Reusable Skinning Templates Using Cage-based Deformation
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Abstract

Character skinning determines how the shape of the surtzmaer
try changes as a function of the pose of the underlying sikeldh
this paper we describe skinning templates, which de ne comm
deformation behaviors for common joint types. This absivacal-
lows skinning solutions to be shared and reused, and they all
user to quickly explore many possible alternatives for #iersng
behavior of a character. The skinning templates are impitede
using cage-based deformations, which offer a exible desigace
within which to develop reusable skinning behaviors. We dem
strate the interactive use of skinning templates to quielylore
alternate skinning behaviors for 3D models.

CR Categories: 1.3.7 [Three-Dimensional Graphics and Realism]:
Animation

Keywords: cage-based deformation, skinning, templates, anima-
tion

1 Introduction

Character skinning, also known as enveloping, is an impoggep

in character animation. It allows for a character's geogn&trbe
animated via a skeletal abstraction that provides a mabégead
understandable set of parameters. Skinning models de nethe
geometric shape changes as a function of the skeleton pdsxan
ist in many variations. This function can be modeled procaitiy

as in the case of physics-based or anatomy-based approadhes
can also be modeled in a data-driven fashion by using a regres
sion to estimate the shape for a new pose given a set of exampl
pose-and-shape pairings. Regardless of the detailsjrexisitin-
ning techniques are generally model-speci ¢, meaning thatef-

fort put into obtaining a desired skinning behavior for onedel
cannot easily be transferred to obtain a similar skinninigakier

for another model.

A principle goal of our work is to develop a higher-level abstion
for skinning, one that allows skinning behaviors to be reusegross
similar joints and similar characters. This abstractiornsbod-
ied by skinning templatesA skinning template achieves a partic-
ular skinning effect, such as a muscle bulging or pinch-&ew
bending and is de ned in a way that is not speci ¢ to any given
model. Skinning templates allow for the rapid exploratidrdif-
ferent skinning behaviors, something that is lacking imitranal
skinning models. Skinning templates can be swapped ineaihd-
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Figure 1. A character skinned by a cage constructed from tem-
plates, with the right elbow template highlighted. (a),(©): The
effect of three different skinning templates applied tortgbkt el-
bow. (d): Linear-blend skinning.

with a keystroke during an animation preview cycle, theraligw-
ing for “I'll know it when | see it” selection of an appropriaiskin-
ning template. Skinning templates can be shared by usessibec
they are not represented in a model-speci ¢ fashion. We &xpe
that they can also be used to improve upon skinning solufions
automatically-rigged characters.

We use cage-based deformations [Ju et al. 2005; Joshi €1Gd; 2
Lipman et al. 2007] to implement skinning templates. A cagaa-
ned by a xed-topology control mesh that is tted to the clzater
skin. While cage-based techniques allow smooth deformaifo
skin geometry, posing the cage in these works requires rhara:a
nipulation of the cage vertices. In our work, the skeletduedrthe
motion of the cage vertices using an example-based skinatig
nigque, and the cage then smoothly deforms the characterimode
The cage has a simple structure that is loosely decoupled tie
character model, thereby making it an easy task to desigor-def
mation behaviors that can be shared. Cage-based defonshatn
be ef ciently computed, thereby supporting interactivatshing of
skinning templates. A semi-automatic tting step is use@nsure
that the deformation behavior of the cage remains similamdp-
plied to varying geometries. For example, an elbow-driverscie-
bulge skinning template achieves qualitatively similasaia-bulge
deformations for both skinny arms and fat arms.

Figure 1 illustrates an example usage of the skinning tetepl@r
the elbow of a character. The result of applying three diffietem-
plate types are shown, along with a linear-blend skinnisglte A
library of skinning templates allows for the rapid explévatof a
variety of skeleton-driven skinning effects.



2 Related Work

A wide variety of skinning techniques have been developdwyT
implement a variety of compromises between user contrglh, ri
ging effort, storage requirements, and speed. Linearekdkimning
(LBS) [Magnenat-Thalmann et al. 1988] is the current preitiamt
technique and is commonly supported in hardware. Howewets i
naive form, it exhibits well-documented artifacts such adesired
pinching and it offers limited user control over the behay®loan
et al. 2001; Merry et al. 2006]. The artifacts can be dimiatsh
with the use of extra bones and joints, at the expense of sagi
additional rigging effort, or these can be inferred with tredp of
example poses [Mohr and Gleicher 2003]. However, this mast
done on a model-speci ¢ basis.

t in many circumstances and may lead to changes in the way ad-

jacent lattices abut or overlap. The spatially-variantodefation

behavior of FFD lattices can also make the induced defoonsti
sensitive to the result of the tting.

More recently, skinning deformations have been developed t
generally exhibit signi cantly better default behaviorrfbending
and twisting joints. Spherical blend skinning [Kavan andra
2005] and Dual quaternion blending [Kavan et al. 2008] idtrce
deformation schemes that develop effective rotation-dbagerpo-
lations to replace the linear interpolation of frames usgd.BS.
Spline-based deformations [Forstmann et al. 2007] creat#iae

p curve that spans a desired joint and uses the resulting tHranee

to create a binding for mesh vertices. The skeleton theresltive
motion of the spline. Deformation styles are introduced op t

Physics-based or anatomy-based techniques model thecesurfa of this scheme using two variants of sweep-based FFDs that al

geometry as the by-product of below-the-surface anatdmétails
[Wilhelms and Gelder 1997], with the help of volume-presegv
deformations [Angelidis and Singh 2007], or using dynantésic
bodies [Capell et al. 2007]. In some cases it is also posgikifder
the anatomy-based design from known surface geometrysiétreart
etal. 2005]. These approaches are suitable where userdisegup
the internal details of the model is not an issue, and whesoam
ical realism trumps artistic control. While these types kifising

models can be expensive to compute if a simulation is ineblve
such models can be a good means to generate high-quality exam

ples for example-based techniques, which we discuss next.

low anisotropic scaling during the sweep. A painting metaph
suggested for specifying the required “scaling texture'.

The NeuroEnveloping system of [Guo and Wong 2004] examines
the problem of transfering skeleton-driven skin deformatiehav-
iors. A neural network is used to estimate the shape as aidunct
of pose. The resulting shape is then modi ed for a target attar

by adding a residual offset to take into account its diffeidrape.
The results are demonstrated from a single source modeingle s
target model for one skinning style, and thus its effectagmnas a
transfer technique is dif cult to assess.

An alternative approach has been the development of example 2 1 contributions

based techniques, representative examples of which ia¢lievis
et al. 2000; Sloan et al. 2001; Allen et al. 2002; Kry et al. 200

Wang and Phillips 2002; Mohr and Gleicher 2003; Merry et al.

2006; Wang et al. 2007]. Broadly viewed, these treat skimais) a
regression problem, using sparse sets of example skinrsed pod
coupled with appropriate regularization techniques. Weaupled
with appropriate pre-computation effort, these techrsgcen run
ef ciently on modern GPUs. These techniques can excel when p
vided with high quality example poses, although the timaleddo
create such poses means that these techniques are nofeufed
experimentation with a variety of skinning alternatives.

Character geometry can also be readily manipulated by atyaof
geometric deformation methods, including space-basedrmef

tion techniques [Sederberg and Parry 1986; Moccozet antt Tha
mann 1997; Singh and Fiume 1998; Singh and Kokkevis 2000

Ju et al. 2005; Lipman et al. 2007], variational surface dafe

tion methods [Botsch and Sorkine 2008], and example-based s

face deformation techniques [Sumner et al. 2005]. Thesenast
commonly driven by control vertices rather than skeletamd @o
not offer a convenient framework for the exploration of altgive
skeleton-driven skinning behaviors. The work of [Joshile2@07]
is similar to ours in that it also uses cage-based deformstio

achieve rich character poses and discusses the reuse drtie s

cage animation to work with both preview geometry and dedhil
nal-render geometry.

The use of a skeleton to drive a spatial deformation has dexpin
animation [Burtnyk and Wein 1976; Chadwick et al. 1989]. 3de
are also supported by some commercial animation systemgxFo
ample, Maya [Maya 2007] supports the notion@fors, of which
several variants exist. While joint and sculpt exors do sopport
skinning transfer because they are represented on a speeist,
the lattice exor uses a local FFD lattice which can then higedr
by joint keyframes. Fitting to a new joint is done using isqic
scaling of the lattice. The use of exors can require sigaint
setup and tweaking because of the multitude of lattice pcand
the manual editing of linear-blend skinning weights whemdig
these to the skeleton. The isotropic scaling may not proaigeod

The method we present is distinct from previous work in a num-
ber of ways. It builds connected bone and joint deformatitias
integrate together in a single seamless cage. This avoidsijel
artifacts that may arise when more local joint-speci ¢ arahé-
speci ¢ schemes, such as FFD lattices, begin to interadt ®dich
other. The tting of the templates to a new geometry is sigaintly
automated — tting a full set of 13 joint templates and 8 boemt
plates is accomplished in minutes using a small number ofuadan
edits to a default automated t. Fitting needs only be doneepn
after which different deformation styles can be swappedhiaugh
simple selection from a library of prede ned styles.

Deformation behaviors are easily speci ed using an exarbpkeed
approach and involve a small number of vertices or contrnmpa-

' ters, as compared to FFD-lattice or spline-scale appreatiader-

lying both the joint and bone templates is the use of rotaltiased
interpolation techniques that avoid LBS-type artifactép@rticular
signi cance is that the joint and bone template repres@niatare
speci cally designed so as to preserve the intent of therdedtion
even after the template is adapted to t a new geometry.

Most importantly, skinning deformation styles are a réass ab-
straction in our work. They support rapid experimentatiathw
many different common skinning effects. While individu#fieets
could be achieved on a speci c mesh or character by other skin
ning techniques, these techniques do not allow the sameisgin
style to be easily applied to a different character geomeWyhen
combined with a complementary technique such as autonigtic r
ging [Baran and Popovit 2007], skinning templates helpipan
end-to-end path for quickly proceeding from an unriggech $&ia
fully rigged character with desired styles of skeletoneni defor-
mations.

3 Overview

Cage-based deformations lie at the heart of our method. lés il
trated in Figure 2, @&ageis constructed by piecing togethesm-



Figure 2: Skinning with cage templates: (a) Input geometry with
skeleton. (b) An initial cage constructed from four temgdatFrom
left to right, these are associated with the hand joint, @lfjoint,
upper arm bone, and the shoulder joint. Joint templates ag r
while the bone template is blue. (c) The skeleton deformtethe
plate vertices. (d) The geometry is deformed by the caglgiyie

a non-pinching elbow and muscle bulging.

plates A cage is a coarse control mesh which wraps around the
character skeleton and loosely encloses the character Akiam-
plate is a partial cage. It consists of a set of vertices, eotad by
edges and triangles, which wraps around a speci ¢ skeletion gr
bone. Figure 2(b) illustrates an example cage constructgiven

the arm geometry and an arm skeleton, a cage is construdgteg us
four templates associated with the hand joint, elbow jaipper
arm, and shoulder joint, respectively (joint and bone terrgd are
colored red and blue). Each template has a topology thathes t
relevant skeleton part, and its geometry loosely ts the edued
skin. Note that the templates at the extremal joints, sucthas
hand, are shaped in a way so that the cage fully encloses ithe sk
geometry.

Our skinning method deforms character geometry in a twp-ste
process. First, the skeleton drives the deformation of Hgecas
shown in Figure 2(c). The cage then drives the deformaticthef
character geometry, as shown in Figure 2(d). In essence,rste
“skin the cage” instead of directly skinning the geometrguBable
skinning templates are made possible because the cage tms a s
ple structure and is loosely decoupled from the geometrg. CEge
vertices are themselves skinned in an example-based fashéq
the template designer has a degree of control over how theg a®

a function of the coordinate frames of the relevant bonegetan
arbitrary closed triangular surface as the cage, severahteneth-
ods can be applied to achieve the cage-driven deformatidheof
embedded geometry [Ju et al. 2005; Joshi et al. 2007; Liprnain e
2007]. We note that cages generate smooth deformationseof th
contained geometry in contrast to linear-blend skinningestes.
This is illustrated in Figure 3.

A particular challenge in our framework is that the tempgatieould
support the intent of example-based deformations of a tat@pl
even after being adapted to t the speci c geometry of a chara
ter. This means that we cannot “skin the cage” with standzeh-t
niques. We develop speci ¢ representations and deformdtinc-
tions that support these unique requirements.

Figure 3: Deforming a 2D grid (a) by two bones (colored red and
green) using a 2D version of the proposed skeleton-drivege-ca
based deformation (b) (the cage is drawn in black) and usiresir-
blend skinning (c). The grid points are colored by their digtes to
the bones in the rest pose in (a). Observe that cage-basedhakef
tion yields smooth deformation interior to the cage, whitehr-
blend skinning easily results in fold-backs.

3.1 Templates

A template has a xed topology, which is related to the topgylof
the skeleton, and a dynamic geometry, which is driven by tsep
of the skeleton.

3.1.1 Template topology

Each template is a triangular mesh with boundaries, whech ea
boundary consists of a ring of vertices to be connected vatgh:
boring templates. In particular, each bone template hadtwad-
ary rings, and each joint template has the same number ofdboun
aries as the number of outgoing bones from that joint. Often,
template contains no triangles (e.g., the bone templatecatpper
arm in Figure 2 (b)), and different boundaries may share comm
vertices.

3.1.2 Template geometry

To drive the cage using the skeleton, each template vertessizci-
ated with a pre-designed deformation function that yieldpeci ¢

animation effect for the nearby skin region. This functiceted-
mines the location of a template vertex by the pose ofeltsvant
skeleton bones, which are attached to the template jointam £nd
of the template bone.

To help avoid artifacts such as the pinching effects of lifgand
schemes, a key feature of this deformation function (to beudised
in Section 4) is that it preserves the radial distance fromplate
vertices to the template joint or bone after deformationa fjoint
template, the deformation function consists of rotatiomaiad the
joint. In a bone template, the function consists of rotatianound
and translations along the bone . Examples of such radiel-te-
formations are shown in the top row of Figure 4 for a joint téatg
and Figure 5 for a bone template, given locations of the tatepl
vertices in an initial pose of the relevant bones (drawn as@nd
red arrows on the left). Observe that the deformations respat-
urally to both bending and twisting bones.

While the radial-type deformations yield plausible skirh&eiors,
they cannot express “interesting” effects such as musdigru
To this end, we allow the user to provide a set of examplesh eac
consisting of akey poseof the relevant bones, as well as the lo-
cations of template vertices at that pose. The templatemiefiion
function then interpolates these key pose vertices whillessiving
to preserve the radial distances of template vertices. Soam-
ples are shown in the last two rows in Figure 4 and 5. Obseate th



Figure 4: Left: several joint templates and the examples used to dihem. Right: the deformation of the template vertices de by the
examples as the skeleton pose changes, and the effect omatggdBones are colored cyan, and the template joint isredibrown.

Figure 5: Left: several bone templates and the examples used to deem.tRight: the deformation of the template vertices de Imgthe
examples as the skeleton pose changes, and the effect omatggdBones are colored cyan, and the template bone isexloown.

the key poses can express a variety of deformation stylekjdn cludes two additional joint templates with three or fourident
ing ones that are physically unrealistic. For example, Tiate[8 of bones (see Figure 13 for a 3-bone joint), each containingglesi
Figure 4 yields an exaggerated elbow bulging, and Templaite 3  key pose. The simplicity of the templates allows the librampe
Figure 5 expresses a muscle bulging in the opposite direofithe easily populated for additional skinning effects. For epamthe
bend. exaggerated muscle behaviors in Figure 12 are achievediphsi

modifying the second key pose in the bone templates in Figure

3.1.3 Template library
3.2 Skinning using templates
A key feature of a template is that, once de ned, it can be deed

different joints or bones on various skeletons. Templamag is As mentioned above, the temp|ates are de ned once by ardists
based on the notion aompatibility. In particular, a joint template  are placed into a library for re-use. With a library of presidaed
can be used at (azompatiblewith) any joints that has the same  templates, skinning is simple and interactive. To set ugkaming,
number of outgoing bones as the template joint, and a bone tem a cage is rst constructed at the rest skeleton pose, whileaeting
plate is compatible with any bone with the same number ofagle the size and shape of the geometry. Skinning then involVestse
bones. ing an appropriate template at a skeleton joint or bone cflyi

o ) ) during an animation preview cycle, where the user can obste/
Compatibility allows a complex character to be skinned gisin deformation effect updated on the y.

smalllibrary of templates. In our current implementation, the six

templates on the left of Figures 4 and 5 make up the bulk of the

library. These templates are used on all bones and two- lwomis j Cage setup  Given the geometry at a rest pose with an embedded
(including shoulder and belly) in our examples. The library skeleton, the system rst selects tdefaulttemplate compatible



Figure 6: Exploring deformation effects on different geometry (aneach row) using the templates de ned in Figure 4 and 5. Oleser
that one template achieves similar deformation effectsifiereént models. Additionally, the use of templates andesagyoids the artifacts
associated with linear blending. The third geometry is atiporof the Monster model in Figure 1.

with each joint and bone. The default template for a joint ando
type is designed to contain a single key pose (e.g., Tengplate
Figure 4 and 5). The default templates of neighboring joamtd
bones on the skeleton are then interconnected into a cageh ¥gh
adjusted to tthe actual skin geometry. We discuss in Seciiour
semi-automatic procedure for cage tting. Note that, sitieecage
only needs to loosely surround the geometry, a tight andrateu
is not necessary for the purpose of transferring deformatigles.

Skinning
to the cage using cage-based deformations. In our impletient
we adopt deformations based on Positive Mean Value Codstina
[Lipman et al. 2007]. As the skeleton pose changes, the &mpl
vertices are deformed (or skinned) according to their ttkdor-
mation functions, which in turn drives the character geoyndthe
user may select a different template from the library at atjor
bone during the animation, and observe the deformatiomcteffets
updated. Since both cage-based deformations and temgitte d
mations are ef cient, such changes can take place on the ry. |

Figure 6, we demonstrate the templates from Figure 4 and 5 ap-

plied to three different geometry examples. Observe thataton
template results in similar deformation effects.

4 Template deformation

We now discuss in detail how a template vertex deforms as@ fun
tion of the pose of a set of relevant bones. In particularh slefor-
mation should interpolate the vertex locations in a set gfp@ses.
Following the traditional linear-blend schemes, we cardtthe de-
formation in two blending steps. First, the vertex is transfed by
each relevant bone starting from a key pose, and the transtbr
vertex locations are blended. Next, the deformed locatass®-
ciated with each key pose are blended together to yield tlad¢ n
vertex location.

After the cage is constructed, the geometry is “bound”

To avoid artifacts such as skin collapsing, the key is to tadirthe
radial distance from a template vertex to a joint or bonerdythis
deformation. We differentiate between a joint template afmbne
template in how a vertex is transformed by a bone and howoesrti
are blended. In a joint template, such transformation e®lonly
rotations around the joint. In a bone template, it involvetsitions
around or translations along the bone. The blending is doree i
spherical or cylindrical coordinate frame around the teatepjoint
or bone.

Speci cally, consider a set of exampléBi ; vig whereB; is a key
pose of relevant bones ardis the location of the template vertex

in that pose. Here the pose of each bone is represented by two

orthogonal vectors (cyan and red arrows in Figures 4 andtp lef
Our goal is to construct a deformation functib(B) for any input
poseB, so thatv; = f (B;) for all examples.

We rst construct a deformation functioin (B) for each key pose
Bi so thatvi = fi(Bi). This is done by blending the locations of
v; transformed by each relevant bone from key pBseo B :

M
fi(B)= uj
]

M;(M; *(vi;Bi);B): (1)

Here is asummation operatay; is the in uence of thg -th bone

to the vertex, and/; (v; B) transforms a vertex by aligning the
world coordinate frame to the local frame of th¢h relevant bone
in poseB. Note that the formula is similar to that used in linear
blending, whereM; consists of unrestricted rigid-body transfor-
mations, and is a simple linear sum in the X, y, z coordinates. In
contrast, we willde neM; and differently for each type of tem-
plate to preserve radial distance of a template vertex,whid be
discussed below.

Assuming there are multiple key poses in a template, we moltiai
nal deformed vertexf (B) in a second blending phase involving



Figure 7: Notations for template deformation functions.

deformed location§; (B),
M
f(B)= wi fi(B); 2
I

wherew; is the in uence of key pos®; on the input pos®. As
suggested by [Lewis et al. 2000], we obtan using radial-basis
functions, where the distance between two pdsemdB; are set
as the sum of the angles between corresponding bones ineseh p
after all poses are aligned to the local frame of the temlates
or a selected bone (e.g., the parent bone in a hierarchietd-sk
ton) attached to the template joint. Note thatcan be ef ciently
computed, since each template only has a small number ofrgle
bones (maximally 4 in a humanoid skeleton) and key poses$- (typ

cally 2 as shown in Figures 4 and 5).

4.1 Joint template deformation

Assuming the world origin lies at the template joint, thensor-

mationM; (v; B) in a joint template is simply the rotation aligning
the world coordinate system to the bone. Denote the rst twis a
of the world coordinate frame d4x; r:g, and the two orthogonal

vectors associated with theth bone in the pos® asfhy; rg.
M; (v; B) can be written as the product of two 3D rotations,

@)

whereR is the rotation matrix around an axis passing the origin
with a given directionn = i B, and; are respectively the
angle betweehlx; § gand betweefiR(R; ) F; Fg, asshownin
Figure 7 (a). While there are many ways of expres$ihgv; B),

we choose this form in order to be consistent with the follayvi
discussion regarding bone template deformations.

Mj(v;B)= R(; ) R(m ) v;

To blend the transformed vertices while preserving theitatices

to the joint, the weighted sum in Equations 1 and 2 is performed
separately for the magnitude and direction of the operantites.
We employ the spherical averaging method of [Buss and Fitmo
2001] based on least-square minimization for averagingvesiors

in a robust manner. For the in ueneg, we found that setting it to
be inversely proportional to the angle betwegrand the -th bone

in the key pos®; yields reasonable results in all our test examples.

Figure 8 top compares our deformation function at a joinhwit-
ear blending. To demonstrate the distance preservingréeafwur

Figure 8: Comparing our template deformation functions with lin-
ear blending at a joint (top) and bone (bottom), as a relevaotte
bends and twists. The template vertices form a sphere (tapy)io-
der (bottom) and are colored by the in uences from the defogm
bone. While linear blending exhibits shrinking, our methd-
serves distances to the joint or bone (i.e., the sphere onast
stays as a sphere or cylinder).

deformation function, we let the template vertices lie orphese
centered at the joint (see Figure 8(a)). The input pBsdiffers
from the key pos@; by a 90 degree bend and twist of one of the
bones. Observe that linear blending produces shrinkingstdaces

to the joint, resulted from the linear sum in Cartesian coaies.

4.2 Bone template deformation

To construct transformatiortd; for a vertex in a bone template,
we observe that such vertex typically exhibits two types efbd
mations as a relevant bone attached to an end of the templage b
deforms. First, it may rotate around the template bone asethe
evant bone twists around its own axis. Second, it may stofigl
the template bone away from the relevant bone as it bendgdowa
the template bone. Note that the amount of rotation andisgift
decreases with the distance from the vertex to the joint evttes
relevant bone is attached, while the amount of shifting maygase
as the vertex lies further away from the template bone.

Based on these observatioi; for a bone template is constructed
by a rotation followed by a skewed translation. We assume tha
the world origin lies at the joint where theth relevant bone is
attached to the template bone, whose rst axis points irofiposite
direction of the template bone, representing the unberg pbthe

j -th bone (see Figure 7 (b)). As the world coordinate frametswi
and bends into that of tHeth bone,v is transformed as

Mj(v;B)=T(&; (1 S)dtan(g)) R(;(1 s) ) v; (4

where ; ;R are as de ned in Equation 3[ is the translation
matrix along a given vectos is the ratio of the distance from

to the joint (where th@-th bone is attached) in the direction of the
template bone over the length of the template bone, carsdthe
distance fronR(kx;(1 s) ) v to the plane spanned Iy and
A=k B, asshown in Figure 7 (b). Intuitively, the translation
models a “skewing” of space that aligns the bisecting plate/ben
the template bone and the rst axis of the world coordinatarfe
to that between the template bone andjtite bone. The former is
orthogonal to the template bone while the latter is-angle to the
template bone.



The weighted sum operator in Equations 1 and 2 is de ned simi-
larly to that in joint template deformation, except that ritvere are
three components to be independently summed for the tnamstb
vertices: the distance from each vertex to the template,libadlis-
tance from each vertex to one joint in the direction of thedh@md
the unit direction of each vertex in the plane orthogonahtotione.
For the in uenceu; , a reasonable choice we found is inversely pro-
portional to the ratio of the distance f to the joint (where the

j -th bone is attached) in the direction of the template borez the
bone length.

Figure 8 bottom compares the result of our deformation fonct
to linear blending near a bone, where the template vertimes &
cylinder (see (a)). In linear blendind); are the af ne transfor-
mations aligning the world coordinate frame to the locairfeaof
the relevant bones, which are not restricted to translatidong or
rotations around the template bone. Combined with the lisem
in Cartesian coordinates, linear blending produces pirgcbf the
cylinder, while our method exactly preserves the cylingrghape.

5 Template tting

To animate the skin by the template deformation function®-co
puted above, we take advantage of a recently developedbzempet
deformation technique, Positive Mean Value Coordinat®4\(E)
[Lipman et al. 2007]. Given a skin geometry and its skeletbn a
the rest pose, we rst construct a cage by connecting tereplat
neighboring bones and joints, and express each vertex oskihe
as a weighted combination of cage vertices whose weightsoane
puted by PMVC. As the skeleton pose changes, cage vertiees ar
deformed by the template deformation functions, and theiskde-
formed in turn by applying the PMVC weights to the deformegeca
vertices. In comparison to the original Mean Value Coortiina
technique [Ju et al. 2005], PMVC (and also Harmonic Cootéisia
[Joshi et al. 2007]) ensures positive weights at each skiexeand
avoids artifacts when deforming body parts at close prayimi

A pre-requisite of cage-based deformations is a cage tlsatlp
surrounds the skin at the rest pose. If the skin has a diffsteape
than what is used initially to de ne the templates, the tesgd
(and their deformation functions) need to be rst adjustegtop-
erly embed the skin geometry. Our tting is completed in tweps.
First, an initial cage constructed from default templatesagh joint
or bone is tted onto the skin at rest pose, using automatgnal
ment followed by user correction if necessary. After thigidh
tting, the deformation function of these default tempkaias well
as of all other compatible templates in the library are auattically
adjusted, so that no further interaction is needed whengsbede-
forms the skeleton or switches between templates.

5.1 Initial cage construction and tting

The initial cage is constructed from the default templateath
joint and bone, which are rst deformed from their respeetex-
ample key poses to the rest pose in the given skeleton. Tenpla
vertices at neighboring bones and joints are then interected by
triangles with minimal surface area [Fuchs et al. 1977] tate a
closed cage.

To adjust the initial cage to the geometry, each templattexes
automatically scaled radially from their respective joomtbone.
Speci cally, we obtain the thickness of the skin at a jointbmne
by the shortest Euclidean distance from the joint point ertibne
line to the skin, and uniformly scale all vertices in a tentplhy
the ratio between the thickness of the actual skin over théie
skin from which the template is de ned. Vertices in a bone tem
plate are additionally scaled along the bone direction leyrdtio

Figure 9: An initial cage automatically constructed and adjusted
to a human model (a) and after manual correction (b). Joindl an
bone templates are colored red and blue respectively.

of the actual bone length over the length of the bone used tede
the template. To avoid intersection of the cage with the ggom
further up-scaling is applied at small increments to a texepin-
tersecting with the skin until either the intersection isaleed or a
user-de ned maximum scale is reached.

An example of automatically scaled cage for a human model is
shown in Figure 9 (a). Note that while the cage has a satfact
shape in most places, it needs further improvement in twoestes.
First, the skin geometry may still intersect with the cagassibly
at the triangle faces connecting neighboring templatesléd in
insert A) or where uniform scaling cannot resolve the irgetions.
Next, the cage may contain triangles that do not conform tell
the shape of the skin because of congestion of neighborimg te
plates (where the arrow points in insert B), which may cabse s
artifacts when applying cage-based deformations. Whikedtf -
cult to express these scenarios as constraints for optimizave
found that they can be corrected rather easily and quickly bger
with only a few mouse clicks, the result of which is shown ig-Fi
ure 9 (b). We have observed that such user interaction isdipi
small in an animation exploration session, which is dongddty
user switching between templates and examining the def@mnsa
after the initial tting.

5.2 Adjusting deformation functions

Once the initial cage is adjusted to the skin at the rest ghegje-
formation function of the default and all compatible tentetawill

be automatically adjusted as follows. We rst consider atg
the deformation function of the default template, whish vertex

is associated with a deformation functibh(B). Let the rest pose
of the skeleton b& and the tted template vertices in this pose be
VK. This boils down to constructing adjusted functiéfgB ) such
thatvk = fX(B) (see Figure 10). To do so, we rst construct trans-
formationDf that alignsf ¥ (B) to tted location v¥, in the local
frame of thg -th bone inB.. That is,

Y(vK;B)

Df M; *(f*(B);B)= M,

©)

The matrixD J-" consists of rotations and scalings that align the cor-
responding components between the two vertices. As disduss
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Figure 10: 2D illustration of template tting. Left: The cage (black
lines) constructed from template vertices (black dots) matyem-
bed the rest-pose geometry (brown curves), and the locatbthe
tted vertices (circled dots) are provided, either automcatly or
by manual adjustment. Right: The deformation functidn(B)) is

adjusted {¥(B)) accordingly for all other poses.

template deformation, the components include a magnitndeaa
direction for a joint template vertex, and two magnituded armli-
rection for a bone template vertex. Next, for a new pBsethe
adjusted deformation is an weighted average of the tram&fdio-
cations,

fk(B)= j

M; (DS M; Y(f*(B);B);B); (6)

where  is the in uence of thej -th bone in the rest poseé on
f¥(B), computed similarly ta); in Equation 1, and is the sum-
mation in the corresponding direction and magnitude corapts
as in Equations 1 and 2. One can verify from Equations 5 andt6 th
fk(B) = vk.

The deformation functions associated with a different, patible

template can be adjusted automatically in a similar manNete

that different templates (e.g., 2 and 3 in Figure 4) may difighe

number of vertices that embody speci ¢ deformation effect®

accommodate such difference, we re-write Equation 6 in aamor

general form,

. M

gm(B) = i (
j k

M . k 1, m . . .
"« Mj(Dy M; (g7 (B);B);B)):

whereg™ (B) is the deformation function associated with theth
vertex of any compatible template, andis the in uence off ¥ (B)
ong™(B) in the rest pose. In our experiments, we found that set-
ting the weightd « to be inversely proportional to the Euclidean
distance between the two vertices yields reasonable seisutiur
examples.

5.3 Tightness of cage embedding

The adjustment of template deformation functions is deirgethby
how the initial cage is tted to the skin at the rest pose. Wb
involvement of user interaction, the initial tting is sidijtive to
user's judgement and the cage may not embed the skin “plffect
with a same tightness everywhere. One of our key obsenstfon
that cage-based deformations, such as PMVC, are rathessitise
to the tightness of cage embedding. We demonstrate thditstabi
skin deformation under varying cage tightness in Figure Ndte
that tightness of embedding has only small impact on the i/
deformation conveyed by the templates, where tighter cegekto
yield slightly more localized deformations.

6 Results

We implemented the template-based skinning method in @n-int

Figure 11: Cages that t a geometry with decreasing tightness (a
to d), and their resulting deformations (e to h) using a sawrmalai-
nation of templates (number 2 in Figure 4 and 5).

active tool. Given a character with skeleton, the cage isttonted
automatically followed by interactive editing. A number fodl-
body cages constructed using the tool are shown in Figurgantb
12 left. After the cage is constructed, users can observegesan
deformation effects as they switch templates while joinis lbones
are undergoing cyclic motions (e.g., bending and twistinghe
interaction is demonstrated in the accompanying video.

We demonstrate template re-using in Figure 6 for three aomge
try with various combinations of joint and bone templatesidéd in
Figures 4 and 5. In the accompanying video, we further show ho
the same templates yield similar deformation styles ontims @and
legs of two full-body models (a human and an alien) with vefy d
ferent shapes.

Unlike previous example-based approaches, the templatesri
method have a simple structure, making it easy to designxhe e
amples that serve to de ne the deformation (see Figures %and
As a result, our approach can offer a multitude of easilyiziele
deformations styles. Besides common skin behaviors suniuas
cle bulging, Figure 12 and the accompanying video demaestra
a set of exaggerated, non-physically realistic skin beadrayisuch
as upward muscle bulging, sliding and twisting. These tategl
achieving these behaviors are as simple as in those in Fsguhéle
differing in the second key poses.

The use of cage-based deformations achieves interactes fe-
sirable for real-time animation. At run time, the animatiisn
dominated by computing the deformed mesh vertex locatimrs f
the deformed cage (driven by the skeleton), which involves n
more than a linear sum of cage vertices weighted by pre-ctedpu
PMVC weights [Lipman et al. 2007]. We recorded roughly 0.03
second for deforming a mesh with 15K triangles and a cage with
200 triangles. The pre-computation consists of two stagésg

the cage to the model, which takes place only once and typical
more than ve minutes including user interaction, and cotimgu

the PMVC deformation weights at each mesh vertex with respec
to the tted cage vertices. Note that the per-vertex weidtatge to

be re-computed when a new template is selected by the user at a
joint or bone, which results in a new cage. To facilitate fagitch-

ing between templates in the interactive tool, we pre-cdmpoe
PMVC weights for all compatible templates at a selectedtjom
bone using local updates. This computation takes no more tha
a few seconds, after which compatible templates can be hsedtc
instantly (using the Tab key in our tool).



Figure 12: Skinning templates applied to the Monster (top) and Arnhadidottom) model. Left: the rest pose geometry and ttedesag
Right: the deformed leg in the bending pose when differem¢ bemplates are used, exhibiting upward muscle bulgindjngl, and twisting.

Figure 13: Left: a waist template. Right: the deformation of the tertglaertices (and the skin) as the skeleton pose changes (top)

7 Conclusions

Skinning templates provide a novel abstraction of skinfiabav-
ior. While model-speci ¢ skinning techniques provide ditd
control for the consumate artist, skinning templates mleviast,
generic skinning solutions that target common desirednsk@be-
haviors. This class of technique will become increasingigartant
with the rapid adoption of user-created content as a keyrfeatf

many games and simulations. A key challenge addressed in ou
work is that the templates need to be generic in nature, iut st

apply to highly variable geometry. Recent developmentsaigee

based deformations are also a key component of the propoked s

tions.

7.1 Discussions

Limited by the detail found in the templates pieces, cageta
skinning templates cannot by themselves create detailiedosk
haviors desired in high-end applications. However, rinod-a
detailed skinning effects require rich-and-detailed usput, such
as the effort of developing example poses for example-bskied
ning technigques. Skinning templates are complementarycto r
detail skinning techniques in two ways. First, skinning peites
allow for fast exploration of alternative skinning stylggpviding
medium-detail skinning effects at interactive speed thatadten
suf cient for applications where less complicated modets ased

and where real-time animation is desired (e.g., in game=joigd,
if additional detail is desired beyond what templates cawvige,
the skinning-template results can be used to bake out exgmogks
that are already quite good and can then be re ned and useguats i
for example based skinning techniques.

Our method is built upon the recent development in cageebdse
formations [Ju et al. 2005; Lipman et al. 2007; Joshi et abi720

fwhich have their own limitations. For example, each skirteseis

globally affected by all cage vertices. In addition, mostitgques
only work on cages with triangle faces. Developing new cagsed
deformation technigues that address these and other tiiomisais
still an active research subject [Lipman et al. 2008]. These
techniques can be easily integrated into our method, wiidatdie-
pendent of the speci ¢ type of cage-based deformation.

We are investigating in a number of directions to improve axd
tend our current method. We are looking into developing sbbu
optimization techniques that would reduce the need for umer-
vention during initial cage tting and would allow automatiting

on an army of characters. With automated tting, skinningnte
plates can be integrated into an automatic rigging tool ltmefor
an increase in the skinning quality of automatically-ridgdarac-
ters. We further wish to investigate templates that implenay-
namic effects and that may be ‘model aware' in a variety oéioth
ways. This also points towards using semantics-informedeiso
and abstractions in tools for constructing characters.
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