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Abstract

Sweepers is a framework for defining space deformation operations for interactive shape modeling. The artist describes
a basic deformation as a path through which a tool is moved. Our tools are simply shapes. So we can use shapes already
created as customized tools to make more complex shapes or to simplify the modeling process. When a tool is moved, it
causes a deformation of the working shape along the path of the tool. More complicated deformations are achieved by
using several tools simultaneously in the same region. It is desirable that deformations for modeling are �foldover-free,�
so that the deformations are reversible. Our deformations can satisfy this criterion. We have an efficient formulation
for a single tool following a simple path and we have a formula for blending conveniently the effects of multiple tools used
simultaneously. For representing shapes, we provide a mesh refinement and decimation algorithm specially adapted to our
deformations.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the context of interactive shape modeling, a
common characteristic of popular techniques is the
possibility for the artist to operate on a shape
by modifying directly the shape�s mathematical
description: e.g., the control points of a subdivision
surface also define the surface. But with the constant
increase of computing power, it is realistic and more
effective to insert some interface between the artist
and the mathematics describing a shape. As Foley
and Van Dam remark, ‘‘The user interfaces of suc-

cessful systems are largely independent of the inter-
nal representation chosen’’ [14].

Space deformation is a family of techniques that
permits describing operations on a shape indepen-
dently from that shape�s description. With this sep-
aration, new shape descriptions can easily benefit
from existing space deformation, and further devel-
opment on operations and descriptions can be car-
ried in parallel. While space deformation has been
used for solving a wide range of problems in Com-
puter Graphics, it is missing a framework specific to
interactive shape modeling. Sweepers is a frame-
work for defining shape operations, in which the
basis of operations is simply gesture.

Shapes produced with sweepers are coherent
because sweepers are foldover-free: there is no
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ambiguity as to which points of space belong to the
shape. A deformation that would create foldovers
would produce a self-intersection of the shape,
which cannot be cured with any space deformation.
With the exception of [11,21,16] and sweepers, other
deformation operations do not prevent surfaces
from self-intersecting.

Sweepers can be applied in principle to any stan-
dard model. All the examples in this paper, howev-
er, are deformations of a single sphere. Using a
sphere has the advantage of being simple to imple-
ment, as well as showing shapes with features genu-
inely created with our technique.

Our deformation operations are specified as
transformations of tools where a tool is any shape.
They are continuous (at least C0 and in most cases
C2). They are local within some user-defined dis-
tance of the tools, and most importantly they are
foldover-free, preserving the shape�s coherency.
The remainder of this paper is organized as follows.
In Section 2, we overview existing space deforma-
tion techniques. In Section 3 we introduce our new
deformations, and we present efficient closed-forms.
In Section 4 we propose several ways of defining
tools. In Section 5, we propose a shape description
suitable for modeling with sweepers. We discuss
our results in Section 6.

2. Modeling by deformation

In a system for modeling by deformation, the
currently observed shape is the result of repeated
deformation of the space in which the initial shape
is embedded. A convenient formalism can be used
for specifying any modeling operation by deforma-
tion: the deforming equation gives the final shape
S (tn) as a function the initial shape S (t0):

SðtnÞ ¼ X
n�1

i¼0
fti 7!tiþ1

ðpÞ j p 2 Sðt0Þ
� �

; ð1Þ

where X
n�1

i¼0
fki 7!kiþ1

ðpÞ ¼ fkn�1 7!kn � � � � � fk0 7!k1ðpÞ.

The operator X expresses the finite repeated compo-
sition of functions. Each function fti 7!tiþ1

: R3 7!R3 is
a deformation that transforms every point p of
space at time ti into a point of space at time ti+1.
Section 3 focuses on defining a set of functions
fti 7!tiþ1

useful for modeling.
Normal deformation. Computing accurate nor-

mals to the surface is very important, since the
normals� level of quality will dramatically affect
the visual quality of the shape. With space deforma-

tion, each normal is updated by multiplying the pre-
vious normal by the co-matrix1 of the Jacobian [3].
Let us recall that the Jacobian of f at p is the matrix
Jðf ; pÞ ¼ of

ox ðpÞ;
of
oy ðpÞ;

of
oz ðpÞ

� �
, and that by using

the cross product ·, there is a convenient way to
compute the co-matrix of J ¼ ð~jx;~jy ;~jzÞ:

JC ¼ ð~jy �~jz;
~jz �~jx;

~jx �~jyÞ; ð2Þ

where the vectors~jx,
~jy , and

~jz are column vectors.
The remainder of this section overviews existing

deformation techniques in the context of interactive
modeling. We organize them in three groups: defor-
mations that are not suitable for modeling and can
produce a relatively limited set of shapes, deforma-
tions that can produce a large set of shapes given
enough parameters for a few functions fti 7!tiþ1

, and
deformations that can produce a large set of shapes
given enough simple functions fti 7!tiþ1

.

2.1. Global deformations

Barr [3] defines space tapering, twisting, and
bending transformations via a matrix that is a func-
tion of a space coordinate. Blanc [4] generalizes this
work to deformations that are functions of several
space coordinates. Chang and Rockwood [8] pro-
pose a polynomial deformation that efficiently
achieves ‘‘Barr’’-like deformations and more, using
a Bézier curve with coordinate sets defined at con-
trol points. Mikita [22] extends this method to trian-
gular Bézier surfaces. A restriction of these methods
is the initial rectilinear axis or planar surface. Cre-
spin [10] proposes a technique based on recursive
subdivision to use an initially deformed tool.

These methods can be easily controlled by the user
with a few control parameters. However, their non-
locality makes them unsuitable for surface modeling.

2.2. Many parameters, few functions

Sederberg and Parry [26] introduce free-form
deformation (FFD): the artist defines a deformation
by moving the control points of a Bézier volume. A
major restriction of FFD is the regularity of the
grid. Coquillart [9] and Blanc [5] extend this work
for non-regular lattices. Note that with these meth-
ods, defining a deformation requires the placement
of the control lattice with respect to the shape.
Hsu et al. [18] propose a way of doing direct manip-

1 Matrix of the co-factors.
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