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Abstract

Designing a control mesh (or a polyhedron) for a subdivision model is a tedious task. It involves many difficult
decisions such as how to minimize the number of extraordinary vertices, how best to choose their valencies, and
where to place them in the control mesh. In this paper, we present an intuitive and interactive approach for using
sketch-based interface to design subdivision models. The input to the system is a set of strokes forming the profile
curves of the surface. From the constructed control polygons of the sketched curves, a coarse and quad dominant
control mesh is generated with few extraordinary vertices or faces. The corresponding limit surface interpolates
the profile curves with the capability of local control across these curves and of the model in general. Although
our approach is oriented towards quad-based systems such as Catmull-Clark, it could well be adopted in other

subdivision schemes.

Categories and Subject Descriptors (according to ACM CCS):

Geometry—Object Modeling: Modeling packages

1.3.5 [Computer Graphics]: Computational

1. Introduction

Subdivision techniques are well established in the computer
graphics industry. They provide coherent approaches for de-
signing and modeling objects with greater flexibility allevi-
ating the restriction of the rectangular topology of the B-
spline systems. Designing the the control mesh (or poly-
hedron) of a model involves various decisions such as how
to minimize the number of extraordinary vertices, where to
place them, and how to best choose their corresponding va-
lencies [NSY09].

Creating a 3D model using a traditional WIMP (Window,
Icon, Menu, and Pointer) interface can be a very challeng-
ing and daunting task to a novice user. While such interfaces
do provide the user with power, functionality and flexibility,
users must invest a considerable amount of time to become
proficient enough to actually produce anything meaningful.
In recent years, much research has gone into the develop-
ment of more accessible and natural interfaces - leading to
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the development of the sketch based interfaces for model-
ing (SBIM) complex objects [OSSJO8]. At an early stage of
design, artists and designers often use pencil or pen and ink
sketches to make prototypes of their ideas. Sketching a curve
is the basic primitive for an artist to build preliminary draw-
ings. The goal is then to allow users to input hand-drawn
sketches which are used for the creation of 3D models along
with any fine details that need to be introduced.

Since the industry standard for the creation and animation
of 3D models for the last decade or so has been subdivision
surfaces, it seems natural to create this kind of surfaces by a
sketching process. In this paper, we aim to produce a sketch-
based interface for a modeling system that allows the rapid
creation of detailed models using subdivision surfaces. This
would not only allow users already familiar with subdivi-
sion surfaces to adapt quickly, but also allow easy integra-
tion with already existing modeling packages in the indus-
try (such as Maya, 3D Max, and others). The first attempt
along this direction was the work of Beets et al [KJF06].
They described a sketching system for subdivision surfaces
based on hybrid quad/triangle scheme. The surface gener-
ated are mainly C ! surfaces with bounded curvature at the
quad/triangle border but not the extraordinary vertices.

In this paper, we introduce a new sketch-based subdivi-
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sion system capable of producing high quality surfaces with
various features along the input profile curves. Our system
generates coarser and quad dominant control meshes with
a few extraordinary vertices/faces. Being subdivision mod-
els, the quality of our surface depends on the employed
subdivision scheme. In the Catmull-Clark setting, it is c?
cubic B-spline everywhere except at the extraordinary ver-
tices. Furthermore, our models interpolate the sketched pro-
file curves. Meeting such constraints not only plays a critical
role in faithfully satisfying the intent of the artist/desinger
but also allows for additional features along these curves in-
cluding sharp cross curvature. These curves could also be
defined by multiple strokes making the system more natural
to use. To obtain their corresponding B-spline control poly-
gons, we follow a similar approach to Pusch et al [PSNW07]
using reverse subdivision but with the cubic filter described
in [SBOO07]. Finally, by decomposing the mesh into regu-
lar areas where n of them could be blended at an irregu-
lar region, called a docking station, our system maintain the
local modification property and limit the extraordinary ver-
tices/faces.

The paper is structured as follows. Section 2 gives a brief
overview of related work, while Section 3 outlines the use of
polygonal complexes in curve interpolation by subdivision
surfaces. Section 4 formulates the problem and describes
how to construct a control mesh from a set of given pro-
file curves. Finally, Section 5 discusses preliminary results
whereas conclusions and future work are described in Sec-
tion 6.

2. Related Works

For the sake of limited space, we skip the details of subdi-
vision surfaces and the Catmull-Clark scheme [CC98]. For
more details, the reader is referred to [ZS00, WW02] and the
references cited therein.

Several techniques have already been developed for the
creation of models using sketch based interfaces, each suf-
fering from certain limitations [OSSJO8]. For example, the
SBIM Teddy system developed in [IMT99] creates triangu-
lar meshes out of 2D silhouettes and supports many useful
operations, such as extrusions, cutting/tunneling, and sur-
face augmentations. However, the quality of the meshes cre-
ated in Teddy was quite poor, leading to some visual arti-
facts (such as bumps and dents). To overcome this, Smooth
Teddy was developed in [IHO3] using a fairing technique to
smooth out the resulting surface. Another, more recent work
developed in FiberMesh [NISAQ7] casts the problem as a
nonlinear optimization problem that generates a fair surface
fitting the input sketch. It also supports sharp features on
the surface of the generated model as well as most of the
sketch based operations developed in Teddy. Both systems
(Smooth Teddy and Fibermesh) use global optimization to
determine the geometry of the generated shapes, sometimes
causing local modifications to the sketch to have unexpected
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effects. The meshes are also relatively dense and are there-
fore unsuitable for use in a subdivision system where coarser
meshes are preferred. In addition, once the meshes undergo
subdivision, they will "shrink", possibly causing the mesh to
diverge from the artist’s intent. They also do not take curves
into consideration when building their meshes, but polygo-
nal approximations of the input curves.

Other approaches use implicit surfaces to represent the
generated models, such as the approaches mentioned in
[AGBO04] and [SWSJO7]. Approaches that depend on im-
plicit surfaces for model generation are usually simple to
understand and implement, but are usually slow and do not
allow surfaces with sharp features. Another method used
in [CSSJO5] and [EHBE97] uses parametric surfaces such
as NURBS patches, surfaces of revolution and rotational
blending surfaces which are well studied representations
and easy to integrate into an application. However, the sim-
ple parameter space limits the topology of a single surface
to shapes homeomorphic to a sphere. Creating more com-
plex objects (branching object for example, or objects with
multiple holes) would require crude patch intersections or
careful alignment of several patches. Yet another approach
taken by several authors ( [TBSR04], [LBKSO07], [SIO7],
and [Rub91]) involves shape recognition in which a sketched
object is replaced by a model from a database that most
closely resembles it. Although this approach is effective is
some fields such as architecture or interior design, it is not
general or flexible enough, since it largely depends on the
richness of the model database and limits user creativity in
the sketched scene.

Finally, the approach in [KJF06] creates control meshes
from 2D sketches and uses the Quad/Triangle subdivision
scheme developed in [SLO3] to generate a smooth surface.
Their limit surfaces are mainly C! except at the extraordi-
nary vertices and do not interpolate the sketched curves.

3. Catmull-Clark Polygonal Complexes

In this section we give a brief overview of interpolating
curves by Catmull-Clark subdivision surfaces using polyg-
onal complexes.

Polygonal complexes were introduced by Nasri [Nas00]
in the context of interpolating curves by subdivision sur-
faces. Such a complex is simply a control mesh which under
subdivision converges to a curve. The key point is that when
a complex is embodied within a control mesh, its limit curve
will be automatically interpolated by the limit surface of this
mesh. The topology of the mesh depends mainly on the sub-
division scheme to be employed. In the Catmull-Clark set-
ting, a polygonal complex is a set of triplets (V/, V5, V/') in
3D space connected by a middle control polygon (Vin), see
Fig. 1. It was shown [NA02] that the limit of a Catmull-Clark
(CC) complex is the cubic B-spline curve defined by vertices
C; (colored red in the Figure) given by:
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Figure 1: A Catmull-Clark polygonal complex (top) defined
by the triplets (Vé VL ‘/,i) and the same complex embodied
in a control mesh (bottom). The red vertices (top) are the
control vertices of the limit curve of the complex.
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If the middle control vertices (V;;,) are tagged to form a
control polygon whose limit curve is to be interpolated by
the surface, then this could be achieved by simply replacing
each vertex V,ﬁ, by W,’;L given by:

R p. ©)
4
The advantage of using polygonal complex in curve in-
terpolation is the capability of interpolating additional fea-
tures such as tangent or even curvature across the interpo-
lated curves [NSAZ*06].

4. The Control Mesh Generation

Our problem could then be formulated as follows. Given a
set of strokes sketching the profile curves of the subdivision
model to be designed, we need to create a control mesh for
this model whose limit surface interpolates these curves. In
order to explain our approach, we consider a closed profile
curve. Open curves should be easily inspired.

As in every mesh construction process, our algorithm con-
sists of two main phases: the topology phase and the geom-
etry phase. In the former, we determine the number of or-
dinary and extraordinary vertices and the faces forming the
control mesh, whereas in the second phase we position the
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Figure 2: A sketched profile(top) and the control polygon by
Reverse Cubic Filter (bottom).

vertices of the model in the 3D space. We begin by the topol-
ogy phase.

4.1. The Topology Phase

Among the constraints that dictate the number of extraordi-
nary vertices and their connectivity are the profile interpo-
lation by the limit surface of the model and the local modi-
fication of the surface in particular for extrusion. To satisfy
the first requirement, we avoid extraordinary vertices along
the profile curve to allow for the polygonal complex con-
struction and to control the shape of the model across the
interpolated curve.

To illustrate the steps involved in our approach, we use the
simple rofile curve given in Fig. 2. The following steps are
then in order:

The Control Polygon Generation The stroke’s points, di-
rectly created from an input device, cannot be used for
constructing the mesh due to several problems. For in-
stance, the points are noisy because of the shaky nature
of handling the input devices. In addition, there will be
a very large number of points because the input device
sends data many times per second. To create an appropri-
ate control mesh for Catmull-Clark subdivision, we need
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Figure 3: The constrained Delauny triangulation of the con-
trol, polygon in Fig. 2 and the corresponding quadrangula-
tion of the enclosed region.

to reduce and denoise the input points. Although classical
approaches can be used for filtering the noise and sim-
plifying the stroke in separate steps, we are interested in
employing a technique that is consistent with the subdi-
vision framework. Particularly, we are interested to find
a coarse approximation of the stroke such that its refine-
ment after using Catmull-Clark subdivision becomes very
close to the given stroke. In fact, it is desired to reverse the
act of Catmull-Clark subdivision on the stroke’s points. In
general, the reverse subdivision techniques [SB99, BS00]
can address all of these issues. In this approach, the set
of high resolution points is efficiently decomposed into a
low resolution approximation and a set of details vectors.
Removing details can filter the noise and the low resolu-
tion approximation can be used to reduce the points. Since
Catmull-Clark subdivision is an extension of bi-cubic B-
spline subdivision, we use reverse of cubic B-spline sub-
division [SBO07,BS00].

Fig. 2 shows an example of a sketched profile curve and
its corresponding control polygon.

The Constraint Delaunay Triangulation (CDT) Let (V;)

be the vertices of the resultant control polygon P. To cap-

Figure 4: Topological connection of the two layers: Partial
connection of top and bottom layers with the middle one
is shown. The red vertices are the control polygon of the
sketched profile curve.

Figure 5: Geometric positioning of the layers. Every couple
of vertices (V/,V{) and their counterpart (V;, V) are ini-
tially positioned symmetrically about the middle vertices 'V,fq
and V), respectively, at a half the distance between V,,’;V,',Il.

ture the topology of the region enclosed by the set of
vertices (V;), we triangulate it using using a CDT algo-
rithm [She96]. Each triangle of the resulting mesh is gen-
erally classified into one of the three categories:

1. Terminal triangle: This is a triangle with one inter-
nal edge. Such a triangle is indicated by blue color on
Fig. 3.

2. Sleeve triangle: that is a triangle with two internal
edges. Such a triangle is indicated by a red color on
the same Figure.

3. Branching triangle: that is triangle with all edges being
internal. These triangles are merged into a region with
green color as suggested below.

Fig. 3 depicts the CDT of the corresponding control poly-
gon shown in Fig. 2.

The 2D Mesh Topology Our subdivision model could be
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Figure 6: The control mesh and the limit model from the
curves in Fig. 2

thought of as a set of sleeves where at most n of them are
blended together by an n-sided region. Our goal is then
to decompose the triangulated region into a similar set of
sleeves but in 2D.

This process begins by merging all branching triangles
into an n-sided face, called an n-sided branching face,
shown in green color on Fig. 3. Accordingly, the branch-
ing faces decompose the set of triangles T into subsets
(T:), each between two consecutive branching faces, two
terminal triangles, or one of each. Ideally, we want each
subset 7, to have an even number of triangles, but if it
does not, the side of 7, with less vertices is re-sampled
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by adding one extra vertex to make the number of trian-
gles even. This helps in reducing the number of extraor-
dinary vertices/faces on the generated mesh. Once this is
accomplished, the triangles of a sleeve are used as the ba-
sis of our quads. Basically, we start from the triangle of 7;
which has an adjacent edge with the branching face and
collapse every two adjacent triangles into one quad. As
such, a branching sleeve becomes a strip of quads with
every two adjacent quads share an edge, except the end-
quads. The shared edges are topologically speaking paral-
lel to the side of the branching faces to which the sleeve is
attached. Accordingly, an n-sided branching face acts as a
docking station (see Fig. 3) to which at most n branching
sleeves could be attached. It is noteworthy to mention that
as extraordinary faces/vertices are almost unavoidable at
branching regions, the use of docking stations limit these
extraordinary elements to its vicinity and the mesh every-
where else is almost regular.

The above analysis lays down the foundation based on
which more complicated topological structure could be
constructed as explained in Sect. 5.

The 3D Mesh Topology Topologically, the control mesh
consists of two copies of the planar mesh generated above:
St with vertices (V) and Sj, with vertices (Vj,). These lay-
ers are placed above and below a control polygon of ver-
tices (V,ﬁ,) which is a duplicate of the control polygon ob-
tained by the reverse subdivision process. In the rest of
sequel we denote this control polygon by S;; and its ver-
tices by V,fl =V
The mesh construction consists then of connecting the
vertices of the boundaries of S; and S, via the control
polygon S, as shown in Fig. 5. The vertices (V{), (V}}),
and (VI;) form then the set of triplets of the polygonal
complex needed to interpolate the profile curve defined
by Sm.

4.2. The Geometry Phase

The most important part in this phase is how to position the
triplets of the Catmull-Clark complex which under subdivi-
sion converges to the profile curve.

To begin with, let us consider one of those triplets
(V/,Vi,vl) and assume that its opposite triplet is
(V/',Vir,V}), as indicated in Fig. 5. Initially, the top and bot-
tom vertices (V,i7 V,ﬁ) of the triplet are positioned symmetri-
cally about the middle vertex V,i, at half the distant of V,ZV,,JP
The vertices of the opposite triplets are also positioned in a
similar manner. This is repeated for all triplets of the two
layers giving an initial 3D polyhedron with an embodied
polygonal complex (V; ,V,’;,,Vlf). In general, the vertices of
the middle row of a complex must be repositioned in order to
interpolate the curve defined by (V;;,), as described in Sect. 3.
However, since (V) is the midpoint of V;/V/, Eq. 1 is satis-
fied and the profile curve is interpolated automatically. With
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Figure 7: A 3-blad fan without (top) and with sharp features
across the profile curves.

this said, the vertices of two layers (V;,V}) do not have to
be necessarily equidistant to the vertices (V,fl) of the mid-
dle control polygon, nor collinear. In such a situation, each
vertex V;, is to be replaced by W, as in Eq. 2. Furthermore,
the user could manipulate the position of these vertices to
locally control the shape of the model across the profile as
long as the above relations are maintained.
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5. Results and Discussions

The proposed approach is implemented to create control
meshes for the Catmull-Clark subdivision models in Figs. 6—
9. For each of these models, the sketched profile curves and
the constructed control mesh are shown. In our system, we
have found that four iterations of the reverse subdivision
seem to yield the best results for the control polygon of
the profile curves. This is the default setting used in all the
curves displayed here, and the user is left with the option to
smooth out the curve using further iterations, or apply non-
shrinking Gaussian smoothing (see [Tau95]).

As can be seen, our system could handle many branching
pieces where the extraordinary vertices or faces are mainly
introduced there. The system uses the fundamental idea of
this docking station to blend at most n sleeves. It is note-
worthy to mention that in complicated configurations, any
quad could become a branching face to which other sleeves
could be attached too. In other situations, in particular for
sketched curves with high curvature, a sleeve could consist
of one quad only or even rounded to make a hole as shown
in the Fig. 8. It is also common to have branching faces ad-
jacent to other branching faces or even a quad with 2-valent
vertex. Moreover, our algorithm could also handle open pro-
file curves.

Being limit of subdivision, our models are smooth and
of good quality. The degree of the smoothness depends
mainly on the employed subdivision scheme. For instance,
in Catmull-Clark setting, the surface is C? cubic B-spline ev-
erywhere except at the extraordinary vertices where bounded
curvature is also achieved. The quality of our surface is im-
proved by limiting the number of extraordinary regions. Our
system avoids generating any extraordinary vertex along the
path of a profile curve. Not only this is necessary to satisfy
the interpolation constraints, but also needed to achieve the
often desired C? continuity of the profile curves.

Moreover, our scheme interpolates the input sketched
curves. Meeting such constraints plays a critical role in faith-
fully satisfying the intent of the artist/desinger. The curves
could also be used as shape handles to locally modify the
curvature across the profile curves where various features
along them could be achieved using the polygonal com-
plexes; see Fig. 7 where a 3-bladed fan with sharp edges is
shown.

The docking stations used above decompose our mesh
into independent sleeves which could be locally modified
without affecting other sleeves. This is an important feature
for adding more operations such as extrusion.

6. Conclusion and Future Work

We have presented an algorithm for building subdivision
models from sketched profile curves. Not only does this
facilitate the design process, being sketch-based, but also
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provides an efficient interface for building control meshes
for subdivision models. The generated control meshes are
mainly quad except at the branching regions. The generated
objects could be manipulated by the profile curves with the
possibility of additional features such as the manipulation
of the curvature across the profile curves. As presented, the
algorithm restricts the sleeves to have even number of tri-
angles to facilitate the quad generation process. In order to
alleviate this restriction, we are investigating a different ap-
proach for automatically generating these quads without the
constrained Delauny triangulation process. As future work,
we are implementing most of the features of a sketch-based
subdivision system. This includes extrusion, cutting, union,
and sharp features.
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Figure 8: A sketched profile curve with a hole and few one-
quad sleeves.

Figure 9: A hand showing many branching fingers.



