shown in blue. The best isolines are shown in red.

P ]‘ on each isoline /; and compute their minimum nega-
tive curvatures c; Then, the averaged minimum negative
: _ 1 i
curvature of 7; is computed as y; = 5 > i< Denote
. = 1 N
in= min y; andy = < ) i Vi- We define a cur-
Ymin 1SN Vi Y N Zz_l Vi

vature concavity to measure how much the isoline respects
the minimal rule as

_ i 7Vmin)2
v —
Ty=e 7 20—vmin)? (5)

where the weight ky is set to 5 in our system.
Metric. Combining the above two factors, the metric for
measuring each isoline is defined as

Q=®;T.i=12- N (©)

The isoline with the largest metric is selected as the best
cut. The isoline is smooth, but might not follow all salient
features of the mesh. As a postprocess, we can adopt some
geometric snake approaches to refine the cutting boundary
[4,6].

The concaveness measurement proposed in [5] only con-
siders the length concaveness of the isolines whereas our
scheme considers minimum negative curvatures and works
better, as shown in Figure 5.

4. EXPERIMENTAL RESULTS

We have tested our iCutter tool to cut out a number of
models and will illustrate the applicability and flexibility of
the tool in this section (also see the accompanying video).
All the examples presented in this paper were made on a
dual-core 3-GHz machine with 4-G memory.

Thanks to the adaptive sampling scheme, the scalar field
is not sensitive to the input strokes (their directions and
lengths). Actually, the user does not have to pay much
attention to how precisely the stroke lies to the exact
cut. In Figure 1, two users adopt iCutter to cut out the
left wing from the feline model by drawing two different
strokes, respectively. The tool returns much similar cutting
results.
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The harmonic field is insensitive to noise on the model
(Figure 6 (middle)) and is invariant to poses of the model
(Figure 6 (right)). iCutter can cut out various seman-
tic parts with complex boundary features, as shown in
Figure 7.

iCutter can also cut out the local semantic parts from
the models. As shown in Figure 8, the user successfully
cuts out the ear and nose from the Plank head model by
specifying one stroke, respectively.

Generally, the user only needs to draw one stroke to cut
out the semantic parts from models. In some complicated
cases (e.g., high genus models), one stroke is not enough to
obtain the desired cut. iCutter allows the user to draw other
strokes to refine the cut in an interactive manner. This can
be easily performed by adding more foreground and back-
ground candidate points in computing the scalar field. As
shown in Figure 9, the user draws multiple strokes to refine
the cutting results successively.

The cross-boundary brushes [5] only needs to com-
pute one harmonic field. Our algorithm needs to compute
a few harmonic fields to obtain the scalar field. As in
previous work, we use the fast Cholesky factorization

-

Figure 6. iCutter is robust to users’ inputs, noise on the object
(middle), and object poses (right).

Figure 7. iCutter can cut out the different parts with complex
features on the Neptune model.
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Figure 8. iCutter can cut out the local parts (ear, nose) on the
Plank model.

Figure 9. The user draws multiple strokes (from left to right) to
successively refine the cutting results.

updating technique [17] for dynamic updating of the har-
monic fields. Specifically, we have to compute the first
harmonic field as in [5], then we only need to update the
harmonic field dynamically with an extra computation cost
no more than 10%.

For a mesh with less than 10k vertices, iCutter can return
the cutting results in an interactive rate. To evaluate the
performance of iCutter, we test iCutter on meshes with
20k — 50k vertices in our experiments. Table I lists the
running time in our experiments shown in the paper. For

Table I. Running time (in milliseconds) for the examples shown

in the paper.
Model # Vertex RT, RT, RT3
Feline (Figure 1) 49 864 952 921 49
Bunny (Figure 3(a)) 34 839 842 858 47
Cow (Figure 4(b)) 6938 172 141 3

25193 749 484 32
25 445 609 546 32
28 052 687 561 31

Armadillo (Figure 6)
Plank (Figure 6)
Neptune (Figure 9)

RT:., RT,, and RT; denote the computation time of sampling, scalar
field, and isoline selection, respectively.
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large meshes, we can simplify the meshes by decimation
as a preprocess in our system.

4.1. User Study

To further evaluate the performance of iCutter, we have
conducted two user studies.

Ground-truth corpus. We have selected 70 models
from the Princeton segmentation database [2] as the
ground-truth corpus. Each model is associated with several
images describing the required cutting part, which were
shown to the subjects in the user studies. We divided the
models randomly into 14 sets with five models in each set.
Each subject was assigned to segment the models of one
set.

First user study. The first study compared the perfor-
mance of three boundary-based sketching cutting tools,
that is, the mesh scissor [3], the cross-boundary brush [5],
and our iCutter. Each subject was assigned to cut out the
required parts out of three models in the set by using
the different algorithms without knowing the order of the
algorithms. Then, the subject was assigned to fill out a
short questionnaire. Specifically, he was asked to select
the best one of the three algorithms in six aspects: ease of
use, accuracy, efficiency, stability, user intention, and user
intuition.

Second user study. The second study compared the per-
formance of our iCutter tool (boundary-based interfaces)
with the easy mesh cutting [4] (region-based interfaces).
Each subject was assigned to cut out the required parts
out of the other two models in the set using iCutter and
easy mesh cutting, respectively. Then, the subject was
asked to vote for the tool (interface) he likes better. Also,
he was asked to select the tool that obtained the better
segmentation results.

Analysis. A total of 24 subjects participated in
the studies. The subjects are men and women between
the ages of 20 and 35 years. In [2], two criteria, the
cut discrepancy (CD) and the rand index (RI), were
used to measure the similarity between a segmenta-
tion and a ground truth. In the first user study, we
adopt the normalized cut discrepancy NCD = 1 —
CD and RI to measure the accuracy of the obtained
cutting results by the subjects with respect to the
ground-truth segmentations. Figure 10 shows the eval-
uation of averaged NCD and RI and the variance of R/
computed across all the models for each algorithm. The
figures show that iCutter obtains better results and is
more stable than the mesh scissor and the cross-boundary
brushes. The result of the questionnaire is shown in
Figure 11, which shows that iCutter performs better than
the other two tools in most of the aspects except in
efficiency.

In the second user study, 84.6% of the subjects preferred
to use our iCutter whereas 15.4% of the subjects chose
the easy mesh cutting. This is because even if the easy
mesh cutting can obtain the approximated segmentation
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Figure 10. Evaluation of averaged normalized cut discrepancy
and the rand index (left) and the variances of the rand index
(right) in the first user study.
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Figure 11. The result of the questionnaire in the first user study.

results, it is always required to refine the boundaries inter-
actively. Almost half of the subjects selected iCutter that
obtained the better segmentation results whereas the other
half selected the easy mesh cutting, which means that both
tools obtain much similar segmentation results.
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4.2. Limitations

Our iCutter tool suffers some limitations due to the nature
of harmonic field. One drawback is that it is difficult to cut
out parts (e.g., a short segment) from smooth surfaces (e.g.,
a cylinder). The other drawback is that this tool is not suit-
able for cutting out the patch-type components. The user
might have to specify many strokes to cut out a patch [5].
However, both drawbacks can be alleviated to some extent
by combining with other interactive segmentation tools.

5. CONCLUSION

We present an easy-to-use tool for interactive mesh cut-
ting. The user roughly draws a stroke near the cut and
the tool returns the desired cut result meeting his inten-
tion. A novel scheme based on isoline selection from a
well-designed scalar field, which is computed by averag-
ing a set of geometry aware harmonic fields induced from
the input stroke, is proposed to compute the cut. A large
number of experimental results have shown that iCutter
provides users a favorable experience on cutting mesh sur-
faces, which embodies the motif “what you draw is what
you get (WYDIWYG)”. As a future work, we would like
to perform an intensive user study on evaluating the various
interactive cutting tools.
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