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ABSTRACT

We present a real-time interactive modeling system for
users to create sculpture in a virtual world. We find
several practical issues of virtual sculpting and propose
solutions to address them in this paper. Our previous
work, Cubical Marching Squares (CMS), provides a rel-
atively accurate method to generate surface from vol-
ume data. Also, another previous work provides a vol-
umetric data structure which preserves information of
sharp features after boolean operation is applied. By
combining the data structure for boolean operation and
CMS to display the data, it is possible to create sculp-
ture in a natural way in a virtual world. However,
an artist friendly system for sculpting requires contin-
uous operation to mimic the real world sculpting ex-
periences. Also, the system must provide an intuitive
way for artists to operate, and so these requirements
raise four issues to be addressed. First, a motion graver
is created to overcome the zigzag artifacts as shown
in Figure 1 , which is caused by discretely sampled
sculpting movements. Second, to perform continuous
boolean operation at interactive rate is another second
issue. Third, a force feedback device is used to provide
touchable hints during operations. Finally, some basic
Computer Numerical Control (CNC) like operations are
provided for more precise control over the sculpting op-
eration.

1. Introduction

Before computer graphics was invented, people make
”three-dimensional models” by sculpting without com-
puters in ancient times. On the other hand, in mod-
ern times, to produce a three-dimensional model using
computers, we need different kinds of specialties and
professional software to make a model. The require-

ments are the same if we want to customize a three-
dimensional model. Thus, creating or modifying a
three-dimensional model using today’s computer tech-
niques is not an easy task for everyone, especially for
rapid modeling or prototyping. Furthermore, even for
a well trained modeler, sometimes they want to create
a rough model in an easy way before editing it in pro-
fessional three-dimensional modeling software. Thus,
sculpting may be the right answer to create models or
for modeler to take a shortcut.

To perform sculpting in a virtual world, volumetric
techniques [8, 9, 11] are usually used to provide a
smooth and efficient sculpting environment. Besides ef-
ficiency, the most important requirement of sculptures
is sharp feature, which we need to preserve. Our vir-
tual sculptor system is based on our previous work [6]
that preserves sharp features by using the CMS algo-
rithm proposed in [7]. Comparing to original marching
cubes algorithm, sharp features preserving algorithms
provide better appearances if the shapes of volume data
contain edges or corners. To simulate the real world
sculpting experiences successfully, there are several is-
sues that need to be taken care of. The first issue is the
motion artifacts. We assume our system is able to per-
form continuous sculpting operation. Although, CMS
preserves sharp feature, however, sharp features cause
another problem, motion artifacts. As shown in Figure
1(a-c), since the graver’s motion is discretely sampled
during operation, in combination of sharp features, the
zigzag artifacts become more serious.

The second issue is performance. The extension of our
work is to speed up our previous system [6]. One of
the contributions of our system is to make it faster and
the user can use the system interactively. The previous
system is recalculated for all the cells each time when
performing the Boolean operation. It is fast enough in
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Figure 1: This figure shows the Virtual Sculptor System
and the zigzag artifacts appeared while performing con-
tinuous craving. (a) shows the user uses a force feed-
back device to interact with the system. The top row (b-
d) shows the result of the zigzag problem while sculpt-
ing. The second row (e-g) shows the result of the pro-
posed method.The problem mainly happens when the
graver is moving and the motion is discretely sampled.
The artifact becomes more serious if the graver is not
a smooth shape object, such as when it contains cor-
ners or edges. When the user uses a non-round shape
graver for carving, the translation and rotation opera-
tion will be performed at the same time with different
speed. Each carving operation contributes a sharp mark,
part of the zigzag artifact, along the graver’s moving
path. This behavior creates sampling problem to gen-
erate ”zigzag shape”. The proposed method will use
a motion graver, which reconstructs a new graver each
time in response to each motion, and therefore can eas-
ily remove the zigzag problem and provides a smooth
and nature result.

single shot basis. However, while performing continu-
ous carving, it causes a delay time for the user. We also
take advantage of multi-threads system on a multi-core
PC to speed up the whole computation.

The third issue is a friendly user interface for sculpting.
A primary input device, PHANToM is integrated into
this system as our previous work [12]. The main feature
of the controller is provided six degree of freedom hap-
tic device, which allows user to move the graver quickly
and accurately in three-dimensional space. Thus, sculp-
turing the model can be more easily through the haptic
controller. Another feature of PHANToM is force reac-
tions, and it provides a realistic and quick force feed-
back to the user.

The last issue is convenience and automation. Some ba-
sic Computer Numerical Control (CNC) like operation
is provided to assist the user to perform sculpting op-
eration more precisely. The assisted operations related
to controlling the graver include ”attach to surface” and
”attach to axis”. Attach operations help user to perform
particular tasks, such as engraving character or drilling
holes. Another assisted operation spins the object to
create a pottery wheel like environment.

To sum up, although sharp feature preserving algo-
rithms preserve the characteristic of sculptures, previ-
ous solutions still suffer from zigzag artifacts, and low
performance while performing continuous operations.
Also, force feedback and assisted operations help a user
to perform sculpting more easily and more precisely. In
this paper, we address these four practical issues and
provide solutions to create a practical virtual sculptor
system.

2. Related work

There are two main approaches for sculpturing. The
first one is volumetric approach. Marching cubes al-
gorithm [11] is first proposed to provide a volume data
structure to represent object and Galyean et al. [5] ap-
plies it to be a volumetric modeling technique. Al-
though Ferley et al. [3] proposed an adaptive volume
sculpting system, the original marching cubes algo-
rithm will not preserve sharp features and will not main-
tain topology consistency. By using more informa-
tion for the volume data structure, extended marching
cubes(EMC) [9] algorithm and Dual contouring(DC)
[8] method is proposed to preserved more details. Perng
et al. [13] proposed a real-time volume sculpting us-



ing EMC algorithm. However, topology consistency
is an essential issue of a mesh. Ho et al. [7] pro-
posed a cubical marching squares(CMS) algorithm to
deal with topology consistency and a novel data struc-
ture which can greatly reduce memory consumption
[6]. The second approach is adaptively sampled dis-
tance fields. Frisken et al. [4] propose a system with
adaptively sampled distance fields which can preserved
fine details and Perry et al. [14] proposed a system for
sculpting digital characters.

There are several frameworks and application systems
for sculpting that have been proposed in recent years
[1, 2, 15]. They are integrated to numerous famous 3D
software packages such as 3D Studio Max, Maya, and
ZBrush. These professional packages have many pow-
erful features. Professionals may feel intuitive to oper-
ate these professional software, but it may not easy for
beginners. Our goal is to provide an easy to use model-
ing environment for everyone, especially for those who
are not familiar with three-dimensional mesh modeling
software.

3. The Virtual Sculptor System

Our proposed system pipeline is as follows. First of all,
user can import his/her own model or creates model di-
rectly with objects provided from our system. Secondly,
our system captures the information from the PHAN-
ToM device, while a Wii remote controller is held in
another hand for motion parallax display. After all, the
system can create a motion graver and directly use it as
a input to the Cubical Marching Squares framework. In
this process, our system calculates the force at the same
time. Finally, the output is shown in front of the user.
The solutions of the four issues mentioned previously
are described in the rest part of this section.

3.1. Motion Artifacts

The artifacts created from traditional virtual sculptor is
addressed in this section. The zigzag edges shows in
Figure 1 and Figure 2(b) can be a big problem when an
artist uses a box as the graver to perform carving. We
restricted the graver to be convex in three dimensions.
And this restriction is not a serious problem because
most of the traditional gravers in real world are point,
flat bottom, round, knife and liner shapes.

The solution we found is that the sampling problem

can be translated to a convex hull problem. The three-
dimensional convex hull is a minimal convex set con-
taining a set of points in three dimensions. We use
two samples of the graver operation, carving or stuff-
ing, while sample is a set of points that forms a set and
two sets are on different position. Two sets of points
are directly processed by the convex hull algorithm at
the same time [16]. The output of the set of points is
the convex set of the two samples. Then we use this
convex set to perform graver operation. The tempo-
ral result seems to be smooth at the edge between the
graver and the sculpted object since a smooth convex
hull is created and the sampling problem thus has dis-
appeared. The algorithm for creating a motion graver is
given in Algorithm 3.1.

Algorithm 1 CreateMotionGraver. This procedure
creates a linear approximated motion model of two suc-
cessive samples (model A and B) of a graver.

1: CreateMotionGraver (Model A, Model B)
2: for vertex v in A.vertex do
3: vertexlist← vertexlist ∪ v;
4: end for
5: for vertex v in B.vertex do
6: vertexlist← vertexlist ∪ v;
7: end for
8:
9: return CONVEXHULL(vertexlist);

3.2. Performance issues

The user holds a virtual graver which has position and
rotation. We created a bounding box that contains the
graver and only recalculates those cells which are over-
lapping with the bounding box. The other cells outside
the bounding box are in idle state. Finally, if there is no
intersection between the graver and the object, no com-
putation will be performed and this little modification
increases the frame rate while the user is carving noth-
ing in carving mode(here named Efficient Rays). The
performance comparison of the previous work and the
proposed system is listed in Table 1.

3.3. Force feedback

In the data structure of our previous work [6], each ray
has to spend lots of time to compute a boolean oper-
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Figure 2: This figure demonstrates how zigzag artifact
happens and the solution for it. (a) shows the two suc-
cessive samples of a graver operation. (b) shows the
result without any treatment and it causes a zigzag.
Although it is theoretically correct, but it is visually
wrong. (c) shows the concept of constructing a motion
graver to replace the original model for carving. (d)
shows the result of the carving using the constructed
motion graver.

ation(union/substract), although there is no sample in
a ray. This computation always used 30ms to compute
one union operation of the data structure and it is a huge
problem to build a real time system. Thus, we provide
a new way to reduce the processing time. The system
just easily skips the ray that has no sample in the graver
or in the object, so there is no operation in the ray. That
means there remains a few rays needed to compute and
this little modification makes the processing time from
30ms to 5ms. Because of the faster ray operation, it
also helps a lot when we provide a new approximate
force model.

The force model we used is based on the ray data struc-
ture. It used arrays of rays to store a list of samples in
the graver and the object. The union or subtract oper-
ation is used for stuffing or carving. A new operation
is used to simulate simple force simulation. First, inter-
section operation is added in this system. The intersec-
tion is simply calculated the intersection ray of two rays
and captures the intersection part into one ray. Second,
the output ray of this operation is the intersection of the
graver and the object. The intersection set stored ar-
rays of rays which can be modeled as a volume to force

simulation. If the volume is larger than a user specified
parameter, the carving operation is performed and the
user can feel force feedback from the PHANToM de-
vices, otherwise the volume is smaller than the param-
eter, and no operation will be performed and the user
can still feel force feedback but nothing happens in the
object. This is the situation when the graver is staying
on the surface of the object but the user doesn’t want to
go deeper into the object.

3.4. Assisted Operation

There is a lot of ambiguity while the user can not judge
whether the graver is carving on the surface of the ob-
ject or not. Then we provide an attach mode function in
this framework, just like a CNC operation for machine
tools. The graver can easily attach to the object surface.
After the graver has attached the surface of the object,
the graver can move smoothly on the surface and per-
forms carving or stuffing. This concept can eliminate a
part of depth problem between the graver and the ob-
ject.

First, there are many triangles in the isosurface and we
can compute the distance between the graver and each
triangle. Then, we choose the triangle which is the
shortest distance as the attaching surface. Second, the
graver can move directly to the target surface with the
shortest distance. Finally, the graver is attached to the
object and the user can perform further operation while
continuing to move freely on the object.

4. Experiments and Results

The proposed system is performed on a PC with Intel
Core Quad Q6600, 4GB RAM and an nVidia 8800GT
graphics card for rendering. Our system is implemented
by C++ and Direct3D library. The implementation of
the system is mainly based on multi-thread architecture
which can be used in Cubical Marching Squares be-
cause each cell is independent to the others. The multi-
thread interface we used is OpenMP and this interface
helps to build up a real-time sculpting for the user.
Thus, the frame rate can be up to 30 frames per second
and the user can use the system interactively. Figure 3
shows speed up factors for the three major techniques,
bounding box, efficient rays, and multi-threading.

We have invited an artist to use our system to create
a few three-dimensional models after a short training
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Figure 3: Speed up factors for the three major
techniques, bounding box, efficient rays, and multi-
threading.

Table 1: This table shows the time average of a boolean
operation on the target object. Columns from left to
right: graver shape, sculpted object, time average of the
old system and time average of our proposed system.

Graver Object
Average time

(before
acceleration)

Average time
(after

acceleration)

Cube Cube 262.0ms 39.2ms
Sphere Cube 298.8ms 39.5ms

Tetrahedron Cube 281.5ms 42.1ms
Cylinder Cube 318.9ms 59.8ms

period of 15 minutes. After that, the artist started to
create her results given in Figure 4. It takes about a
few minutes to finish a three-dimensional model in our
system although it may take longer time to finish in pro-
fessional software.

5. Conclusions and future work

In this paper, we present a real-time sculpting system
with motion graver. We employed the convex hull
idea for creating a smooth graver between two separate
graver locations. A user can use the specified graver
for smoothing the creations. The proposed method has
eliminated lots of zigzag edges of the object but some of
the results remain to have sharp edges at the boundary
and the user may want a more smoothing result. One
possible solution of the problem is to translate to a more
complicated model of the motion graver such as smooth
spline surfaces [10].

(a) (b)

(c) (d)

Figure 4: Some results created from our system.

The depth problem is mostly addressed in this system.
Like many other system, our system provides an ad-
ditional camera view port to help the artist to feel the
space perception. Two views can provide an additional
feature to an artist when the artist wants to get more
depth information. Second issue the artist provides is
that she wants a floor such as a ground attached to an
object. Also, she wants a fixed rotation to the object
and performs rotation along the normal of the ground,
where we propose to use a Wii remote controller in a
separate hand for motion parallax effect.

Although the sharp features are mostly preserved by
adaptive resolution, the problem is that the depth of the
octree is limited. Thus, the user cannot perform a de-
tailed manipulation after generating a rough model at
first. It is a dilemma between quality and processing
time. On the other hand, our artist provided a useful
comment that many artist want to have a rough model
before editing in professional three-dimensional model-
ing software such as 3ds Max, Maya or ZBrush. There-
fore, our system provides a convenient modeling in-
terface with haptic interface and the artist can create a
rough three-dimensional model in a few minutes.
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