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Figure 1: Dancing Armadillo. A set of dancing poses created using cesmdeformation technique. The original pose is on the tefttae
rectangles depict zoomed portions of the model containiglg-frequency surface details shown before and after ardeition.

Abstract

We present an interactive mesh deformation technique based
parametric curve manipulation. A set of lines sketched dkier
projection of the mesh model is used to create parametrieesur
which can be interactively manipulated, thus deforminga$soci-
ated surfaces. Such curves can be further combined to alkelte
tons in a simple way, providing some extra control over thiede
mation process. Additionally, parametric curves can beraati-
cally extracted from suggestive contours, allowing theodeation
to be performed directly on visually-important detailsloé imodel.
A major advantage of our technique is that it requires no norep
cessing, allowing users to immediately produce visualéaging
mesh deformations while using an intuitive interface. Thiskes
it a good choice for artistic prototyping, as well as for clauisers.
We demonstrate that, despite its conceptual simplicitis guite
general, producing results that are visually similar todhes ob-
tained with more sophisticated and computationally-istemmesh
deformation and skinning techniques.
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1 Introduction

The realism of computer-generated images depends heawtlyeo
ability to accurately represent geometric details of theats in the
scene. Modeling, however, is a labor-intensive task thateasig-

ni cantly accelerated with the use of 3D scanners. Althodih
scanners provide a fast solution for the problem of samplieg
ometrically complex shapes, algorithms for surface reranson
from point clouds tend to produce non-structured modelsison
ing of a single polygonal mesh. Providing the user the means f
changing pose and animating the resulting representaisokey
for using these models in applications such as computer esovi
and games. The challenge is to provide an intuitive interfaed
interactive feedback, while preserving surface detaits arcom-
modating user-de ned constraints.

We present a new interactive technique for geometric shape d
formation of 3D meshes. Our approach requires no preprocess
ing, allowing users to immediately create visually-plegsiesults
through the use of a simple and intuitive interface. As sitgbro-
vides a good choice for artistic prototyping and casual suséve
use parametric curves created from 2D sketches or from attom
cally extracted suggestive contours [DeCarlo et al. 2008Eform,
twist and scale the associated mesh. The inherent smosetlofies
parametric curves is transferred to the induced globalrdedtons.
Our approach also supports some user-de ned constrainth, &s
the speci cation of rigid segments for deforming articeldt g-
ures. We demonstrate that, despite its conceptual sirtyplmir




approach is quite general, producing results that are Nyssiani-

lar to the ones obtained with more sophisticated mesh defibom
techniques [Botsch and Kobbelt 2004; Kobbelt et al. 199&xAl
2003; Lipman et al. 2004; Lipman et al. 2005; Sorkine et a0£0

on the position constraints. For ef ciency reasons, the-lioear
term is often approximated by a linear one using variougesiies,
such as local linearization [Sorkine et al. 2004], heurisipprox-
imations for the local rotations [Lipman et al. 2004], prgagon

Huang et al. 2006; Yu et al. 2004; Zayer et al. 2005; Zhou et al. of user-de ned transformations [Yu et al. 2004], and int#gpion

2005] and skinning [Mohr et al. 2003; Kry et al. 2002], whiemd
to require some considerable preprocessing time. Oneshott,
however, that these techniques usually optimize some tsptwe

deformation €.g, volume preservation), which our approach does

not.

Our technique is considerably faster than previous appesator
achieving visually-similar results, being able to handbeywlarge
meshes at interactive rates. Moreover, it handles arbitreashes,
including multiple connected component ones, non-orldatand
non-manifold surfaces. Figure 1 shows the Armadillo model i
some dancing poses obtained using our technique. The gbesan
depict zoomed portions of the model containing high-frempye
surface details shown before and after a deformation. Tpeses
illustrate the use of deformations applied to the modelssaregs,

and torso, as well as the use of some bending and scaling-opera

tions.

2 Related Work

from handles [Zayer et al. 2005; Zhou et al. 2005; Au et al.7200

Botsch et al. [Botsch et al. 2006] presented a physicabiygible
approach for mesh deformation that uses regions of the nsaslaa
nipulation handles. While the interaction metaphor is \ietyitive,
the technique is not suitable for interactive modeling isess

Our approach avoids the need of performing non-linear mzam
tion by using a simple, although effective, strategye represent
the coordinates of the mesh vertices in the regions of ist€ROI)
interms of frame elds associated to parametric curves ueaxbn-
trol the deformation Since such frame elds are instantly updated
as the curves are deformed, so are the coordinates of the Bgsh
using external, as opposed to local frames, our approachde®

a computationally ef cient and general framework for mesfiod-
mation.

Curves have been used to guide mesh deformation [Nealen et al
2005; Zhou et al. 2005]. Zhou et al. [Zhou et al. 2005] use WIRE
curves [Singh and Fiume 1998] to specify where a few vertafes
the mesh should deform to, de ning constraints to a lineatey.

There has been a considerable amount of work on model deforma N 0ur approach, curve deformation is directly transfertedhe

tion in recent years. Free-Form Deformation (FFD) and itsava
tions perform object deformation indirectly by manipuhatia set
of control points (handles) that deform the space contgittie ob-
ject. Such handles can be de ned as 3D lattices [Coquilla@0]

mesh. Nealen et al. [Nealen et al. 2005] use curves to editlslet
of the mesh, while we use curves to specify both global andlloc
deformations.

MacCracken and Joy 1996; Sederberg and Parry 1986], a set of3 Technique Overview

curves [Chang and Rockwood 1994; Singh and Fiume 1998], or

points [Hsu et al. 1992; Sumner et al. 2007].

Sumner et al. [Sumner et al. 2007] use a graph to deform theespa

where an object is embedded. This graph is created usingdpjbeto
surface (which is not restricted to be a mesh) allowing trex us
directly manipulate parts of the object. The authors enthatthe
deformation of each graph's node is locally rigid by solvangon-
linear optimization problem.

Skinning techniques [Mohr et al. 2003; Kry et al. 2002] arelpr
ably the most popular mesh deformation techniques, buttérey
to require a considerable amount of time for the artist to thd
correct weights for each object. Although there exist soeud-t
niques for automatically computing such weights [Kry et28102]
(and references therein), they are often computationalbpeesive
and do not always produce the desired deformations.

Multiresolution techniques [Botsch and Kobbelt 2004; Gask
et al. 1999; Kobbelt et al. 1998; Zorin et al. 1997] decompibhee
surface into a smooth base representation (low frequemy/}fe
surface details (high frequencies). Mesh deformation jdieg di-
rectly to the base representation, after which the detaéisadded
back (as displacement vectors).

Some techniques avoid factoring the base surface repetisenby
directly applying the deformation to the original mesh. $ééech-
nigues try to preserve some differential properties of tksmsuch
as discrete Laplacian coordinates [Alexa 2003; Lipman.€G04;
Lipman et al. 2005; Sorkine et al. 2004] or gradient funciioner
the mesh [Yu et al. 2004; Zayer et al. 2005; Zhou et al. 2004]. A
these techniques treat mesh deformation as a minimizatadoigm
and, in general, require the solution of a linear systemciwtends
to introduce some delay before the user can actually stéotrde
ing the model. The energy function to be minimized contats la
detail preservation term and some position constraintsifiget al.
2006]. The detail preservation term is nonlinear as it alsoetids

Figure 2: Technique overview step one. The user oversketches the
parts of the model he/she would like to deform (left and agnte
Each sketched line becomes a parametric curve in 3D thatbill
used as a handle for deforming the model (right). The smailevh
balls represent the curves' control points.

An interactive mesh-deformation session based on our appro
consists of three main steps:

Sketching 2D curves over the 3D mogfeigure 2). The user
oversketches the parts of the object he/she would like to de-
form. Each sketched line is turned into a parametric curve in
3D, which will be used as a handle for deforming the model.
While oversketching, the user can freely change the camera'
viewpoint. Figure 2 (right) shows a set of parametric curves
created for different parts of the dino model. In additioargs
metric curves can be automatically extracted from sugegesti
contours [DeCarlo et al. 2003], allowing the user to dinectl
deform some visually-important features of the model (Sec-
tion 5);

Connecting individual curves to form skeletpas shown in
Figure 3. Creating skeletons with our technique is a simple



and intuitive task. However, there is no need to have a single
skeleton per object. In fact, the user may even want to keep
all curves separated (disconnected) from each other;

Deforming the model by moving the control points of the para-
metric curves in 3DFigure 4 illustrates this. On the left, the

before and after states of a twist applied to the neck of the
dino model. On the right, the deformation has been applied to

its tail.
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Figure 3: Technique overview step two. The user may want to
combine parametric curves in order to create complex skatet

3.1 Region segmentation and handle creation

Our interface for sketching the curves is similar to the osedu

by [Kho and Garland 2005]. Given the sketched curves over the
model, they are ltered as described in [Kho and Garland 2608
parameterized to the [0,1] interval. Equally-spaced pointthis
parametric space are then projected on the mesh using thednet
described in [Moller and Trumbore 1997]. The projected t®in
(on the mesh surface) are used to create an interpolatiagedric
curve that will be used as a deformation handle. We have chose
to use Catmull-Rom splines [Catmull and Rom 1974] because of
their global smoothness, local control and interpolatihgracter-
istics. Hermite curves [Mortenson 1997] are also provideithe
user wants to control the curves' tangents at the end poifite
region of interest for the deformation produced by such allean

is delimited by two cutting planes positioned at the 3D cuswuel
points. The orientation of each plane is de ned by the cigveh-
gent at the corresponding end point.

Figure 4: Technique overview step three. By modifying a 3D curve,
its deformation is transferred to the model. Twisting dinneck
(left) and lifting its tail (right).

The control points of the parametric curves obtained asrijtest

curveC. A skeleton curveSis obtained fromC by: (i) creating

k 1 planes perpendicular ©, each one halfway two consecu-
tive control points; (ii) For each of thk subspaces delimited by
thek 1 planes, compute the centroid of the ROI vertices falling
in that subspace; (iii) use these centroids as the contiotgéor

a Catmull-Rom skeleton curve. Deciding which verticesifalbe-
tween any pair of planes is done using two dot products.

The interface allows the user to specify whether the neweurv
should be a surface curve or a skeleton one. Surface curves ca
be converted into skeleton ones and vice-versa. When dimyer
skeleton curve into a surface curve, the resulting contwoltp are
obtained by projecting each original control point onto thesest
surface to the camera along the line connecting the contiolt p
itself and the camera's center of projection.

One can link several parametric curves by simply clickingogir
control points. Curves can also be merged using the same inte
action approach. This leads to a simple but effective iaterffor
skeleton creation. Figure 3 illustrates the process. Orriti,
one sees a complete skeleton representing the structune dirto
model.

4 Mesh Deformation

In this section, we explain how the deformation of a curveass-
ferred into mesh deformations in an easy and ef cient waye By
we create a set of frames along the curve and represent thai-coo
nates of the mesh vertices with respect to these local frafsethe
user modi es the curve, the local frames are modi ed caughng
associated surfaces to be deformed.

4.1 De ning Local Frames

Frenet frames [do Carmo 1976] are quite intuitive and carooe-c
puted analytically. Unfortunately, Frenet frames are reohdd at

in ection points or along straight segments. Moreovernagction
points, Frenet frames can undergo some violent twists [BEo
thal 1990]. We avoid these problems by de ning coordinaterfes
along the curve using the following algorithm: kgt be the curve's
unit tangent vector at parameter vatue 0 (point pg). The second
vector () of the frame at = 0 is obtained by projectingp onto
the world XZ plane and then normalizing and rotating the projec-
tion upp by 90 degrees (Figure 5). The third vectap, is obtained
as the cross produspy vp. If by coincides with the vectq(O; 1; 0)

in the world coordinate system, this procedure would fedl avoid
this problem, the components &f are inspected and the projection
is performed on a world plane that would not lead to a null @ect
by appropriately choosing one of the plan€g, Y Zor XZ.

are positioned on the mesh surface. We refer to such curves as19ure 5: The creation of a local frame att 0. The vectoky is the

surface curvesind nd them useful handles for deforming thick or
disconnected parts of the mesh, as well as to add bumpsasepne

to the surface mesh. We cakeleton curva parametric 3D curve
whose control points are inside the object's mesh. Skeletoves
can represent the structure of an object and be used to bialzal
form it. Thus, letk be the number of control points of a surface

curve's unit tangent vector att 0. v is obtained by normalizing
and rotating by 90 degrees the projectiog, of tp onto the XZ

plane.wg = tp Wwp.

Once a frame has been created at0, we varyt in the interval
[0,1] to de ne new local frames along the curve. We use theeur
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Figure 6: Local frames along a parametric curve. Frenet frames
computed analytically (left). Frames computed using ogoathm
(right). Note the smooth transitions where the Frenet framgffer
sudden twists.

position p; and unit tangent vectas; att = tj to de ne an implicit
plane atp;. We then project the vectes; ; (from the previous
frame) onto this new plane, obtaining, after the projection has
been normalizedw; is again obtained as = & . An additional
operation consists in switching the signwfin case the angle be-
tweenw; andw; 1 is bigger than 90 degrees. This simple algorithm
is very ef cient and produces a set of local frames along thee
that avoid the occurrence of undesirable twists. Figurerbpaoes
the results obtained by analytically computing a Freneh&aeld
along the parametric curve (left) with the result producgdobr
algorithm (right).

Bloomenthal [Bloomenthal 1990] describes a similar altdoni for
obtaining reference frames along a space c@wvin his approach,
the rst frameFy is computed using the curve's tangefip) and
principal normal Np) vectors at poinpg. If C has zero curvature at
Po, Np is not de ned and any vector perpendiculafipcan be used
instead. The third vector of the frame is obtainedBgs Tg Np.
The frameF; at pointp;, with tangen(Ty, is then obtained by rotat-
ing Fy around the vectofy  Tp in such a way thafy andT; coin-
cide. Note, however, that the occurrence of straight se¢graong
the parametric curv€ is relatively common in our application. In
such situationsTg Ty is unde ned, and even thoudh; = Fo, it

is necessary to check T andT; are collinear and handle this as
a special case. Although Bloomenthal's approach can be tased
generate frame elds along our parametric curves, we ptefese
the technique described in this section because it naguratdles
straight segments without the need to treat special cases.

4.2 Local Coordinates for the vertices in the ROI

Given the set of frames along a reference ci@y®ne can repre-
sent the coordinates of each vertex in the region of intefeGStin
terms of its frames. Thus, lgk 1 andpg be the planes spanned by
the pairs of frame vectorsy({ 1, wk 1) and ¥, W), respectively
(Figure 7). All verticesyj delimited bypy 1 andpy will have their
coordinates expressed with respect to the frémng = (b 1% 1,
wy 1). If an end point ofC is not linked to other curve€'s defo-
mation will affect all vertices of the mesh beyond that poiviore
speci cally, if the rst control point ofC is not connected to another
curve, all vertices beforgg ( rst plane) will be rigidly transformed
by Fo. Likewise, if the last control point of is not connected to
another curve, all vertices aftpy, (last plane) will be rigidly trans-
formed byF,. The case involving blending between linked curves
will be discussed later in this section.

Let (am; bm; gn) be the coordinates of vertex, expressed in terms

of frame R 1 (.€, Vm = Pk 1+ a@mbik 1+ bnivk 1+ gnWk 1),
wherepy 1 are the coordinates of the origin of frarkg 1. Also

let vmp and vmn be the projections ofm onto the planegk 1

and p, respectively. Such projections are obtained as the inter-
sections of the line de ned by, and the vectory 1 with the
planespy 1 and py, respectively. We then associatevq the ra-

tio rm = dist(Vim; Vmp) =dist(Vmn; Vmp) (Figure 7), computed based
on the undeformed curvedlist is the Euclidean distance between

curve

% Ko

Figure 7: During deformations, the position of vertey is main-
tained in the same relative position along 1 w.r.t. its projections
Vmp and \mp0n pc 1 and py, respectively.

curve
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two points in 3D. This ratio will be preserved during defotionas.

When the user modi es a parametric cui@gits set of frames are
recomputed for the same values of the paranteteet C°be such

a deformed curve. The rst frame @°cannot be created using the
same approach used fBrbecaus€9 tangent vector at= 0 could
require a different world plane for projection, causing tets of
frames fromC andCPto completely diverge. Thus, I€to;vo; Wo)

be the coordinate frame Gfatt = 0 and letti% be the unit tangent
vector ofCPatt = 0. Also, letw be the angle between the vectors
tg andt® and letr = g U%. Thus, the vectorg and#, are ob-
tained fromvp andwyg, respectively, by rotating them arountly w
degrees. This is the same kind of operation that BloomefiBthad-
menthal 1990] uses to propagate a frame eld along a curve, bu
here it is used only to adjust the rst frame of the deformedveu
Once the rst frame ofc%has been de ned, its remaining frames
are obtained using the same procedure de ned for the subaequ
frames of the original curve.

Given the set of frames of cun@? the new 3D coordinates of
vm after deformation could be computed simply \§s= pE 1+

ami% 1+ bW 1+ gnwi 1, wherep? | is the point onCO for
whicht = t¢x 1. This, however, would not take into account possi-
ble stretching applied to the curve when control points aoeed
apart. In order to transfer the stretching to the mesh, wie
component along theg direction according the current distance
betweenp? , andpp times the ratiam. Thus, letv,, andvd,, be

the projections of the deformed vertex onto the plam?eq andpf,
respectively, whem%p= pE 1t bV 1+ gnwk 1. VO, is found
by calculating the intersection of the line de ned h&p andtg 1
with pE(Figure 7). The new 3D coordinates gf are then recom-
puted asi, = V3o + am(rm)dist(viyp V) T 1.

The number of frames used along the curve is important toaguar
tee the smoothness of the deformation. If very few planesised,
the curve behavior may not transfer well to the deformed mbsh
all examples shown in the paper and accompanying video, &e us
200 frames for each curve.

Twisting, bending and scaling Once the coordinates of the ver-
tices in a ROI have been represented w.r.t. the frames in ddan
curve, one can deform the mesh. Free-form deformationseare p
formed by interactively moving the curve's control point®and.
Some other interesting effects, such as twisting and sgaire ob-
tained by operating directly over the frame eld of the cunkeor
instance, by interpolating, along a segmenCop# local rotation of
the frames vectorg, andw; aroundy; produces some twisting ef-
fect. Non-uniform and localized scaling effects can be et by
independently scaling the vectors that form the frames.thdke
operations can be combined to create more complex defansati



Figure 8 illustrates the results produced by twisting anttibeg op-
erations. Figure 8 (a) shows a block as the original mesh.igtéd
version of the block is shown in (b) and was obtained simply by
interpolating a rotation along the frame eld of the handlewe,
which is shown to its right. Figure 8 (c) shows the result afdiag

the block, obtained by moving the curve's control pointsogh
over). In (d) one sees the combined result of twisting andlingn
the block. Note the smooth results and how easy these naaktri

deformations are obtained.
\ }\
(© (d)

Figure 8: Twisting and bending operations performed with our
technique. A reference block (a). Twisted block obtainednby
terpolating a rotation along the curve's frame eld (b). (8ent
block obtained by moving the curve's control points (showerp
(d) Twisted and bent block combining the transformationsa¢izl

(c).

Vs
(b)

@)

Blending between curves To avoid possible artifacts in parts of
the mesh where one handle is linked to anotleeg,(in the skele-
ton shown in Figure 3 right, several curves are connectebledt t
endpoints), a blending function is used to transition amibegde-
formations. This blending is performed automatically,ngecom-
pletely transparent to the user. A zero-mean Gaussian ibgnd

function B(x) = e xe=(2s 2)) is associated to each control point of a
curveC linked to another curve. Thus, IBtbe the set of all con-
trol points linked to a given end control poipf of C and letp, be

the cﬁzntroid ofP. Empirically, we found that a standard deviation
s = dist(pj; pa) works ne. Letvy be a vertex outside the ROI
of curveC. In order to guarantee a smooth transition between the
deformed and non-deformed regions of the mesh, we compete th
in uence of pj overvny, as the weightvy, = b(dist(vm; p;)). Thus,
during the deformation induced K& the new coordinates of, are
given byvin=(1 Wm)Vm+ WmVrm, Wherevyy, are the coordinates
thatvy would have if it had been rigidly transformed according to
the transformation applied to plamg (de ned by the frame vec-
torsw andw; at p;). Since the functiorb(dist(vm; pj)) quickly
approaches zero as the distance betwgeand pj increases, we
achieve a smooth transition between the two regions.

Local self-intersection avoidance Self-intersection is a common
problem in mesh deformation and several approaches forgtigi
avoid it have been proposed, especially in the context ofacier
skinning [Mohr et al. 2003; Kry et al. 2002]. We take advaetag
of the curve's frame eld to devise a simple but effective wafy
automatically avoiding local self-intersections. N\t be the set
of mesh vertices in the ROI of cur@that are represented @is
frame vk, Wk). The projection ofV, onto px de nes a circle
of in uence for V (Figure 9). By guaranteeing that the circles of
in uence of all such planes do not intersect, self-intetiggs on
the deformed mesh are avoided.

Let px 1 and px be two such planes with origins @k 1 and px
created along the curve at parametric valtges andty, respec-
tively. Let| be the intersection line betwegp 1 and pk. Also,
letry 1 andry be the radii of the circles of in uence a ; and
Pk, respectively. Ifdist(l; pc 1) < rk 1 anddist(l; pg) < rg then
an intersection is assumed. To avoid self-intersectiomsratate

(@)

(b)

Figure 9: automatically avoiding local self intersections. (a) The
projection of the vertices associated to a plame 1 (onto px 1)

de nes a circle of in uence with radii 1. (b) | is the line of
intersection ofpx 1 and px. pkc is the point on | closest toyp,
the point on C evaluated at% tx 1. pxo IS @ point outside the
circle of in uence ofpx 1. (c) The plang is rotated byw degrees
around the line parallel to | passing through.p(d) After rotation,
self-intersections no longer occur.

the planepg so that the circles of in uence iy ; and inpy do
not self-intersect anymore. Thus, Ipt; be the point o that is
closest to theg 1. Also, let pyo be another point along the seg-
ment connectingy, 1 andl passing througtpyc, such thatpy, is
the closest point tpy 1 outside the circle of in uence qf, 1 (Fig-
ure 9 b). Letw be the angle between the vectarsanda,, de ned
asac=(pkc Px) andap=(pko Px). Self-intersection is avoided
by rotating the framéy by w degrees around the direction of line
| (Figures 9 c and d). Note that in order to avoid self-intetisac
we have forced the vecter of the local frame not to coincide with
the curve's tangent direction &t ty.

5 Suggestive Contours

Suggestive contours [DeCarlo et al. 2003] are points onuhface
that are not contours yet but would become with a slighthyngiean

the cameras viewpoint. Together, contours and suggesiivears
convey the shape of an object quite well and that explainstivse
lines are often used in non-photorealistic rendering. Aséhines
are simpler than the mesh itself but still represent the natjgect
details, using them as handles seems to be a promising @bproa
for deforming complex objects, as the user can abstract gams

of the mesh and concentrate on the features that convey nfore i
mation.

Creating parametric curves from automatically-extraatedtours
and suggestive contour lines and transferring their dedtions to
the actual meshes is similar to what has been describeddtrisd
lines in the previous sections. However, a blending fumctiased
on approximated geodesic distances (as opposed to Eutliiea
tances) should be used for better results. Such an approama
can be calculated using a region-growing algorithm stgréinthe
triangles where a (suggestive) contour lies and stoppingrvan-
other (suggestive) contour is found.

Figure 10 illustrates the steps associated with the useigfjéstive)
contours to perform mesh deformation. The two images onrgtte |
show a view of the Homer model (a) and its corresponding (sug-
gestive) contours (b). The lines shown in (b) are automiafiex-
tracted and converted into parametric lines. Figure 10{os the
resulting parametric lines with their corresponding conhpoints
seen as little white spheres. Figure 10(d) shows the rebtdireed

by moving some control points of the parametric curves aasmt

to the model's mouth and eyebrows.
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Figure 10: Suggestive contours can be automatically computed for 38ete@nd distorted to perform mesh deformation.

6 Results

We have implemented the algorithms presented in this paper u
ing C++ and have used OpenGL for visualization. We have agdpli
our technique to deform several models. The performancesunea
ments were carried on an AMD Athlon 64 3700+ processor rinin
a 32-bit Microsoft Windows XP with 2GB of RAM memory.

Figure 11: The cactus model (left) was deformed using a single
handle curve sketched over its trunk (center). Independent
formations can be applied to the individual branches by ding
a skeleton and deforming the curves associated to the besnch

(right).

The examples shown in the paper stress how easy deformatans
be performed with our approach. Figure 1 shows the Armadillo
model in several poses and demonstrate our approach'syatoili
perform large deformations using a simple interface. Tigs knd
arms were modi ed by translating some control points. Ingke-
ond example of Figure 1 the Armadillo's body was scaled and.be
Figure 8 shows a block being twisted and bent using a handie cu
with 3 control points. Note the smoothness of the twistingd e
bending.

Figure 12: Deformation including large rotations. One of the ten-
tacles of the original octopus model (left) was deformedt@g. A
close-up view of the deformed tentacle seen from the baght)ri

Figure 11 shows a cactus model (left) being deformed by desing
curve sketched over its trunk (center). Note how the brasmofeely
follow the deformation. Figure 11 (right) illustrates thersatility
of our technique, which also allows the branches to be defdrm
independently, by using a skeleton that mimics the streabdfithe

cactus. This capability gives animators freedom to expiiess-

selves artistically. Figure 12 (center) shows a large andosm
deformation of one tentacle of the octopus model (left).uregl2

(right) shows a close-up view of the deformed tentacle seam f
the back.

Figure 13: Deforming a horse leg (left) using skeleton constraints.
Each segment between two adjacent control points in thelbasd

a Hermite curve with small tangent vectors. The resultingea-
tion (right) preserves the rigidity of the limb segments.

Figure 13 illustrates the use of deformation with skeleton-c
straints {.e., preserving the rigidity of limb segments in articulated
gures). While Huang et al. [Huang et al. 2006] enforce suoh-c
straints via non-linear least-squares optimization amglire that
each articulated segment be a closed mesh, our approackesipo
no restriction on the mesh topology. On the other hand, Hetng
al.'s approach can preserve volume, which ours cannot. We im
plement skeleton constraints by treating each segmenekettwo
adjacent control points as a Hermite curve [Mortenson 198t
small tangent vectors. This produces straight articulagggnents
with slightly bent endings, as desired. Figure 13 (leftygha horse
leg in its original position with a handle curve superimpbhs&he
resulting deformed leg is shown on the right. Using our appho
the user can deform each leg at a time in real time.

Figure 14: Deformations of the dragon model. Left: original
model. Center and right: dragon mouth deformed in differeays.
Handle curves shown on top.

Figure 14 shows the dragon model with its mouth opened in two
different ways. The original model is shown on the left forreo
parison and the handle curves are shown on top. Figure 15sshow
another example of deformation produced with our techniqine



result shown on the right was obtained with a one-step @é#iosl
of a single control point of a handle curve associated to tbdeh
on the left.

Figure 15: Original model (left). A deformation performed using
our technique by translating a single control point (rightNote
how the local structures are plausibly re-oriented on theuténg
surface.

Multiple-component meshes, non-manifold and non-origetaur-
faces pose some challenge to differential-based apprsaaiigch
require computing and/or propagating a discrete frame lelded
on the mesh local properties. As the frames used in our apiproa
live on the handle curve, all these con gurations are tréatea
natural and uniform way. Figure 16 (left) shows a horse madiel
ter a ring of polygons has been removed to create two discoedie
components. A handle curve with four control points has keen
tached to the back of the horse and used to create the deformat
shown on the right. Note that, although disconnected, thariched
parts align nicely.

Figure 17 demonstrates the power of our metaphor by perfwyiai
deformation on non-orientable and non-manifold surfa¢s.the
left, one sees a Moebius strip (top) and a non-manifold sarfahe

created. For these measurements, we have transformedtalese
of the mesh every time the user modi ed the curve. Note that we
only need to deform the vertices falling in the ROI of the medi
curve. By transforming all vertices of the model, we de neaér
bound for the performance of our technique when applied &b th
particular model. These numbers (last column of Table liratd
that our technique can operate at interactive rates, ewbrméshes
composed by hundreds of thousand vertices. Depending aizthe
of the ROI, our approach can handle meshes containing msllio
of polygons in real time. These numbers compare favorabétito
previously known mesh deformation techniques.

Figure 17: Deforming non-orientable (center) and non-manifold
(right) surfaces.

7 Conclusion

We have presented an interactive technique for immediagb- hi
quality mesh deformation. It is intended as an attractiterah-
tive for artists and users looking for a simple and quick wéy o

images on the center and on the right show the deformed modelsproducing plausible deformations with interactive feedkbbaOur

after moving some control points in each of their correspund
handles.

Figure 16: Deformation of a mesh with multiple components.
Horse model with a ring of polygons removed (left). Deformed
model obtained by moving some control points. Note how ths pa

still align nicely after the deformation.

Model Vertices | Triangles | Setup (s) | Deform. (fps)
Horse 19,851 39,698 0.0545 59.52
Dino 56,194 | 112,384 0.1550 34.60
Armadillo | 172,974| 345,944 0.2914 14.94
Dragon 437,645 871,414 1.0697 7.12
Buddha 543,652 | 1,087,716 3.4130 4.50

Table 1: Times obtained using our technique for deforming several
models. The right column shows the performance of the daform
tion (in fps) when deforming all vertices of the model.

Table 1 provides some performance statistics for our teglniThe
setup time corresponds to the time required for region satatien
(Section 3.1), which is performed only once per curve, whes i

approach is based on the metaphor of transferring smootir-def
mations from parametric curves to complex 3D models, prioguc
visually-pleasing deformations. The use of parametrivesiral-
lows our technique to be implemented using a very intuititer-
face, and giving the user ne control over the deformatiokel8-
ton constraints and local self-intersection avoidancesogently
enforced, and the use of suggestive contours to guide mediei-d
mation provides a way of directly editing visually-impantabject
details. We have demonstrated the effectiveness and Wieysait
our approach by using it to deform, bend and twist severalaisod
and showing that our results are visually pleasing.

By using a set of frames to deform the space along the curvemu
proach is quite general, handling non-orientable and naniold
surfaces, and meshes comprised of multiple componentsikdJnl
other mesh deformation techniques, our approach does tiotiog
any aspect of the deformation and, therefore, it cannotagiee
that the model's original properties.@, volume) will be preserved
after the deformation. However, given its relatively lowngouta-
tional cost, our technique is considerably faster thaniptevap-
proaches for achieving visually-similar results, beingeab han-
dle very large meshes at interactive rates. Thus, it previdgood
alternative for artistic prototyping and casual users.

Using other types of parametric curves seems a promisiray Gfre
future exploration, as the properties of the curve are tiréans-
ferred to the deformed mesh. One possibility would be toquerf
physically plausible deformations using the techniquesdiesd in
[Lenoir et al. 2005]. Our technique is also suitable for GROed
eration, as the deformation imposed by the curve can beeapiai
all vertices in parallel. This should make our approach evene
appealing for prototyping applications.
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