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Abstract

We present a real-time method for sculpting triangular manifold meshes while enabling arbitrary surface deformation
with seamless topological changes. Our insight is that the use of quasi-uniform mesh sampling, an interesting option
now that very large meshes can be edited and displayed in real time, provides the right framework for expressing and
e ciently processing arbitrary changes of topological genus. The user controls deformation by gesture : he sweeps
tools that apply a variety of deformation elds, from smoothing and trimming ones to local in ation and constant
volume deformation tools. Meanwhile, the quasi-regular mesh seamlessly splits or locally blends when and where
needed, while still following the user-speci ed deformation. Our method guarantees a closed, self-intersection-free
mesh, whatever the user action. We demonstrate the practical usability of the resulting, interactive sculpting system
through the sculpture of models that would have been extremelgudi to achieve with both current research methods

and state of the art professional software.

Categories and Subject Descriptiscording to ACM CCS) Computer Graphics [I.3.5]: Computational Geometry
and Object Modeling—Boundary representations

N A

Teaser : Example object created from a sphere by an artist using our implementation of the adaptive topology mesh
sculpting method. Time taken : 1-2 h. Mesh size : 50k poufs,; for a 1 m statue of the object : 7 mm.

1. Introduction ging of model parts. More precisely, on one hand we
nd polygonal methods [14, 2, 3] that impose a xed
Digital sculpting has become one of the most impor- mesh connectivity and topological genus during sculp-
tant tools for 3D content creation in the Im industry, ting. This allows them to store mesh connectivity and
special eects and computer games, slowly replacing yertex positions directly on the GPU while editing po-
more traditional methods that use individually control- sjtions only in deformed regions. Attempts to introduce
led points to adjust surface patches or create a simpleadaptive mesh re nement in this framework lead to a
mesh that will be later globally subdivided. The intro- g|ative drop in performance [12] while the topology
duction and rapid development of sculpting applications of the model still has to be prede ned before starting
has immensely increased the work ow of professional g sculpt. On the other hand, grid-based methods [13]
artists and even attracted a number of amateur users tohandle dynamic changes of topological genus : they

digital media. However, few of the existing software en-  sample polygonal objects into regular voxel grids in
able topological changes such as local splitting or mer-
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which material can be locally added or removed. Un- The main inconvenient of the Blob Tree is that applying
fortunately, mesh quality can be spoiled by these suc- many tools in a certain region can slow down the lo-
cessive re-samplings and several of the advantages ofcal extraction of the surface, since everything is sto-
meshes, such as their ability to carry texture or to main- red in a hierarchy which increases with each change.
tain surface details during larger scale deformation, are Using grids to store the values of the implicit function
lost. overcome this inconveninent, but brings us back to grid-
This work presents an ective strategy for enhan-  based methods.

cing mesh-based sculpting methods with intuitive topo-  Another strategy for sculpting a model is to apply de-
logical changes. The latter take place seamlessly while formations directly to mesh vertices, and possibly com-
the user sweeps tools to control deformation : the mo- bine the process with some adaptive mesh re nement to
del eventually splits into pieces where it becomes very better capture details creation. Two kinds of approaches
thin, while two parts that come close enough automa- were used to do so : model-based deformations such
tically blend. The method insures that the mesh always as Laplacian editing [18] use the triangle mesh to com-
remains composed of closed connected components angute local geometric features, which are best preserved
is free of self-intersection, while also favoring triangles during larger scale deformations; in contrast, space de-
with good aspect ratio suitable for quality rendering. Let formations enforce mesh vertices to follow a deforma-
us rst present a quick overview of prior work before in-  tion eld speci ed everywhere in space, independently

troducing our contributions. from the models geometry. These space deformations
can be driven by sweeping gestures and were later ex-
1.1. Related work tended to constant volume deformations such as the

The professional applications we already listed were swirling sweepers by Angelidis [1] et al. or the more
inspired by a quite impressive amount of research work general approach by von Funck et al. [21]. Although
on interactive sculpting in the last twenty years : adaptive mesh re nement can be incorporated into these

Introduced in the early nineties by the seminal work methods, no change of topological genus is permitted,
of Galeyan and Hughes [10], grid based methods allow since space deformations are required to be fold-over
the user to interactively add or remove material, stored free to prevent mesh self-intersection.
as a density eld in a voxel grid. The objects surfaceis  Our method belongs to this class of space defor-
de ned as an iso-surface of this density, and converted mation methods, which enables us to easily provide
into a triangular mesh using marching-cubes. These me-constant volume sculpting tools. However, similar to
thods were enhanced by the introduction of local defor- grid-based methods, it seamlessly handles changes of
mation tools and resolution adaptive grids such as thosetopological genus such as splits and merges, at a pre-
by Ferley et al. [8, 9]. Constant volume, large scale de- de ned resolution scale.
formations were investigated too, making the resulting  Although never provided in previous sculpting sys-
model very similar to some virtual clay like the one de- tems, temporally coherent meshes that track a surface
veloped by Dewaele et al. [7]. These methods allow the which splits and merges over-time were already propo-
model to freely change topological genus during edi- sed in the area of data segmentation and tracking. The
tion, at the scale of the local grid resolution. However, key idea is to extract the mesh from a volumetric te-
as the surface is extracted from the grid, triangles are trahedrization [15] or to use an additional particle sys-
recomputed each time a part of the model moves, eventem to adaptively sample the input data [6]. The mesh
when the amount of local deformation is small such as connectivity is mainly changing in regions that undergo
when an object is twisted of bent. This can cause de- topological changes. However, the tetrahedrization up-
tails to be blurred by the successive re-samplings into date and the relaxation framework of the interacting par-
the grid. Moreover, since the triangles used for display ticle system are a bottleneck that prevent their use in in-
are not persistent during the editing process, attachingteractive sculpting applications. The approach we deve-
properties to the surface such as bumps or texture is dif- lop is closer to the method of Lachaud et al. [11], which
cult. uses an evolving closed mesh to segment some static vo-

Other implicit representations, such as the Blob Tree lumetric data de ned on a xed voxel grid. The authors
framework, have also been succesfully used in sculp- want this mesh to be uniform and perform changes of
ting frameworks. Here, constructive methods such as topological genus whenever two dirent parts of the
[16] allow to create heterogeneous objects with adap- surface get close to each other. However, in contrast to
tive topology, while WarpCurves [19] allow to deform  ours, the method does not ensure that the desired uni-
implicit surfaces by using curves drawn on the surface. formity properties of the mesh are preserved.
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1.2. Overview — Nearly uniform sampling can be exploited to help
the detection and the handling of topological genus
changes.

— The main parameter of the data structure can be gi-
ven a physical meaning with regards to the material
the object is made of, namely the level of detail that
it can yield when being sculpted. We also add a se-
cond parameter in Section 3 re ecting the thinning
that this material can withstand before breaking lo-
cally.

For this, we de ne two categories of manifold

We introduce the rst real-time sculpting system —
to our knowledge — that combines a mesh-only re-
presentation with seamless changes of topological ge-
nus. As in grid-based methods, topology is control-
led from a single user-speci ed resolution threshold :
any model part thinner than this threshold automati-
cally splits ; two parts of the mesh that come to a smal-
ler distance automatically merge. The key feature of
the method is to rely on a restricted mesh structure,

which we callquasi-uniform mesfto represent geome-  \ogheg g, tight meshes and quasi-uniform meshes.
try. When deformed, this quasi-uniform mesh automati- The rst ones ensure a tight sampling of the surface,

cally splits and merges when and where needed, leaving, ije the second also favors a uniform vertex distribu-

the user concentrate on the shape he or she is creatingtion over the surface. We also show how to generate
We demonstrate the practical usability of this method ¢, structures.

by implementing it within an interactive sculpting sys-
tem, where the user interacts through a wide range of
gesture-based space deformation tools. As our results
Zh;vg]’,éggjzzltzrgigfs already been successfully used byDe nition 2.1. Given a closed manifold mesh M and
The remainder of the paper is organized as follows :
Section 2 formally de nes quasi-uniform meshes and
discusses their properties. Time evolution under a de-  The advantage of @yt tight mesh is that it has en-
formation eld is described in Section 3. The use of this ough vertices to re ect the geometry of the underlying
method in an interactive sculpting system is described gyrface with a precision better thelgi, SO the use of
in Section 4. Section 5 presents results and discussespesh connectivity is no longer needed when making lo-

uniform structure compared with previous adaptive or

multi-resolution representations. We conclude and des- Lemma 2.1. Given a point P and a gl tight mesh
cribe future work in Section 6. , if the distance between P and M is smaller than
2=3d4etail, there exists a vertex V of M whose distance
to P is also smaller than:aj.

2.1. dietai tight mesh property

a threshold getaii, M is said to be a gl tight mesh if
every edge in M is smaller tharyg.

2. A nearly uniform framework
Démonstration.The minimum distance between a

oint P and a dgesji tight mesh is greater than
2=3dyetai if the distance fronP to the mesh vertices
exceedslyetai- This minimum distance is obtained when
P forms a regular tetrahedron with the 3 vertices of a tri-
angular facet. O

For our method we need an underlying geometric mo- B
del that is simple, automatic and able to adapt to a va-
riety of deformations at interactive framerates, based on
some intuitive properties that are kept throughout the
sculpting process.

Our method is restricted for now to triangular mani-
fold meshes, so, in the following, a mesh is a triangular
manifold mesh unless otherwise speci ed.

Observing that to maintain an adaptive sampling of
a surface can be costly, especially when topological ge-
nus changes arise, we propose to focus on simpler and
nearly uniform meshes @ring the following bene ts :

— Connectivity and sampling of the vertices evolve A dgetail tight mesh can easily be obtained from any
dynamically, without resorting to any relaxation initial manifold mesh describing the surface by per-
process, while ensuring some tight, nearly uniform forming the following procedure, whose complexity is
distribution of the vertices on the surface and pro- O(e) wheree denotes the number of edges in the resul-
moting a quality triangulation. ting mesh.

We have proven than the localization - nding the dis-
tance - of a poinP with respect to a tight meskl can
safely be approximated by that between the pBiand
the closest vertex of the mesh.

2.2. Converting a manifold mesh to g tight mesh



Procedure 2.1. Given a manifold mesh M, theyghi d satisfyingd  dgetaii=2 before establishing theyetai
tightness property can be ensured by iterating over all tight property onM. Indeed, this ensures that the edges
the edges of M and splitting those which are larger than of length greater thadye; after the sequence of col-
dyetai- The split operation amounts to adding a vertex at lapse operations will not be split into edges of length
the midpoint of an edge and splitting the two neighbo- less thard (as illustrated in Figure 3).

ring triangles accordingly. The iteration over the edges

is performed using a simple queue and the resulting new

edges are inserted in the queue.

The edge split operation is illustrated in Figure 1.

Figure 3: Relation betweed anddgetail

In practice, a value slightly smaller thalye=2 is

. _ o optimal (see justi cation in Section 5).
Figure 1: Edge split. As the blue edge splits into two equal segments,

the four created edges in red are smaller than the largest initial edge. De nition 2.3. A mesh M is said to be quasi-uniform if
there exists ghtai and d with d  dgetqii=2, such that M
results from the compliance of an initial manifold mesh
with a minimum edge length d, followed by the restora-
tion of the Qetail tight property.

Although interesting for us, théyeq tight property

is not su cient to ensure good quality triangles. In the
case where time is not an issue, such as in the initial
preparation of a mesh for sculpting, we can also use
a priority queue for better triangle quality. For further A quasi-uniform mesh is a mesh that ensures that all
improvement and during the sculpting process we will edges will be smaller thagilye while favoring (without

use our quasi-uniform mesh structure, presented next,any guarantee) edge lengths to be larger thahcan be
which also strives to promote a minimum length for the seen as an internal parameter to the data structure, since

edges. it is bound todgetail.
o In the following, we will use and maintain quasi-
2.3. Quasi-uniform mesh structure uniform meshes to represent the geometry of our sculp-

De nition 2.2. A manifold mesh is said to be compliant tures. The next section explains how these models are
with a minimum length d, if it is obtained by iterating d€formed and seamlessly change topology under the ac-

over all the edges of an initial mesh M while collapsing tion of a deformation eld controlled by the user.
those whose length is smaller than d. If an edge col-
lapse gives rise to intersecting triangles, then it is not 3. Temporal evolution under deformation
performed.
Let us now demonstrate the interest of using a quasi-
uniform mesh structure to track an arbitrary deforma-
tion eld, supposed to be known with a resolution cor-
responding t@yetqi- We will also show that the intro-
duction of a new parametekpicknesscOmbined with a
Figure 2: Edge collapse. This operation is performed if the size of the consistent time sampling, ensures that the surface al-
green edge is smaller thah . . .

ways remain manifold and does not self-intersect. The
topological genus changes are then triggered by exces-
sive thinning of the surface using simple topological
operations.

Since an edge collapse moves its vertices towards the
midpoint position of the disappearing edge (Figure 2),
we do not ensure that all the resulting edges will remain
larger thard, although we still maintain this property for _ . )

a large percentage of the mesh edges, or that they stay>-1- 1racking a space deformation over time

smaller thardgetaj, SO the tightness property can also be Given a quasi-uniform mesM and a deformation
broken by performing the minimum length compliance eld D, we exploit the guaranteed tightness of the sam-
procedure. pling, by considering the value of the deformation eld

Given a manifold mesiM, note that it is more rea-  only at the vertices of the mesh. This eliminates any
sonable to make it compliant with a minimum length need for interpolating the eld in the surrounding space

4



even when the eld depends on characteristic properties normals of the adjacent faces point inwards), we also
at each vertex such as the normal. To de ne the maxi- imposedmqeto be shorter than half of the current mi-
mum displacement step useful for tracking the move- nimum distancel,;, between two adjacent vertices (see
ment of the evolving surface, we need to know the mi- Figure 5).dnn is @ quantity that evolves dynamically
nimum thickness tolerated by the volume delimited by during the mesh deformation, but its tendency is to stay
this surface. This thickness can be seen as a physicalclose to the parameterof the quasi-uniform mesh. In
characteristic of the material in the virtual sculpture ap- practice, choosing a constant value fiaye depending
plication based on our data structure, presented in Sec-ond rather tharty, is su cient.

tion 4) .

De nition 3.1. Let dhicknessdenote the minimum thi-
ckness supported by a quasi-uniform mesh. This implies
that the distance between two non adjacent vertices can-
not be smaller than@ckness

De nition 3.2. The maximum displacement Staﬁbﬂz Figure 5: In order to prevent local edge reversalgove Needs to be
o . . smaller than the size of the smallest edg,.
allowed for a vertex, is the value that prevents it to pass

through a non incident facet during the time evolution ] o
of the mesh. Lemma 3.2. Given a quasi-uniform mesh M characte-

_ o rized by Qetail and dhickness the embedding of M in a
Lemma 3.1. Given a quasi-uniform mesh M charac- gjsplacement eld satisfying the previous constraints is
terized by derail and whose thickness does not exceed guaranteed to be intersection and local inversion free.
Ohickness the maximum displacement stegp,¢l allowed

for one vertex satis es the following inequality : After each displacement step, the compliance of the
) 5 o edges withd and the preservation of thltRe,; tight pro-
4dmove  inickness  Jdetai™3 perty of the quasi-uniform mesh are performed as des-

cribed in section 2. Let us now describe our treatment

Démonstration.The maximum value for the displace- X
of topological events.

mentdmoveiS found when a verte¥ not incident to the
largest possible facE of the mesh is initially located
at the same distan@icknessffom the three vertices of ~ 3.2. Seamless splits and merges
F and moves with the amourt,ove perpendicular to The tight sampling of the evolving mesh and the sam-
F, while the vertices ofr are moving with the same  pling of the displacement eld over time make it pos-
amount but in the opposite direction. The largest face sible to detect an imminent self-intersection of the sur-
On adgetail tight mesh is obtained in the case of a re- face. That way, the changes of topological genus can
gular triangle with edge lengityeai. From this we can e anticipated and be processed seamlessly, without any
deduce the inequality cuinoveby applying the Pythago-  heavy computation of triangle intersection :
rean theorem to the triangle formed‘biythe barycenter — Possible local Over|ap3 of two non-neighboring
of F and one of its vertices (see Figure 4). O parts the surface are detected before they occur
using simple collision-detection between spheres
of diameterdyicknessCentered on the vertices by
measuring the distance between points in the nal
position, instead of testing for more complex in-
tersections between moving triangles as is would
normally be done for a general deforming mesh.
— Changes in topological genus are triggered whene-
ver two non adjacent vertices get within a distance
OihicknessOF €ach other. The merging between the
] ) ) o neighborhoods of the two vertices is performed by
Figure 4: dmoveis chosen so that a vertex approaching a non incident

face that is moving in the opposite direction, is not allowed to pass connecting their 1 rngsas illustrated 'r_] Figure 6'_
through. The newly created edges that make this connection

are denoted asonnecting edges
To avoid that an edge be reversed due to some tangen- Once all such connections have been performed, the
tial displacements of its vertices (which would make the dgetai tight property of the mesh is restored as descri-
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deformations described in previous research [21, 1]. At

each time step, the current user-de ned eld indicates a

displacement to be applied to vertices inside a selected

region. If the deformation exceeds the maximum allo-

wed vertex displacemertk,oe then we rst divide the
Figure 6: Vertex join. When two non adjacent vertices get within initial deformation into the necessary number of ele-
dinicknessOf @ach other, the surface changes topology by deleting them mentary steps, as shown in Figure 9 in the case of a
and reconnecting the remaining Tlngs. common Sweep dEformation.

bed in Section 2. Note that this recovery of the maxi-

mum lengthdgetaji OVer the edges can result in the crea-

tion of new vertices on the connecting edges, which are

not guaranteed to be at least atygcknessdistance from

each other. The thickness property violation is tempora-

rily relaxed for such vertl_ces - they .have been Crea.tEd to Figure 9: Sweep deform. The original large deformation is divided
accompany the change in topological genus and if they into elementary steps (red segments) to limit the maximum displace-
are animated with movements that will separate them ment todmove

from each other during the next time step, then they will

nd themselves at a larger distance thdpcknesswhen The deformation elds we use can be divided into two
the protection is removed. We say that these vertices aremain categories :
temporarily protected — Fold-over free space deformations, de ned inde-
Edge collapses and vertex join operations require an pendently from the mesh. They can range from
additional neighborhood cleanup that eliminates all thin simple sweeping elds to volume preserving, ra-
parts such as pairs of triangles that have all vertices in dial or rotational elds. Among them, the elds we
common (Figure 7) and locally separates the surface have implemented are : a simple deformation by
when two edges coincide (Figure 8). Again theeness sweeping (Figure 9), the volume-preserving eld
property is temporarily relaxed for the vertices that are de ned in [21] (Figure 10), a radial pinch-grow
separated in the process. The cleanup routine is the key ~ €ld that locally shrinks or expands the object and
to maintaining a manifold mesh. This is discussed in atrimming eld that attens the surface in the re-
more detail in the implementation (see Subsection 5.1). gion where the tool is applied [14].

— Deformations depending on surface characteristics
(normal, curvature, geodesic distance, Laplacian
coordinates). These types of elds are more adap-

Figure 7: Cleanup on thin parts. The two coinciding red triangles are ted, from an interaction point of view, to changes in
erased and the blue vertex that is common to the two surface parts is topology since they are not fold-over free. We have
splitin two, which also divides the surface. imp|emented an in ate-de ate eld depending on

vertices normals and a smoothing operation that
allows a user to perform Laplacian mesh editing
[18].
Figure 8: Cleanup on thin parts. Each red vertex that is incident to ~ Due to the speci ¢ nature of our mesh and its quasi-
the coinciding red edges is separated in two blue vertices, yielding a uniform sampling, changes in topological genus can

surface division in two separate parts. occur each time two separate parts come closer than
OinicknessOf €ach other, under any type of eld, even the

4. Sculpting tools and user interaction fold-over free ones, which don't normally allow over-
laps.

The method has been implemented in a simple sculp-
ting application, featuring a series of tools that can be 4.1. Volume-preserving sweep deform
used both to deform the surface and to change its topo- This type of deformation exempli es a fold-over free
logical genus. displacement eld that is applied by sweeping a spheri-
Our system accepts any type of displacement eld cal tool over a user-controlled path. The eld is de ned
and in particular all the elds already de ned in profes- inside the spherical tool according to the volume preser-
sional applications, as well as some volume-preserving ving deformations introduced by [21]. Figure 10 depicts
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such a deformation in 2D to give a better idea of the kind
of action obtained with this eld.

Figure 10: Volume-preserving sweep deform.

The eld is a piecewise de ned dierentiable func-
tion, with a constant valug inside an inner sphere of
radiusR;, 0 outside the outer tool radil’, and transi-
tional in between. The general expression of the eld is
given by :

D(r) =rp(r) r q(r)

wherer is the position from the center of the tool apd
g are two scalar elds de ned as follows :

g fg() r 2[0:R]
par) =g fio(r) b((r R)HARe R)) r2(R;R]
: 0 r>R,

with b a scalar blending function
b(x) = 3x* 4xC+1
f and g satisfying
fior) =uw r

with
u w=v
v being the constant eld inside the inner tool region.

u is chosen arbitrarily in the plane perpendicular to
v, andw is added so that the three vectors form an or-

The resulting eld is divergence-free and therefore
volume-preserving as proven by Theisel et al. [20] and
C(1) continuous which insures smooth deformations.
However we do not compute the path integration used
in the original paper by von Funck [21], because our
guasi-uniform mesh does not allow details to get smal-
ler thandgyetsj. Dividing the path into elementary steps
of size dmove @and applying the eld discretely is su
cient to capture a goodjetqj approximation of the nal
shape (Figure 11).

4.2. In ate-de ate

In ation is an operation that only depends on the nor-
mal at each vertex and therefore is not a fold-over free
deformation. For each vertex the displacement is ali-
gned with its normal and the direction is either positive
for in ation or negative for de ation as shown in Figure
12.

Figure 12: In ate (+) and de ate (-) applied to a sphere.

The expression of the eld is given by :

D(ri) = b(ri=R) N;

wherer; is the position of the verteiwith respect to the
center of the spherical tod\; is the normal at verteix b

is a decreasing function de ned inside the interval [0..1]
with values in the same interval aRds the radius of the
tool. can take the valuesl for in ation and de ation
respectively. We used a simple polynomial expression

thonormal basis. As long as the base is orthonormal the for the blending functiot of the form :
eld will be symmetric with respect to the direction of
V.

Figure 11: Volume-preserving sweep deformation applied to a quasi-
uniform spherical mesh.

bx)=(n 1)x" nx't+1
with the integer parameter> 2 that insures the rstde-
rivative to be 0 forx = 0 andx = 1 and gives a smooth
transition between the deformed and non-deformed re-
gions while also allowing some control over the extent
on which the deformed region is modi ed (Figure 13).
However our choice of the functiob remains purely
arbitrary and more complex expressions could be easily
handled according to the needs.

Figure 14 exempli es a change in topological genus
produced by an in ation.
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Figure 14: Change in topology caused by an in ation.

4.3. Twist

Twist is an operation that performs a rotation centered
on the point of application of the tool, around the surface
normal in that point, with an amplitude that decreases

with the radius inside the tool (see Figure 15).

The expression of the eld inside the spherical tool is

given by :

D(r)=(r

wherer is the vector from the center of the tobl,is the

surface normal in the point where the tool is applied and
also the vector around which the rotation is performed
andA(r) is the angle of rotation that decreases with the

Figure 15: Twist operation.

(r N)N)(1 cosAr))+N

radiusr as described in the formula :

whereA; is a constant anll is the same blending func-

Ar) = Ao b(r)

tion as in previous deformations :

withn> 2.

b(x)=(n 1)x

ndt+1

rsinAr)

5. Results and discussion

5.1. Implementation

The implementation of the method is straightfor-
ward : a series of operations are performed on an input
manifold mesh in order to rst create and then to main-
tain a quasi-uniform sampling and preserve the mani-
fold property. The mesh operators - edge collapse, edge
split, vertex join - act when the properties described in
Sections 2 and 3 are violated. To maintain a manifold
mesh, a cleanup operation is performed locally on ver-
tices a ected by mesh operators.

Mesh structure. We describe the mesh using a com-
pact array-based data structure, with each facet storing
the indices of adjacent facets and incident vertices in
the corresponding arrays and with each vertex storing
the index of one incident facet. When mesh operators
cause the removal of certain components, the structure
updates in a lazy manner : the deleted components are
marked as inactive during the deformation and are re-
moved only at the end of each user action or after a large
number of steps. This way the removal of components
doesn't signi cantly slow down the process.

Manifold mesh. In order to maintain the manifold pro-
perty a local cleanup is performed in the neighborhood
of each vertex that is modi ed by a mesh operator. Clea-
nups are performed on the vertex obtained by collapsing
an edge and on all the vertices of connectedrings
after a vertex join operation. The procedure eliminates
all degenerate components (represented in green in Fi-
gure 16) in the neighborhood of theected vertex. This
happens as follows :

— If two consecutive triangles in the neighborhood
are degenerate (Figure 16a) — i.e. share the same
vertices — they are deleted and the connectivity
among the remaining components is reconstructed.

— If two non-consecutive triangles are degenerate
(Figure 16b), they are deleted and the central ver-
tex and the neighborhood is split in two separate
regions. We continue recursively from the rst step
on the two separate neighborhoods.

— Degenerate edges (Figure 16c) split the central ver-
tex and the neighborhood in two separate regions.
Again we continue recursively from step one on
the two separate parts.

Changes in topology. Topology changes are achieved
through vertex join operations, which consist of deleting
non-neighboring vertices that come in close proximity
of each other and welding the remaining parts.



Figure 16: Cleanup on the triangle fan around thesated vertex (in

Choice of parameters. Once the level of detail €yetaj
—is xed, the other important parametetSnicknessand
dmoveCan be chosen with a certain exibility without the
model breaking up.

Formally dyove depends on the size of the smallest
edge in the deforming region. Even if theoretically we
can't guarantee a lower bound fak,, our method
maintains its value close enoughdcso that we don't
see any problems during deformation. We can even
choose a constant value dependinglevithout encoun-
tering any inversions on the surface. However this de-

black). Degenerate components are schematically shown in green andpendence o, remains an oppen issue.

should be considered collapsed over each other. For simplicity they

are represented as separate components in the neighborhood. The pro-

The value ofticknessiS chosen close to the lower

cedure is applied as follows : a) Degenerate consecutive facets in the 00UNd setin Lemma 3.1, in order '_[0 prevent the creation
fan are deleted. b) Degenerate non-consecutive facets are deleted andf unwanted topology between distant parts. An upper

the central vertex is split. c) Degenerate edges split the neighborhood
in two regions.

Connecting 1 rings is currently implemented in a
simple manner by using the Bresenham line algorithm
[5]. This is normally used to rasterize segments on a
screen, but instead of marching X points horizontally
and at the same time going Y points vertically, we use
it to connect the X vertices on the rst 1ring with the
Y vertices of the second 1ring. This implementation
can at times lead to self-intersecting triangles, but this
issue can be solved by using more robust methods like
the reconstruction from unorganized cross-sections by
Boissonnat et al. [4]. In practice though, the problem
can always be eliminated through local smoothing.

If the two 1 rings share common vertices, we can
still use the previous reasoning, but this time we apply
the procedure on each pair of corresponding disconnec-
ted parts of the two rings.

We distinguish the special case when the twoihgs
of joining vertices share only an edge. Here we simply
testif a ip of the common edge, that would connect the
two joining vertices, would also violate the compliance
property. If true the edge is ipped and then collapsed.
This helps to eliminate some rare cases in which the
non-compliance witld might result in a distance smal-
ler thandiicknessbetween two second order neighbors
and prevents the creation of unwanted topology in the
form of local handles.

The vertex join operations are performed sequen-
tially, so two approaching at surfaces will rst unite
through small bridges before completely merging. In
practice this works well and has no unwanted in uence
on future deformations, but it might create visually poor
outcome if the deformation is stopped in an interme-
diary phase.

bound is hard to de ne since the compliance witban-
not be guaranteed.

5.2. Results

Figure 17: Example sculpture created from a sphere by a professional
artist. Changes in topological genus can be seen from one frame to
the next. Time taken : 1-2 h. Mesh size : 80k poitkgaj fora 1 m
statue of the object : 6 mm.

The quasi-uniform mesh with self-adaptive topology
is very intuitive and easy to use for sculpting purposes,
as illustrated in the attached examples (Figures 17, 18



and Teaser image), which are all direct captures from and multi-resolution polygonal methods : its ability to
our application during the sculpting process. easily handle any change in topological genus. Another

In each gure we give the value @fyetsi to show the important feature is the unambiguous tracking of any
approximate size of a detail relative to a 1 meter sculp- deformation by dividing it down to the level of detalil
ture of the object. It should be noted that this iselient allowed by the structure.
than having a grid withdgetsj precision since vertices Obviously, our model is not well adapted for the crea-
can be positioned in arbitrary positions in space and tri- tion of very large objects with some local tiny details :
angles can have any orientations instead of those obtai-here, adaptive sampling approaches would be more e
ned from the reconstruction in a grid-based method. cient. Another issue is the diculty in maintaing sharp

Although we have only implemented a few simple features during deformation due to the mesh operators
tools, we can already create detailed shapes, with com-that are applied in the deforming regions. Since our
plex topology. All the models were created by an artist mesh adapts its topology over time, parallelizing it on
accustomed to professional software, running our inter- the GPU is also more dicult than with multi-resolution
active sculpting application on a laptop with Intel i5 pro- models, so our model is less eient in terms of speed
cessor and nVidia GeForce 310M graphics card. Mesh and mesh size than [14], which processes 10M vertices
sizes range from 50k points to 150k points and the time at interactive rates but with the drawback of imposing a
taken to sculpt them varies from 1 to 3 hours. xed connectivity and topology.

We have also tested the performance of several large Note that global re nement of sampling resolution is
scale deformations, while changing some characteristicseasily done in our framework, without losing the adap-
of the surface. One important parameter that describestive topology feature : the user could start sculpting with
the quasi-uniform mesh is the ratic= dyetqi=d. The de- a coarse quasi-uniform mesh, and re ne it uniformly to
formations were applied on a sphere and the statistics onadd ner details when the basic shape is set.
the number of created and deleted vertices for the basic If we compare our model with grid-based methods,
deformation tools used in our framework are reported in which also seamlessly handle topological changes, the
Table 1. main advantage of our structure is the temporal cohe-

The important result is observing the relation bet- rence of mesh connectivity, which is only locally modi-
ween the number of created and deleted vertices and the ed from time to time : this should facilitate the addition
time taken to perform the deformations,rashanges. of surface texture or bump mapping in future work. In

We can see that there are two opposing@s. On contrast, methods that sample polygons on a grid, such
one hand, as increasesd decreases which in turn de- as the one used in 3D Coat [13] enable both deforma-
termines predominant smaller edges and therefore thetions and changes in topological genus, but lose tem-
maximum vertex displacemedt,oeWill take a smaller poral coherence of the mesh and alsoeua loss in
value and more steps will be needed for a large deforma- triangle quality when the shape moves, because of the
tion. This results in more time spent applying the displa- frequent re-samplings. Moreover, our choice to use a
cement eld. On the other hand, aglecreases and the time-coherent triangular mesh enables some accelera-
value ofdyetai andd become closer, there is an increase tion by storing part of the data on VBOs (Vertex Bar
in the number of both the created and destroyed verticesObjects) until it is actually modi ed and using it only
which means more time spent on edge split and collapsefor fast rendering in the meantime. Meshes can also be
operations. As the total time for a large deformation is : interactively deformed with a large variety of elds wi-

thout any complex computation.

Tiotat = (N Tspit + Mo Teotapsd * (Nsteps Tateform) At each step our data structure is automatically re-
we see that we can nd an optimal value fqrdepen- ned where needed and simple collision tests between
ding on the deformation and namely on the tifgsorm spheres are carried out to prevent intersections. These

needed to calculate the displacement eld for each ver- tests are a lot simpler than testing for self-intersections
tex as well as on the small variation in number of ver- on an adaptive mesh. Although this last operation fa-
tices. In practice we use a single value 2:05 based cilitates the handling of changes in topological genus,
on the tests shown in the table, and which is reasonableit remains the most time consuming feature of our me-

for all the deformations we have implemented. thod. Collisions must be calculated between spheres of
diameterdiicknesscentered on the mesh vertices. If we
5.3. Advantages and limitations calculate this for each pair of vertices in the selected re-

The quasi-uniform mesh structure we developed for gion we have a complexity dD(nielecte() With Ngelected

sculpting has one major advantage over both adaptivethe number of selected vertices. We improved this by
10



7292 initial verticesr = dgetaii=d = 2

deformation | # created vertices | # deleted vertices | time(ms) | fps avg- min
sweep 24215 18327 2268 14-12
sweep \£ct. 27386 23166 2150 15-13

in ate 23397 15436 1510 184 - 159
de ate 11493 9506 1410 235-205
grow 21360 16447 2430 39-36
trim 622 806 2770 51-47

7292 initial verticesr = dgetaj=d = 2:05

deformation | # created vertices | # deleted vertices | time(ms) | fps avg- min
sweep 19526 13398 2120 15-13
sweep \Ect. 21821 17395 2010 16-13

in ate 19578 11239 1410 186 - 160
de ate 9407 7333 1370 238 - 207
grow 14668 9522 2180 43-41
trim 422 582 2530 56 - 53

7292 initial verticesr = dgetaj=d = 2:2

deformation | # created vertices | # deleted vertices | time(ms) | fps avg- min
sweep 13934 7187 2246 14-12
sweep \Ect. 15917 10912 2140 15-13

in ate 15029 6069 1420 173 -147
de ate 7370 5024 1390 231-201
grow 9305 3437 2400 38-35
trim 95 231 2760 51-48

Table 1: Performances of our dynamic surface sculpting framework in terms of vertex creation and deletion as a fumctiodyef;=d. The

variation in FPS between deformations should not be taken into account since each of theenestdn nature. The lowest FPS are obtained for

the sweep deformations because they give the largest displacements among the cases we studied. The FPS and total time values show that for usual
deformations the visual feedback is real-time.

using spatial subdivision where the space is partitioned anything of the underlying representation, besides the
into a regular grid and collisions are calculated only bet- fact that the material acts at a given level of detail. He
ween spheres in adjacent cells. This could be further interacts with gestures, only concentrating on the shape
improved using an implementation on the GPU, which he is creating. Similarly to grid-based virtual-clay ap-
would perform collisions 20 to 30 times faster than the proaches, automatic merges and splits happen at a given
spatial subdivision algorithm on the CPU as shown in resolution, which is very intuitive since it is close to the
GPU Gems 3 [17] and overall gain an order or two in behavior of real clay.

e ciency over the current implementation.

As it is — without any of the hardware accelera- In future work we plan to extend our framework to ar-
tions we mentioned (region VBOs or GPU collisions) bitrary non-manifold meshes. We also intend to handle
— our sculpting system is already real-time for all of the fast approximate and robust Boolean operations bet-
examples of complex topology and reasonably high de- ween two quasi-uniform meshes by taking advantage
tail presented in this paper. of the tight sampling. Another important aspect will be
the addition of surface color or texture during sculpting
which can bring even more detail to the surface without
much increase in memory. We would also like to fo-
cus on the problem of reconciling our quasi-uniform

We have presented the rst mesh-based sculpting sys-mesh with an adaptive sampling which would allow a
tem that seamlessly handles arbitrary changes in topo-user to easily sculpt objects with variable level of detalil,
logical genus, thanks to a simple, quasi-uniform mesh while also taking advantage of changes in topological
structure. Our system does not require the user to know genus. We also have an idea on how to sculpt objects

11

6. Conclusion and future work



with sharp-features by protecting corresponding edges
against certain mesh operators. All these new mecha-
nisms could make interesting additions to our sculpting

system while still keeping a reasonably simple under-

lying structure and an intuitive user interaction.
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