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smaller dynamic scene representation without the need to
Abstract store independent position data for every vertex at every
rame. Secondly, animators use a large range of existing
6BIs for editing and rendering skeleton based animation,
ving them both familiarity and exibility working with

f
This paper proposes a novel mesh animation technique whj
combines the exible interactive control of skeleton bas
animation rigs with volumetric mesh deformation to avoig;g style of animation. Thirdly, simplicity, the animator

mesh collapse and self-intersection under folding andtimgs eeq only reposition the joints and does not need a detailed

motion. Our solution combines the industry standard Line%{nderstanding of the underlying deformation algorithm.
Skin Blending with a mesh based volumetric deformation

approach. Linear Skin Blending is used to attach and ef tien Here we propose a means to achieve the visually pleasing
animate a small number of points with a skeletal contrégsults of mesh based deformation techniques whilst
rig. These points provide constraints for a Laplacian medRaintaining the advantages of skeleton based approaches.
deformation scheme which solves for the mesh which satis@gr method uses the industry standard linear skin blending
the constraints and gives minimum volume deformation oftechnique to connect a small number of points to a skeleton.
tetrahedralization of the mesh vertices. This approachvedl These points then provide the small number of constraint
r|gg|ng and animation of high-reso|ution Captured Surfac@OintS on which a tetrahedral deformation technique can
meshes from multiple view video or 3D scans. Interacti@€t. This gives an animator intuitive control over the mesh
skeleton driven animation is achieved for meshes of sevepased deformation and the ability to create animation vhiéh t
thousand vertices without the known drawbacks of Linean Skraditional key-framing of joint positions and orientat or
Blending, mesh collapse around joints and the ‘candy wrappeetargetting of motion capture data.

effect’. The technique we propose ts well with current animation

pipelines. A full implementation of out skinning methodgjo

. has been implemented as a plug-in for Autodesk's Maya.

Skeleton Driven\ye gemonstrate our approach to animate high-resolution
capture meshes from 3D surface scans and multiple view
reconstruction. Skeleton driven volumetric deformatithoves

1 Introduction captured high-resolution surfaces to be transformed into a

. . . . . representation which can be manipulated using standard
The ability to interactively repose a character is invalagh prese P 9
animation tools.

both the Im and game industries. Skeleton based contral rig
are widely used to control the surface animation with mesh
deformation based on the skeletal motion. Computationafly Related Work

efcient techniques such as vertex weighting or Lineafne most widespread and commonly implemented approach
Skin Blending are widely used to achieve interactive megh mesh animation is Linear Skin blending [14]. Linear skin
deformation [14]. These techniques can result in ViSUgenqing computes vertex location as a weighted combinatio
artifacts due to mesh collapse around joints and axigl joint orientations. This method is employed by many
twisting of the limbs. Recently LapIa_C|an mesh defprmat|ogbmmercia| animation packages including Autodesk’s Maya
tgchnlques. [23, ,1’ 28] have begn introduced which alloy,q 3p studio Max. Linear skin blending provides interaztiv
dlrect_ manipulation of mesh vertices to cqntrol the surfacgimation of a character with the simple manipulation ofifoi
and interpolate example bases producing natural meshiions Although simple and fast, linear skin blendifigio
deformation. However, these techniques lack the intuitivgs 1o produce physically plausible character defororati

skeletal control of conventional animation rigs. In thigopa resulting in collapse around joints due to folding and timigt
we propose a method to combine skeletal animation riggy;

with example based volumetric mesh deformation to achieve tlon.

interactive animation without the mesh collapse which egcuMany extensions to linear skin blending attempt to overcome

with conventional skeletal animation techniques_ its downfalls. Much work as been done into reducing the
, . ) affect of collapse under large angle changes and twisting

Skeleton based approaches including the standard linead bl 10, 16]. Most recently Kavan et al [9] present an approach

skinning method provide a number of advantages. Firit sing dual quaternion interpolation which does not present
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the artifacts linear skin blending does under twisting. Aprevents degeneration of the mesh. More recent work has
efcient GPU implementation also presents comparablaoved towards volumetric deformation rather than surface
performance. A number of more complex skeleton basbdsed techniques. Botsch et al [5] represent a mesh using
animation techniques have been developed with the aimwixels to form a number of rigid cells again connected with
achieving more accurate character deformation. Chadwickn-linear elastic energies. Deformation is rst carriad on

et al. present a multilayer model [6] which consists of ndhese cells and then transfered to the original mesh.

only the skeleton and skin layers but a number of intermediaétoII [21] introduced a volumetric approach to mesh
layers. These layers simulate the physical behavior of has,scd formation using Laplacian editing which has the advamtag
tendons and other anatomical structures. Thalmann et aﬁ . . .

of preserving the internal mesh volume. This approach rst

introduce metaballs [251 as an intermediate Iayer.reptarayn erforms a constrained tetrahedralization of the meshcesrt
muscle and other organic structures. A more detailed apbro% . : . ) e
. . ; . . 10 obtain a volumetric representation. Laplacian diff¢isn
is the hybrid model [26] in which each anatomical layer is .
X . . coordinates of the mesh are then used to represent the shape
modeled according to the level of detail required for acura__ . . X
! ) nd internal volume. Given the target displacement of aetubs
representation. The most detailed models represent the . .
of Vertices the approach solves a Laplacian system for a mesh
anatomy of a human accurately [27, 17]. Although theseh. . . L
: L . which satis es the target vertex constraints and minimizes
approaches produce highly accurate and realistic def@ymat : .
. . the change in volume of the tetrahedra. This approach allows
they are computationally expensive and the models theeselv ] : . .
volumetric mesh deformation by manipulation of a subset of
are complex to construct. : ; . :
vertices. In this paper we integrate the volume deformation
Other work focuses on schemes for directly editing the mesbheme into a conventional skeleton based character aoimat
without skeletal information. Earlier work in this area é@es pipeline. This allows skeleton driven animation of highly
on subdivision and multiresolition mesh representationdetailed captures meshes from 3D surface scans without
Here geometry is encoded as a base mesh and sevprablems of mesh collapse associated with widely usedseirfa
levels of re nement. Typically a low-frequency base meshased animation techniques.
provides basic shape with detail re nements describedlpca
The multiresolution hierarchy can be constructed for both approach to Skinning
connectivity and geometry [31, 8] or simply the geometry . . .
[11, 13, 3]. In meshes with high levels of detail many levdls dn this paper we combine volumetric mesh deformation [21]
the multi-resolution hierarchy may be required to adedyatévith widely used Linear Subspace Deformation [14] to enable
preserve this detail. volumetric skeleton driven character animation. Volurncetr
. . . mesh deformation requires that a number of vertex locations
More recent work focuses on a single resolution representaty, e gesired pose are known. These are used to solve for the
using Laplacian (differential) coordinates [1] or the sti&h ,omaining unknown vertices. We propose a simple means to
pyramid coordinates [18]. These schemes allow an animajp, iqe these constrained vertex locations with the irictus

to manually place a small number of vertices and cOmpyie 5 skeleton in the character to be animated. At each of the

the remainder. These positional constraints are factore ijoinis a number of vertices are selected to be attached to tha

the system of equations which reconstructs the Cartesjg The motion of these vertices is controlled by linekins
coordinates of the mesh from the differential coordinafdse blending.

primary dif culty with Laplacian deformation is the handlj
of rotations within the local frame. Both [15] and [29] atger Deformation requires that rst the mesh is tetrahedraliZEus
to deal with this by explicit assignment of these rotations.  is achieved via constrained Delaunay tetrahedralizatiberes
. all tetrahedra are inside the mesh. The attachment of a small

Sumner et al. [22] introduce the concept of deformatiof)nset of mesh vertices at each joint can then be made using
gradients. A def_ormaﬂon gradlent descrlbes the indiMidug;nqard mesh skinning tools. Reposing the skeleton pesvid
afne transformations of each triangle with respect 10 ge\ arget locations for each of the attached vertices. The
reference pose. Their MeshiK system [23] uses this dift#En yeformation process iterates a linear Laplacian defoomati
representation for the purpose of shape interpolation.yThge, the extraction of rotational components and updatieeof
allow a mesh to be reposed as a non-linear combination Ofgerential coordinate representation of the mesh in otde

number of example poses. The concept of shape interpolatigfy oyimate non-linear transformation components.
using a differential representation is common to a number of

mesh deformation frameworks [2, 28]. The main disadvantag@d Skeleton and Vertex Attachment

of this style of deformation is the requirement for a numifer . .
example pose meshes with correspondence. The tetrahedral character mesh is initially tted with aretard

inverse-kinematic (IK) skeleton in its neural pose. This
Botsch et al [4] present a approach to mesh editing basgtthracter mesh can be produced by either manual modeling or
upon prisms. Their approach (PriMo) embeds the surfafiem 3D surface reconstruction as with the character in egur
mesh in a layer of prisms connected by non-linear elastic

energies. These prisms behave like thin shells and pla%_s hedral def . f lqorith .
resisting bending and stretching. The rigidity of thessms e tetrahedral deformation step of our algorithm requaes
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Figure 1: A character captured using 3D video capture and ntiple view stereo reconstruction (Image A) with a skeleton
tted (Image B). Selected constrained points are attachecdhis skeleton via linear skin blending (Image C). The skeda is
reposed moving these constrained points (Image D). Thelaetitally pleasing results of deformation are clearly densirated
by the reposed character (Image E).

number of desired vertices locations to be known. In order &md provides constraints for the volumetric deformation.
derive this from the motion of the skeleton a number of vertex ] ]
are selected to be directly connected to the skeleton usiegrl 3-3 Volumetric Deformation

skin blending. Figure 1, image C shows an example of thegge volumetric deformation technique [21] is a Laplacian
constraints for a human character and image D shows th@gfiing technique which operates on a tetrahedral mesknath
points in a there reposed positions. than the traditional triangular mesh [23, 30]. Such a voluine
3.2 Linear Skin Blending technique offers the advantage of minimizing the change in

volume of the tetrahedral elements preventing mesh calaps
Linear Skin Blending (LSB) or sub-space deformation hasibe&his overcomes limitations of triangular mesh editing and
established as the industry standard approach to skinhit]g [ LSB animation methods where the mesh collapses due to
Due to its simple linear nature linear skin blending prosidéending and twisting (the candy wrapper effect). This style
very fast real-time deformation even for large scale meshafsdeformation allows meaningful extrapolation of new pose
with a vast number of vertices. This technique is implemantavithout the need for a large number of example poses as in
in a number of animation packages. [23].

The basis of this method revolves around computing thge produce the tetrahedral mesh from a traditional trizangul
transformation of a vertex as a weighted combination of thepresentation by constructing a constrained Delaunay
transformations of the related joints. Each of the verticestetrahedralization [19]. Tetrahedra are constrainecetingide

rst assigned a weighted set of joinfdl,...,rg and then the the volume of the original surface mesh. The tetrahedttidiza
vertex transformation is computed as a weighted combinatiis constructed such that the minimum number of additional
of the transformation; of in uencing jointsj. Each vertex vertices are added maintaining low computational complexi

is initially transformed rigidly by each of its in uencingijnt Laplacian deformation involves xing a number of vertex

transformations and then a weighted linear combination Iccf;ations and solving for the others by tting the Laplacian

these transformations is used to produce the nal deform? ltferential coordinates) of the new geometry to the
vertex position;3 (vo). differential coordinates of the original mesh:

0 1

X
S(vo)= @  wT,A v (1)
= Lx = @)
This technique is used to specify the motion of a small
number of user selected vertices. These vertices provie th
constraints for a volumetric approach to character deftiona . . -
. . . " wherelL is the Laplacian operator matrix,is a vector of the
This procedure gives the animator the ability to control the . L
. ; . . .mesh's vertices stackde1; :::; Xn ;Y1) Yn 215 5 Zn ) and
volumetric deformation by manipulation of the skeletal ri . ; .
X . T . %the differential coordinates of mesh.
either directly by changing joint angles or with standard |
solver by manipulating end-effector positions. The use®BL The shape functions of a tetrahedron de ned in Laplacian
to animate a small number of vertex positions is highly efrci  (local) coordinates are given by equations 3 through 6



10 considering a meskl with vertices(vy;:::;vy). Solving
for x, gives the location of the deformed set of vertices.

v; if vj is known

0 otherwise (10)

Xk [i] =

3.4 Rotation Interpolation

It is well known that linear interpolation of large rotat®n
causes unnatural deformations. To overcome this an Werati
approach is taken in which equation 9 is solved repeatedly
whilst updating the differential coordinates on each tiera
After each iteration the transformatidn for each tetrahedron
(;: )= ©) t; with original verticesV = (vy;:::;v4) and transformed
1 ; 0 0 0y i
verticesV"” = (v;:::; V) is computed as:

205 )= (4)
3( )= (5)
a(5; )=1 (6) Ti= Vi Va Vo V4 V3 Va

(11)
] ) VO]_ V04 V02 V04 VO3 V04 !
It follows that the gradient operator matri; for each

tetrahedrort; can be computed by equation 7. The gradie
operator matrix is the matrix of gradients of the tetrahadro

shape functions.

Ef‘these transformations are factorised into rotat®n and
scale/shee®; components using the polar decomposition [20].

Ti = RiSi (12)
Gi=(5 155 2:5 3;5 4)
0 - 130 1 At each iteration these rotations are applied indepengentl
(P1 P4)T E{ 100 1 (7) to their corresponding tetrahedra from the original mesh.
= %D (P2 Pa4) @o 10 1A An updated set of differential coordinates is computed by
(Ps Pg)’ 001 1 application of equation 2 and equation 9 solved accordingly

These steps of linear Laplacian deformation and diffeaénti

whereP; are the four vertices of the tetrahedron. The gradiefipordinate update are repeated until convergence.

operatorsG; can be combined to form one lar@a x 3m 3.5 Efciency

sparse matrix for a mesh withtetrahedra anth vertices. The

Laplacian operatot is de ned from the connectivity of the To achieve interactive rates equation 9 must be solved alever
mesh and is given by: times within a fraction of a second. To achieve this we
use a highly optimised sparse LU solver as implemented in
UMFPACK [7]. UMFPACK makes use of BLAS and requires
a highly optimised BLAS implementation. For this purpose we
make use of the gotoBLAS [24] which provides a vendor non-

where D is the diagonal degree matrix, in this case &yecjcimplementation of BLAS combining high optimisatio
diagonal matrix of tetrahedral volumes. The differentig;n portability of code.

coordinates of the geometry can be calculated from equation _ _

Computing the set of unknown deformed vertex locations, Once the constrained vertices have been selected and the
involves solving equation 2 factored according to a numbkfplacian operator re-factored accordingly then the LU
of constrained known vertex locationg,. The rows and factorisation can be precomputed and reused at each @erati
columns ofL corresponding to the known vertex location®€formation occurring from subsequent motion of the skelet
are removed and the differential coordinates of the knov@ly requires re-computation of the LU factorisation if the
locations factored into the right hand side yielding: animator alters the vertex constraints.

L =G DG (8)

o . 4 Results
Xy = argmin jjilxy  ( + )jj (9)

We have implemented our skinning algorithm as a plug-in
where is the differential coordinates of the original mesifior Autodesk's Maya. This allows a model to be set up and
and the vectorc = Lxy is the result of multiplying the skinned using the standard Maya interface and animatida.too
Laplacian opperatot. by the vector of known constrainedThis implementation allows an animator to manipulate a mesh
vertex locationx . Each element ofy is de ned by equation with all the functionality of a common animation package



permitting our algorithm to work seamlessly with an exigtin
animation pipeline. The Maya interface allows the user to se
up a skeleton and skin the character according to our apiproac
Motion of the skeleton within Maya can be controlled by
direct user manipulation, IK or prede ned animation curtes
promote volumetric deformation of the character mesh.

X
AR

Figure 3: Comparison of shoulder deformation between
linear skin blending (right) and our tetrahedral approach
(left)

Figure 2: Using skeleton based tetrahedral deformation tokeleton driven volumetric deformation approach. — Motion
re-pose a cylinder: A is the tetrahedral cylinder mesh withc@pture data of a person dancing is re-targeted onto the
its tted skeleton in its undeformed state. B shows theotandford Armadillo character witl®6;987 vertices [12].
tetrahedral cylinder under a 360 degree twist using linear! N (_:haracter has been skinned accord?ng to our tetrahedral
skin blending (top) and out tetrahedral approach (bottong. algorithm. As the skeleton moves according to the re-tedjet

shows the same cylinder under a 90 degree bend with lineghimation curves our deformation techniques deforms the
skin blending (top) and our approach (bottom) character accordingly. Animations can also be produced
from keyframing joint positions and orientations. Figure 5

Figure 2 demonstrates the two well know problems thapows a character reconstructed from multiple view video
occur with linear skin blending and shows how our approaGRPture of a person. The character has been interactively
responds in the same situation. Under a full 360 degrigP0Sed into a number of different poses. These are produced
axial twist the linear skin blending approach almost ehtirePY repositioning the underlying skeleton.  These images
collapses whereas minimal collapse occurs with our tethatie démonstrate the versatility of our approach when reposing a
approach. With a 90 degree bend linear skin blending aggmaracter. Figures 4 and 5 present a wide range of character

shows a large amount of collapse. The tetrahedral metHdffeS in which there is no sign of collapse even with large
eliminates the mesh collapse. alterations to the reference T-pose. Here we have applied

our technique to the animation of characters from different
Figure 3 further demonstrates this affect where the ShOU|¢ﬁoduction sources (3D video capture and laser scan data).
is seen to collapse under linear skin blending but not with o@ur technique is extremely exible and functions well on
tetrahedral deformation technique. Figure 3 also higtdighcharacters produced using any approach.
another key advantage to our approach. Linear skin bIendingb . o
requires weighting of each of the vertices appropriatelyjicy aPle 1 and the corresponding graph in Figure 6 show the

although greatly simpli ed with tools such as Maya's weigh{'me_ taken for deformation with respect to the number of-
painting interface, is still a time consuming process. Thedr Vertices and tetrahedra. The graph demonstrates quadratic
skin blending result shown in Figure 3 could be improveﬁomplex'ty in relation to the number of vert_lces. The tingng
with manipulation of the weights. The same automatdyere Produced on a Intel Q6600 CPU with 4Gb of RAM.
weight generation is employed for the constrained points Ji1€ deformation time includes the time to run the entire
our algorithm. Figure 3 visually identi es the advantageli€rative deformation procedure until convergence. Timerys

of our approach under these conditions. With no mandiystrate our ability to produgemteracnve deformatioith up
manipulation of the weights our tetrahedral deformatiol? @ couple of thousand vertices.

produces far more visually pleasing results. With our appiho

automatically generated weighting is sufcient to producé Conclusion

aesthetic deformation results. We have presented an approach which combines the

Figure 4 shows an example animation produced with tlelvantages of volumetric mesh based deformation with



Vertices| Tetrahedrg Time (secs)
182 1648 0.03
682 6784 0.26
1502 14576 0.44
2642 26434 1.06
4102 40304 1.35
13002 128816 6.63
25467 352352 38.0

implementation of the approach is likely to achieve intévac
rates for meshes an order of magnitude larger.

The most interesting area of future work revolves around
an extension along the lines of the work of Sumner et al.
[23]. Extending this tetrahedral deformation technique to
use multiple example meshes to represent the space of
meaningful deformation could lead to increased artistitticd
whilst maintaining the advantages of skeletal animatiod an

Table 1: Deformation time for meshes with the speci edvolumetric mesh deformation.

number of vertices and tetrahedra

References

[1] Marc Alexa. Local control for mesh morphing. In
SMI'01: Proceedings of the International Conference on
Shape Modeling & Applicationgpage 209, Washington,
DC, USA, 2001. IEEE Computer Society.

[2] Marc Alexa, Daniel Cohen-Or, and David Levin. As-
rigid-as-possible shape interpolation.SitGGRAPH '00:
Proceedings of the 27th annual conference on Computer
graphics and interactive techniquepages 157-164,
New York, NY, USA, 2000. ACM Press/Addison-Wesley
Publishing Co.

[3] Mario Botsch and Leif Kobbelt. An intuitive framework
for real-time freeform modeling, 2004.

Figure 6: Deformation Time with respect to the number of [4] Mario Botsch, Mark Pauly, Markus Gross, and Leif

vertices

Kobbelt. Primo: coupled prisms for intuitive surface
modeling. In SGP '06: Proceedings of the fourth
Eurographics symposium on Geometry processiages

the simplicity of skeletal animation. This method provides  11-20, Aire-la-Ville, Switzerland, Switzerland, 2006.
aesthetically pleasing results and does not suffer fromyman  Eurographics Association.
of the draw backs of the standard sub-space deformati

technique [14]. The method does not collapse around t
joints with large angle changes and axial twisting of theknec

and wrists do not result in the candy wrapper effect.

The methods interactive computation time and use of Il

] Mario Botsch, Mark Pauly, Martin Wicke, and Markus
Gross. Adaptive space deformations based on rigid cells.
Comput. Graph. Forun26(3):339-347, 2007.

J. E. Chadwick, D. R. Haumann, and R. E. Parent.

standard Inverse Kinematic skeleton give simplicity to the Layered construction for deformable animated characters.

animator and provide easy integration with existing tools. N SIGGRAPH '89: Proceedings of the 16th annual

Implementation as a plug-in for Autodesk's Maya gives the ~conference on Computer graphics and interactive
user the ability to interact easily with the algorithm using ~ (€chniquespages 243-252, New York, NY, USA, 1989.

standard rigging and animation tools. This interface altine

ACM.

user to select any subset of vertices to provide constréonts [7] Timothy A. Davis. Algorithm 832: Umfpack v4.3—an

the tetrahedral deformation algorithm. The plug-in worktgw

unsymmetric-pattern multifrontal methodACM Trans.

a traditionally skinned character using an inverse kin@nat Math. Softw,. 30(2):196-199, 2004
skeleton and Linear Skin blending. This allows integration
of high-resolution captured 3D models into the standard8] Igor Guskov, Wim Sweldens, and Peter Suiter.

animation pipeline. From a traditionally skinned characte

Multiresolution signal processing for meshes. In

user need only select the subset of vertices to be moved by SIGGRAPH '99: Proceedings of the 26th annual
linear skin blending for volumetric deformation of the mesh ~ conference on Computer graphics and interactive
Unlike linear skin blending automated weight generation fo ~ techniquespages 325-334, New York, NY, USA, 1999.

the linear skin blending is generally good enough to produce ACM Press/Addison-Wesley Publishing Co.

visually very pleasing results.

[9] Ladislav Kavan, Steven Collins, rJiZara, and Carol

Currently we are limited to a interactive deformation with O'Sullivan. Geometric skinning with approximate dual
only a couple of thousand vertices using a single thread quaternion blending. ACM Trans. Graph.27(4):1-23,
implementation of the algorithm. Multi-threaded CPU or GPU  2008.



[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

Ladislav Kavan and diZara. Spherical blend skinning: a
real-time deformation of articulated models. 18D '05:
Proceedings of the 2005 symposium on Interactive 3D
graphics and gamegages 9-16, New York, NY, USA, [2
2005. ACM.

Leif Kobbelt, Swen Campagna, Jens Vorsatz, and Hans-
Peter Seidel. Interactive multi-resolution modeling op

arbitrary meshes. IISIGGRAPH '98: Proceedings of [22]

the 25th annual conference on Computer graphics and
interactive techniquespages 105-114, New York, NY,
USA, 1998. ACM.

Venkat Krishnamurthy and Marc Levoy. Fitting smoottgzc)’]

surfaces to dense polygon meshes.SIGGRAPH '96:
Proceedings of the 23rd annual conference on Computer

graphics and interactive techniquegages 313-324, New[24] TACC.

York, NY, USA, 1996. ACM.

] Carsten Stoll.

conference on Graphics interface ,9pages 258-264.
Morgan Kaufmann Publishers Inc, 1992.

A volumetric approach to interactive

shape editing. Research Report MPI-1-2007-4-004, Max-
Planck-Institut @ir Informatik, Stuhlsatzenhausweg 85,

66123 Saarlircken, Germany, June 2007.

Robert W. Sumner and Jovan Popovi Deformation
transfer for triangle meshes. BIGGRAPH '04: ACM
SIGGRAPH 2004 Paperpages 399-405, New York, NY,
USA, 2004. ACM.

Robert W. Sumner, Matthias Zwicker, Craig Gotsman,
and Jovan Popobi Mesh-based inverse kinematié<CM
Trans. Graph, 24(3):488-495, 2005.

Gotoblas, 2007.
http://www.tacc.utexas.edu/resources/ software/blas.

Seungyong Lee. Interactive multiresolution editiny q25] Daniel Thalmann, Jianhua Shen, and Eric Chauvineau.

arbitrary meshes. I€omputer Graphics Foruppages
73-82, 1999.

J. P. Lewis, Matt Cordner, and Nickson Fong. Pose space
deformation: a uni ed approach to shape interpolation
and skeleton-driven deformation. BIGGRAPH '00

pages 165-172, New York, NY, USA, 2000. ACM26]

Press/Addison-Wesley Publishing Co.

Yaron Lipman, Olga Sorkine, Marc Alexa, Daniel
Cohen-Or, David Levin, Christian Rssl, and Hans-Peter

Seidel. Laplacian framework for interactive mesh editing27]

International Journal of Shape Modeling1(1):43-62,
2005.

Alex Mohr and Michael Gleicher. Building ef cient,
accurate character skins from exampleACM Trans.
Graph, 22(3):562-568, 2003.

Ferdi Scheepers, Richard E. Parent, Wayne E. Carlson,
and Stephen F. May. Anatomy-based modeling of the

human musculature. IBIGGRAPH '97: Proceedings of [29]

the 24th annual conference on Computer graphics and
interactive techniquespages 163-172, New York, NY,
USA, 1997. ACM Press/Addison-Wesley Publishing Co.

Alla Sheffer and Vladislav Kraevoy. Pyramid coordiest
for morphing and deformation. IDPVT '04:
Proceedings of the 3D Data Processing, Visualization,
and Transmission, 2nd International Symposiypages
68—75, Washington, DC, USA, 2004. IEEE Computer
Society.

[31]

Jonathan Richard Shewchuk. Constrained delaunay
tetrahedralizations and provably good boundary recovery.
In In Eleventh International Meshing Roundtabpmges
193-204, 2002.

Ken Shoemake and Tom Duff. Matrix animation
and polar decomposition. Itn Proceedings of the

[28]

[30]

Fast realistic human body deformations for animation
and vr applications. IrCGI '96: Proceedings of the
1996 Conference on Computer Graphics International
page 166, Washington, DC, USA, 1996. IEEE Computer
Society.

Russell Turner and Enrico Gobbetti. Interactive
construction and animation of layered elastically
deformable characters. Computer Graphics Forum
17:135-152, 1998.

Jane Wilhelms and Allen Van Gelder. Anatomically based
modeling. INSIGGRAPH '97: Proceedings of the 24th
annual conference on Computer graphics and interactive
techniquespages 173-180, New York, NY, USA, 1997.
ACM Press/Addison-Wesley Publishing Co.

Dong Xu, Hongxin Zhang, Qing Wang, and Hujun Bao.
Poisson shape interpolatio&raph. Models68(3):268—
281, 2006.

Yizhou Yu, Kun Zhou, Dong Xu, Xiaohan Shi, Hujun
Bao, Baining Guo, and Heung-Yeung Shum. Mesh
editing with poisson-based gradient eld manipulation. In
SIGGRAPH '04: ACM SIGGRAPH 2004 Papepages
644—-651, New York, NY, USA, 2004. ACM.

Kun Zhou, Jin Huang, John Snyder, Xinguo Liu, Hujun
Bao, Baining Guo, and Heung-Yeung Shum. Large mesh
deformation using the volumetric graph laplaciakCM
Trans. Graph,. 24(3):496-503, 2005.

Denis Zorin, Peter Scbder, and Wim Sweldens.
Interactive multiresolution mesh editing. Computer
Graphics 31(Annual Conference Series):259-268, 1997.



Figure 4: Dancing animation produced from re-targetting ntimn capture data onto the Stanford Armadillo character skied
according to our technique. The rstimage shows the origih&pose of the character

Figure 5: A character mesh deformed into a number of differeposes using our tetrahedral approach to skeleton based
animation



