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SUMMARY OF THE INVENTION

15 [0002] This Summary is provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description.
This Summary is not intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid in determining the
scope of the claimed subject matter.

20 [0003] In view of the above, large mesh deformation using the volumetric
graph laplacian is described. In one aspect, information is received from a user,
wherein the information indicates how an original mesh is to be deformed. The
original mesh is then deformed based on the information and application of a
volumetric differential operator to a volumetric graph generated from the

25  original mesh



identifies the particular Figure in which the

conponent first appears. [0005] Fig. 1 shows an
wez@mpbdasy system for |arge nesh deformati on UuBCTYS100€024562

vol unmetric graph Lapl acian. [0006] Fig. 2 shows an

exenpl ary conparison of a conventional |arge nesh

deformation and a | arge nesh delornmati on using the

vol unetric graph Laplacian 114. [0007] Fig. 3 shows
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[0009] Fig. 5 shows an exemplary volumetric graph.

‘ [0010] Fig. 6 shows exemplary operations to construct a volumetric graph.

[0011] Fig. 7 shows exemplary types of edge connections in a volumetric
graph.

15 [0012] Fig. 8 shows exemplary curve-based deformation.

[0013] Fig. 9 shows an exemplary comparison of weighting schemes,
including uniform, reciprocal of edge length, and heat kernel (decaying
exponential function of squared distance) weighting schemes.

[0014] Fig. 10 shows exemplary comparisons of conventional large mesh

20  deformation techniques as compared to the large mesh deformation using the
volumetric graph Laplacian.

[0015] Fig. 11 shows an exemplary procedure for large mesh deformation
using volumetric graph Laplacian.

[0016] Fig. 12 illustrates an example of a suitable computing environment

25  in which large mesh deformation using the volumetric graph Laplacian may be

fully or partially implemented.



fully or partially inplenented. DETAI LED DESCRI PTI ON OF

THE PREFERRED EMBODI MENT Overview [0017] Large nesh
waledoowomss on using the volunetric graph Lapl acP@rus2006/024562
provi des a novel technique for |arge deformations on

3-D neshes using the volunetric graph Laplacian. A

graph representing the volune ihside the input nmesh is
first constructed. The graph need not forma solid
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Lapl aci an operator can be applied to a volunetric
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15  intersections. Volumetric detail preservation is represented by a quadric energy
function. Minimizing the quadric energy function preserves details in a least-
squares sense, distributing error uniformly over the whole deformed mesh. The
quadric energy function can also be combined with conventional constraints
involving surface positions, details or smoothness, and efficiently minimized by

20  solving a sparse linear system.

[0018] As described in greater detail below in reference to Figs. 1 through
11, large mesh deformation using the volumetric graph Laplacian is implemented
in a 2-D curve-based deformation system allowing novice and seasoned users
alike to create substantially pleasing deformations with little effort. This novel

25  large mesh deformation technique does not require skeletons and key poses of a

3-D model as input and can handle a wide range of non-rigid deformations. In



| arge mesh deformation techni que does not require

skel etons and key poses of a 3-D nodel as input and
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I none inplenentation, this systemfor |arge nesh

def ormati on using the volunetric graph Laplacian is

utilized to apply non-rigid ant# exagger at ed

deformations of 2- D cartoon characters to 3-D neshes.

An Exenplary System [0019] Al though not required,

| ar geeripplengatasiomathiosystes fry large mesh deformaidoynsiphthe volumetric
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particul ar tasks or inplenent particular abstract data
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[0020] Fig. 1 shows an exemplary system 100 for large mesh deformation

15 using the volumetric graph Laplacian. In this implementation, system 100
includes a general purpose computing device 102. Computing device 102
represents any type of computing device such as a personal computer, a laptop, a
server, handheld or mobile computing device (e.g., a cellular phone, personal
digital assistant), and/or so on.

20 [0021] Computing device 102 includes program modules 104 and program
data 106. Program modules 104 include, for example, large mesh deformation
(using the volumetric graph Laplacian) module 108 (hereinafter often referred to
as “deformation module 108”), and other program modules 110 such as an
operating system, etc. Deformation module 108 implements a novel technique to

25 generate large mesh deformations 112 on volumetric graph Laplacian's

(VGLs) 114 generated from 3-D meshes 116 (original meshes). Deformation



operating system etc. Deformation nodule 108

i npl ements a novel technique to generate |arge nesh
waledoowomss ons 112 on vol unetric graph Lapl aci apC/B5S2006/024562

(VA&.s) 114 generated from 3-D nmeshes 116 (origina

meshes). Deformati onnodul e 108 utilizes VG to

represent volunetric details as5the difference between

each point in a 3-D volume and the average of its

nei ghboring points in a graph. VA& allows deformation
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15  Image 206 shows an exemplary result of large mesh deformation of the original
mesh 116 using the volumetric graph Laplacian 114. As shown in the example
of image 204, deformation of the original mesh 116 using Poisson mesh editing
causes unnatural shrinkage, especially in the model’s right thigh.

[0023] Using a volumetric graphic Laplacian 114, deformation

20 module 108 represents volumetric constraints by a quadric energy function.
Deformation module 108 officially minimizes this function by a sparse linear
system, and combines the function with other surface constraints (e.g., on surface
positions, surface details, surface smoothness, etc.). To apply a volumetric graph
Laplacian 114 to a triangular mesh, deformation module 108 first constructs a

25  volumetric graph 118, which includes points of the original mesh 116 as well as

points derived, as described below, from a simple lattice (inside graph) lying



system and conbi nes the function with other surface
constraints (e.g., on surface positions, surface

wa@ledoaid=s3 sur f ace snoot hness, etc.). To apply BCT/US2006/024562
vol unetric graph Laplacian 114 to a triangul ar nesh,
def ormation nodule 108 first constructs a volunetric
graph 118, which includes pointé of the original nesh
116 as well as points derived, as described bel ow,
froma sinple lattice (inside graph) lyinginside the
mes hindiflé theGneghh! léd d@epb edgrscionndes gesp pdintss . Thpge geaph edges are a
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[0024] A user specifies a deformation by identifying a
i m l%éft}@fm?)%‘ilﬂés 120 (one or nore control curves)
on the orjiginal nmesh 116. The _specified.poi.nt.s 120 .
define a [sz’ A FW%&%% C@ﬁ%ﬁ@%@ﬂe@e 1‘%6’1“??9% 1323m1ted set of
mgrat.e tq in a resulting,deformatjon.. Fo [ es, 0 .
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%S N, ELMBId O ftiBRRYiM £ ShiRinkRh WBldpl esliffell ottt 120 to their
b i

operator to a [unmetric graph 118 w thout neshing

sur f a6eifleat @stiRitfon While aRhinfgling &N Ub@Madnd roughly preserving
differential approaches considered only surface

oper aslgme. A nhaive way to extend these operators from
surfaces to solids is to define themover a

t et r ahedr[ab237da hthisf miaheerpllpfemaiion enddule 10 welves ,the problem of
solidly nmeshing a conplex object is notoriously

di f f laggd tmeshxdefbinmgiomeb apeiyiugrat vanmetchdiffgrestial operator to a

tl%/ P! S?llulrn)étric graph 118 without meshing surface interiors. In contrast,
conventional differential approaches considered only surface operators. A naive
way to extend these operators from surfaces to solids is to define them over a
tetrahedral mesh of the object interior. However, solidly meshing a complex
object is notoriously difficult. Existing mesh deformation techniques typically
20 re-mesh geometry and disturb its connectivity, thereby violating a common
requirement in mesh deformation. Solid meshing also implies many constraints
(e.g., that no tetrahedron be flipped and that each interior vertex remain in the
visual hull of its neighbors). Such constraints make computationally impractical
for conventional mesh deformation techniques to economically distribute interior

25  points, and add an “exterior shell” (as performed by system 100) to prevent local

self-intersection.



re-mesh geonetry and disturb its connectivity, thereby

violating a common requirenent in nmesh defornmation.
w@dorgorsxshi ng al so i nplies many constrai nts (BCHUS2006/024562

that no tetrahedron be flipped and that each interior

vertex remain in the visual hull of its neighbors).

Such constraints make conputati@nally inpractical for

conventional mesh deformation techniques to

econom cally distribute interior points, and add an

"ext er i or[0&X6d Exemplesy pwetations dfbgefoymation nowiple P8 to deform a

prevent |ocal self-intersection. [0026] Exenplary )

oper velinpaticograpbfld S nand perfenel debormagon drepaf cyrves (respective

vol unetric graph 118 and perform deformati on from 2-D

cur kuenw&@@ewé PpBiiY 1%13@“0‘?0‘% se%rlfgﬁféd poi nts 120)

are now descri bed. Exenplary Defornmation of the

Vbluget G aph [0027] Le V,K) be a triangul ar

ghric fyaph v i s a set of
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anal . $ ¢ the Lapl ace operator on manifolds. The
Lapl g‘%?%il’}éo}n’put es the difference between each point p
in the graph G and a linear conmbination of its

nei ghboring poi nt P aplacian Deformation on Abstract Graphs

15 [0028] Suppose G =(P,E) is a graph, where P is a set of N point
positions, wherein P ={p, e R*|1<i< N}, and E={(i,/)| p, is connected to p } 1s
the set of edges. The Laplacian of a graph is analogous to the Laplace operator
on manifolds. The Laplacian computes the difference between each point p, in

the graph G and a linear combination of its neighboring points:

20
5i:LG(pi)=pi_Z Wy Pjs 1)
JeN ()

where N(i)={j|{i,/} < E} are the edge neighbors, w, is the weight for point p,,

and &, is the Laplacian coordinate of the point p, in graph G. L; is called the

Laplace operator of the graph G. Weights w, are positive and satisfy
25 ZjeN o Wi =1. The simplest weighting is uniform weighting w;=1|N(@)]|.

(Deformation module 108 implements a more complicated weighting scheme, as



d, =LGPI) PI - WJ PJ, (1) where N(i) ={j \ {i,j}

e E) are the edge neighbors, wis the weight for point
w@2007a0d53 i s the Lapl aci an coordi nate of the POI/N$20p6/024562

in graph G. LO is called the Laplace operator of the

graph G. Wights ware positive and satisfy w = 1.

The sinplest weighting is unifo8mweighting w = 1/

IN(z) | . (Deformation nodule 108 inplenments a nore

conpl i cated wei ghti ng schenme, asdescri bed below in the

sect desoribdd bedaw TELEngsictioy tithed BExeaplany Béfotmation of the Volumetric

Vol unetric Gaph"). [0029] To control a deformation,

t hes@raphd). i nputs def or med p05| t| ons as cont roI cur ves

(i.e., specified p0|nts 120)
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Laplg&k fp,.coordi nates are conputed as follows: =T1 1
wher I's the Lapl acian coordinate in the rest pose,
Y&fined in equatlon (1), and T1 transfornB t he
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ani sotropic scaling is too powerful and can "fit away"
| ocaffhel€irat termTef aglehtion 2} hemesenaf pres@miation of local detail and the

second term constrains the positions of those vertices 120 directly specified by
the user. The parameter @ balances these two objectives.

15 [0030] The deformed Laplacian coordinates are computed as follows:

§'=19,

where &, is the Laplacian coordinate in the rest pose, defined in equation (1), and
T, transforms the Laplacian coordinate into the deformed pose. In this
20  implementation, a general transform 7, which includes anisotropic scaling is too
powerful and can “fit away” local detail. To address this, deformation

module 108 restricts 7, to a rotation and isotropic scale.
[0031] Given the deformed positions of a subset of the vertices g, well-
known methods can be used to obtain ZI}.. In this implementation, deformation

25 module 108 utilizes a method described below in the section titled "Exemplary

Deformation of the Volumetric Graph”. This methodology propagates the local



nodul e 108 restricts Tl to a rotation and isotropic

scale. [0031] G ven the deforned positions of a subset
wo@Roovhe2sserti ces qt , well known net hods can bePCFES200€024562

obtain T1. In this inplenmentation, defornmation nodul e

108 utilizes a nmethod described below in the section

titled "Exenplary Deformation & the Volunetric

Graph”. This nmet hodol ogy propagates the

|l ocal transformation fromthe specified region of .
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Fi g. 0 arge tw st deformati on based
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deformation based on a Poisson mesh. Image (c) shows exemplary large twist
15 deformation based on the VGL operations of deformation module 108.

[0034] Fig. 4 shows exemplary large bend deformation results. More
particularly, image (a) of Fig. 4 shows exemplary large bend deformation based
on Laplacian surface. Image (b) of Fig. 3 shows exemplary large bend
deformation based on a Poisson mesh. Image (c) shows exemplary large bend

20 deformation based on the VGL operations of deformation module 108.
[0035] We now describe how deformation module 108 imposes

volumetric constraints by constructing a volumetric graph 118 for an original

mesh 116 to reduce unnatural volume changes and/or local self-intersections.



def ormati on based on the VG operations of deformation
nodul e 108. [0035] We now descri be how deformati on

wOor@ale2430D8 | nposes vol unmetric constraints by PCT/US2006/024562

constructing a volunetric graph 118 for an origina

mesh 116 to reduce unnatural vol une changes and/ or

| ocal self-intersections. Exenpllery Construction of a

Vol unetric Gaph [0036] Deformation nodul e 108 avoi ds

| arge vol une changes and | ocal self-intersections, but

does not guar anExemplarifenstsiiome! gV elumetric Graph
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nDduIe 108 builds a volunmetric graph 118 jlizing two .
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mention t eneratl nis generally

8] fflbaﬁ'ﬁ'élﬂaﬂyp *!/dmlln%‘ﬁngrabﬁ 02 RiEhteBBARAIHILS. G, , and volumetric
typl cally produci ng poorly shaped tetrahedra for

CONPLhpIRb 64 NBESkS dxeniplies, { han tetrahdralizing the
interior volume of a surfacé nesh 116, deformation

modul e 1GBo3sMoinenesthed Bubisiiant, &l tbyetedhepitadive drentrioomslume of

in

produce the |less-restrictive volunetric graph.
a surface mesh 116. However, tetrahedral mesh generation is typically

substantijally difficult and computationally expensive to implement, not to

15 mention that such mesh generation is generally difficult to implement in a robust
manner (e.g. typically producing poorly shaped tetrahedra for complicated
models). Rather than tetrahdralizing the interior volume of a surface mesh 116,
deformation module 108 implements substantially simpler operations produce
the less-restrictive volumetric graph.

20 [0039] Fig. 6 shows exemplary steps to construct a volumetric graph 118.
More particularly, and in this implementation as shown in Fig. 6, deformation
module 108 generates a volumetric graph 118 as follows:

e Construct an inner shell M, for the mesh M by offsetting each vertex a
distance in the direction opposite its normal. This is illustrated, for example,

25 in image (a) of Fig. 6.



[0039] Fig. 6 shows exenplary steps to construct a
volunetric graph 118. Mre particularly, and in this

w0 pp7eemss ati on as shown in Fig. 6, defornmati oPCHOMINE024562
108 generates a volunetric graph 118 as fol |l ows:
Construct an inner shell Mn for the nesh M by
of fsetting each vertex a distadde in the direction
opposite its normal. This is illustrated, for exanpl e,
in imge (a) of Fig. 6. Enbed MLn and Min
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sanpl i ng oper ati ons. ner shel |
def ormati on nodul e 108 utilizes operations based on

sinplifi ic[gﬁﬁloﬁ:o%%Fi\éth%ge?ﬁﬁtéﬂbne@ﬁéq thnpggéto?q inner shell M, is to

defor mat ve ea vertex a
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operations are accepted. Qtherwise, results of the

oper givelipes 2@ éRhaedhftbramdfdrivative meduld s08anetpioackmove each
The iterations ternm nate when all vertices have been

MoV edertdien dastidreds thesivange cdge tapthnepdositg ér itbeaormal vector. After

15 moving a vertex, deformation module 108 tests its adjacent triangles for
intersections with each other and the rest of the model. If no intersections are
found, results of these operations are accepted. Otherwise, results of the
operations are rejected and the vertex is moved back. The iterations terminate
when all vertices have been moved the desired distance or can no longer be

20  moved.

[0041] Fig. 7 shows exemplary types of edge connections in a volumetric
graph. More particularly, image (a) of Fig. 7 shows exemplary boundary edges.
Image (b) of Fig. 7 shows exemplary interior edges. In view of these examples,
it can be seen that a BCC lattice includes nodes at every point of a Cartesian grid

25  along with the cell centers (e.g., image (b)). Node locations may be viewed as

belonging to two interlaced grids. This lattice occurs as a crystal structure in



noved. [0041] Fig. 7 shows exenplary types of edge
connections in a volunmetric graph. Mre particularly,
w0 pmgeossd of Fig. 7 shows exenpl ary boundary BCIES2006/024562
I mage (b) of Fig. 7 shows exenplary interior edges. In
vi ew of these exanples, it can be seen that a BCC
| attice includes nodes at every2point of a Cartesian
grid along with the cell centers (e.g., irrage (b))
Node | ocati ons nag be viewed as belon ing to
i nt evahae ewithr desirablenrigiditt propertise.cdi f &slrapksfxvﬁaélpn the great
structure innature with desirable rigidity properties.
I'n tlmeé\’ﬁlhspﬁeémﬁuaﬂhéﬁveﬁaﬁ"ee@eéﬁ?g nterval is set to
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Z. Sﬂecﬁiaﬁﬁﬁ e 2 B85 St SRo B i W £ comnccs
(€ Geoepy Fhuh OWB@@ ?ach«ﬁ 1ts @Breéto&léﬂmﬂ ﬁl the other

108 €onnec nokl/fn and nodes of %Q attl ce. For
eachy, Feg@ged id E%g.ﬁﬁge b adldgt %b)?/ll %HH G884 Y@ d08 connects

has a eas I nsi—d " deformati on nodul e

108 ﬁPn%ﬁﬁtrﬁ)d'ép%thﬁ@ Bett la@ReNOHE: b d@gdVih thed BA® lattice that
point “in Mn closest to this intersection. [0043]

Ref onpmidcan MO GHH 6123 Q8 1643PbaEBES issidelirf | deforramiandhodule 108
snoot hi ng operations on the initial graph to make the

gr apéonieEte thé BT Muttid® nbhié $nsided M fab ahegioiraninndfulcosest to this
108 eval uates the edges of graph 118 in I ncreasi ng

or deint@fectiongt h. I f the Il ength of an edge is |l ess than
a threshold (half the average edge length of M, it is
col | apsed0043] Chdoragien snodudip ti&implaherss simplification and smoothing
St ;I);;tfoantslo?lnthe initial graph to make the graph more uniform. To this end,
15  deformation module 108 evaluates the edges of graph 118 in increasing order of
length. If the length of an edge is less than a threshold (half the average edge
length of M), it is collapsed to the edge’s midpoint. After siniplification,
several smoothing iterations (three in our implementation) are performed in
which each point is moved to the average of its neighbors. In this
20  implementation, neither simplification nor smoot11ing are applied to the vertices
of M.
[0044] To construct the outside graph G, (part of volumetric graph 118
generation operations), deformation module 108 utilizes the iterative normal-

offset method described previously to construct this volumetric graph, but

25  toward the outside rather than inside the surface, to form M, . Deformation



several smpoothing iterations (three in our

i npl ementation) are perfornmed in which each point is
worowedo24ss t he average of its neighbors. |n thiBCT/US2006/024562

i mpl ementation, neither sinplification nor snoothing

are applied to the vertices of M. [0044] To construct

the outside graph G 11 (part ofl3volunetric graph 118

generation operations), defornmation nodule 108

utilizes the iterative normal of fset method descri bed
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| ume, deformation nodule 108 utilizes a nodification

of t]@)?emplary Deformation of the Volumetric Graph

[0046] To balance between preserving the original surface’s details and
constraining the volume, deformation module 108 utilizes a modification of the

energy function in Equation (2) to the following general form:
15

Le(p' )-8 ®

> |Las (P )=e' |+

wherein the first » points in graph G belong to the mesh M. L, is the discrete

a5

mesh Laplacian operator. G’ is the sub-graph of G formed by removing those
edges belonging to M. For points on the original mesh M, g, (1<i<n) are the
20 mesh Laplacian coordinates in the deformed coordinate frame. For points in the
volumetric graph G', §,(1<i<N) are the graph Laplacian coordinates in the
deformed frame. Energy is thus decomposed into three terms corresponding to
preservation of surface details, enforcement of a user’s chosen deformation
locations (specified points 120), and preservation of volumetric details/rigidity.
25 [0047] B balances between surface and volumetric details. Deformation

module 108 specifies § where = nfN . Factor n/N normalizes the weight so



energy function in Equation (2) to the foll ow ng
general form \\ L MP) - 1 - jp'" -q, \\ +b \\LG
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default. [0048] In an alternat|ve enbodi nent, the
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[0049] To obtain the local transforms 7; that take the Laplacian

coordinates in the rest frame, &, and ¢, , to the new Laplacian coordinates §'; and
g, in the deformed frame, deformation module 108 implements WIRE
15  deformation operations. In these operations, deformation module 108 selects a
sequence of mesh vertices forming a curve 120. These selected mesh vertices
are then deformed to a new state. This curve controls the deformation and
defines the ¢, (e.g., see image (a) of Fig. 8).
[0050] Fig. 8 shows exemplary curve-based deformation.  More
20 particularly, Fig. 8, image (a), shows and exemplary original mesh 116 and an
exemplary control curve 802. Image (b) of Fig. 8, shows exemplary strength
fields of 0 (e.g., field 804—darker shading) and 1 (e.g., field 806—lighter
shading). Fig. 8, image (c), shows an exemplary deformed mesh generated from
curve-based deformation operations of deformation module 108 of Fig. 1.
25 [0051] A control curve (e.g., control curve 802) specifies only the extent

of where vertices on the curve are to be deformed. Deformation module 108,



the focus is to deformnodels with significant

geonetric detail). Exenplary Propagation of Local
wae@n®éasis [ 0049] To obtain the | ocal transfor@®UI2006/024562

that take the Lapl acian coordinates in the rest frane,
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det ermies e|g oring ¢ ph poi nts

fg! QHB?chm F side 91?@?519{5 rféQfHﬂftﬁaved&fang@hﬁl t hen

|nfers l'ocal trans e curve points,
finally propagates theﬁrﬁl%b#ﬁ‘é‘p&e% f’héj(%h)é e nesh
(e.g., resulting in a defornmed nmesh 112). These

oper &t thinequatiganRiby is 6dat3 H@gatmsmatﬁm"gjh@mage%ﬂ tqr}ggn’gvector 1(u)
and obtaining their deformed positions using WR

Mbr e opaf tandumaps i, to] iés capaspoRting CnEgmt b@t@mé@@r@r@.%a‘w rotating
and defornmed control curves respectively

par afevad iteet 9 - dk0 qu}ﬁ féctpg I[c] is cor@py@f:} aj each curve vertex as

15  the ratio of the sum of lengths of its adjacent edges in C' over this length sum in
C, and then defined continuously over u by linear interpolation.

[0052] The deformed coordinates for each point on the control curve and
for its 1-ring neighbors on the mesh have now been determined. At this point,
operations of deformation module 108 proceed to compute the 7; at each point

20  on the control curve. Deformation mud 108 defines a rotation by computing a
normal and a tangent vector as the perpendicular projection of one edge vector
with this normal. The normal is computed as a linear combination weighted by
face area of face normals around the mesh point i. The rotation is represented as
a quaternion, which means the rotation angle should be less than 180 degrees.

25  The scale factor of T; is given by s(u,).



nei ghboring point p R3, let up e [0,\] be the

paraneter value mnimzing distance between p and the
weewmeodit) . The deformation maps p to p' SUuRCT/URRDG/@Q4562

maps to C' and poi nts nearby nove anal ogously:

p' =C(up) +R(up) (s(u p)(p - C(",))) . In this equation,

R(u) is a 3x3 rotation matrix w ch takes a tangent

vector t{u) on Cand maps it to its correspondi ng

tangent vector t'(u) on C' by rotating around t(u)

ct' (u) . [8033] The tmarstaireis thehopropagatéds froompag eantzal curve to all

each curve vertex as the ratio of the sum of |engths

of i gephgpitent viedydeformation gramgth figld éwgwhwémﬁcws gyay from
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10 002RLest el SRS rt’ﬁé ?echﬂ@éhl Rffoclﬁﬁgﬁéee‘w —Q%;']th BE by a Gaussian

contro}5 curve to-all graph points p via rmation
streﬂg;choﬁg@}pasf(p) whi ch decays avvay fromthe

deformation site (e.g., see/i éb) lr
Constant, |inear, and Gauss[a Ps‘tqr g”t”h % gél js can be
t

chosen and are based on t®8 SAortesh,edge path
(discrete geodesic distance) fromp to the c rve

0054] In one inplenentation, deformatio 108
|[ npl §] agssmnnpunctlon works well in system 100. er qﬁi denotes the discrete

geodesic distance from p to g. The term o controls the width of the Gaussian.
15 Weighting between multiple curves is similar, except that the quaternion and
scale is accumulated over multiple curves.

[0055] The final transform matrix at point p is:

I,=fp7,+10-f(p)I
20 where 7, is p’s weighted average transform. This formula simply blends that
transform with the identity using the strength field. Laplacian coordinates thus
approach their original (rest) state outside the deformation’s influence region.
[0056] In contrast to conventional propagation schemes, the propagation
scheme implemented by deforniation module 108, computes a transform for each

25  graph vertex and applies the transform to its Laplacian coordinate. Additionally,



si npl e propagati on schene by assigning to p a rotation

and scale fromthe point g on the control curve
web@3mesio p . A snoother result is obtai ned PYT/US2006/024562

conmputing a wei ghted average over all the vertices on

the control curve instead of the closest. Wighting by

the reciprocal of distance I/|d7-g,.| or by a Gaussian
function such as: Such a Gaussian function works wel |
in system 100. || - g\ denotes the discrete geodesic

di stsmeecdoventipnal decpnidiice geerally computest drangfernpifar padhf triangle
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si miardr appxdefe tha ﬂ’ﬂaﬂggﬁés gedices. niewenss dapendestly transforming
accumnmul ated over nultiple curves. [0055] The fina
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def ormati on; 5. b%%l uence region. [0056] In contrast to
convEAPERicTBPElE A on schemes, the propagati on
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16 angdraifg NY BAkbv, | RAGlQuatts GPRRC tfankforfnl GRhich Stakes a local
nei ghbors in the mesh. The Poi sSon equation stitches

tri apgbesorheskot poRENEHm! e RERSRRY @ BRCHIbIh@Ngh®. SThe defined
orientation and scale in a | east-squares sense.

Ext epghisi@nt i §plcalla realticeets irctatompam sedesi foesredent loss of local

tetrahedral nmesh. [0057] Rather than conputi ng

t r angdtail.nFonthetdystethebaemmin quadsiticeandnils easily solvable, rotations are
defined using the small-angle approximation. This conventional technique

15 provides a poor approximation for large deformations, which then require more

complicated, iterative refinement.

Exemplary Weighting Scheme

[0058] For the mesh Laplacian L,,, deformation module 108 utilizes a

20  weighting scheme with cotangent weights:

w; o (cota; +cot f3,),
where o; = Z(p,,p;,p,) and B = 2(p;, Py p;)-
[0059] For the graph Laplacian L, deformation module 108 computes
25 the weights by solving a quadratic programming problem. Independently for
each graph vertex i, deformation module 108 solves the following problem to

obtain the weights w, (for clarity the 7 subscript is dropped):



propagati ng the transformati ons away fromthe
deformation site, conventional nmesh deformation
wo e@indgses i ntroduce additional degrees of freedus20by024562
defining an unknown, | east-squares optimal transform
whi ch takes a | ocal nei ghborhood of points fromthe
rest state to the defornmed statl@ The defined
transformis typically restricted to rotations and
scales to prevent loss of |local detail. For the system

to remain quadratic ang thus easjly sol vabl e, 2
rotations are defin ingt I I

approxi mation. Thi s&gn ?/5’er} '(,prfz)l"’hlg/{f}ﬁ)%éﬁpr8’(/]]d}s a
poor approximtion for“large deformations, which 1hen
require nore conplicated, iterative refinenent.

Exenpl ary Wi ghting Schewged 053] worl andewpedh

Lapl acian LM, deformation noduiv@ 108 utilizes a

(b Reettieby Henabine sGatORnten L o3y eyt Simgypt weights tha
108 BBFTSH LA R ABGNEE 8) SCal'oI Rip G ity PEomd e based
Ver raf OB ERoER i BRIRCRES Ty s ST B, ipginverse
PT O3, %418{1 g@g@égd&g?péﬁ%%ﬁesp%ﬂetg %r l;gl i eisttﬁestﬁg%toioobjectives,

subscr ject erri
the . . . . .
wer ohre Fieglahoans drof L0 SRELEY 1 R Bbheftaion, 4 and ¢

el JreshihnROR) dfudey.oThe second termis based on a
scal e- dependent” unbrel |l a operator, which prefers

vei ght s ijgo6o¥es. S€ sRERP Unt b}@éi‘nﬁlﬁ’%rt bsmpAaen! englelshtingNRhemes,
paraneter | balances these two objectives,
including uniform (a), reciprocal of edge length (b), and heat kernel (decaying
exponential function of squared distance) (c). As shown in these exemplary
comparisons, the weighting scheme implemented by the deformation module of

15  system 100 shown in image (d) is smoother and more uniform than the results

from other weighting schemes.

Exemplary Quadric Energy Minimization

[0061] Given the new Laplacian coordinates, deformation module 108

20  minimizes the quadric energy in Equation (3) by solving the following equations:
LM(p,f) + ﬂLG’(p,,') = 8’,’ +ﬁ§’i, ie 1,...,7’1,

BL,(p')=pB68" ien+l,..,N,

25
ap,=aq, iel,.,m

This is a sparse linear system 4x=»5. The matrix 4 is dependent only on the

graph before deformation while 4 is also dependent on the current Laplacian



whil e the paraneter x prevents small weights. In this
i npl ementation, | and x are both set to equal 0.01.
WO 0®G0)24F53 g. 9 shows an exenpl ary conpari son OPCT/US2006/024562
wei ghti ng schenes, including uniform(a), reciprocal
of edge length (b), and heat kernel (decaying
exponential function of squared9di stance) (c). As
shown in these exenplary conparisons, the weighting
schene i npl enented by the deformati on nodul e of system
100 sdvodimaten ahdrpomti¢rigoristaists Shéreforamyl imidxast asdphgandeformation
than the results from ot her wei ghti ng schenes.
Exenpioduly 108 atbes motnwitely thel mesh emgiaph andoba potreleppintgavhile b
new Lapl aci an coordlnates def ormati on nodul e 108
m ni ehapees t RensianilaT | Qurtiger WlﬁﬁlVquf%ﬁ PWU(OS‘) gyus,  deformation

solving the follo
- +bm@8u le 108@1q:comvl\4u?e?§ 4 glillﬁtgllg(lﬁf dj:
m This is a sparse

I?ne%@&%ﬁ@#ﬁ&lopﬁ:’l’fﬂ@%ﬁ&} A¥Ais dependent only on

the graph before deformation while b is al so dependent

on the current Laplaci ancoorfli nat es, and position
constraints. Ther e@éﬂémm@s—k&i@zi@—&%ﬂéﬁ—%
gf;g;”g;goﬁ'm% 1e30 EB%? SR ﬁ%ﬂgggfc%gle%e differential
corst i %ﬁa%a%e B AL AP g oo amcit
gﬁggﬁo gSI t%%n% nﬂ@ﬁn %’t]%ésec%%rrﬁ%l%nbﬁl%ﬁule 108 generates
Ml t hl'nfg%’? gllx%ﬁjﬂuggl %ﬁ{%t\/éﬁaﬁﬁ s[ go\?&ﬂu(:jﬁ'qugtthe (ifi& s%ﬂeﬂlnto be solved

editli I'ng can accel era er en
when creating the volumetric graph for the model. Solvmg such a large system

(Hit%o,n z}nlaedyngg‘uc)aH; eexecutes

is computationally expensive for an interactive system. In one implementation to
reduce computation expense, deformation module 108 generates a simplified
15  mesh with fewer vertices (e.g., 15K for the armadillo). A volumetric graph 118
is then generated from the simplified mesh. After deforming the simplified
representation of the mesh, deformation module 108 adds back details to get a

deformed high-resolution mesh.

20 Exemplaryv Deformation from 2-D Curves

[0063] The basic mode of interaction of system 100 is as follows. A user
first specifies a control curve 120 on the mesh surface 116 by selecting a
sequence of mesh vertices which are connected by the shortest edge (Dijkstra)
path. This 3-D curve is projected onto one or more planes (projection planes) to

25 obtain 2-D curves which can then be edited. After editing, the modified 2-D



met hods, especially for very |large nodels. For
exanple, the Stanford armadill o nodel of Fig. 2

w@eowradns3 170K vertices. Deformation nodul e 108CT/US2006/024562
generates al nost six tinmes as many vari abl es as
vertices in the linear systemto be sol ved when
creating the volunetric graph f2 the nodel. Sol ving
such a large systemis conputationally expensive for
an interactive system |In one inplementation to reduce
conpautra¢s ava peojpeed backdef3ePriagevthe dofbuned t08rgjeneveatwigich forms
a sinplified mesh with fewer vertices (e.g., 15K for
t he therasis foraleformalioh figherirevignageiation.g s t hen
generated fromthe sinplified nmesh. After deform ng
the sinmplified representation of the nmesh, deformation
modul e 108 adds back dBxemplarvt@uryePraieatiohor ned
hi gh-resol ution nmesh. Exenplary Deformation from2
Curves [ (068 Given bthsi corighepd 6pntrelt evuaesi gl Ocsmabglst emdule 108
100 is as follows. A user first specifies a contro
cur veutarpatiesdlyt sedectp g oreisetier ®lane dbased oB) the qriginad Sontrol curve’s
sequence of nesh vertlces whi ch are connected b
shor eeesazecpyad prfl kpgmcg)a pfs%tﬂrs THE r@afrbnz: W@l‘? gOS Computes the
proj ect ed onto one or

3-D ?i&g@V@ﬁuetsh Ot .Pﬁ@&lp?}ﬁ SR vﬁaﬁyﬁs i ?‘éﬁfn@w curve’s
Miersiirs d e ePelts §iS1 sbrbil ef i HRBEE b g e the firs
Cgrééﬁllmlgﬁr\ye%torg}?gad&a B ARG oﬁ()%e@?@é%ﬂﬁ@ﬁéx%% 'o¥ the average

rojection ane

cont fl&ln%acf WMy %us?ﬁe/ Forrhocfl&@d ;ﬁé}%r BvBCHE %O ek Phbvectors are

Def or mat i on no conpute e principal "vectors

as t nﬁh%e\ﬁom%#eggnvﬁf: 1AL St %{e‘?ﬁ{%ﬁﬂd laNGsek (bahhﬁsé @ﬁﬁ@@ choose or

elgenva ues roma princ Conponent anal ySlS
over nl ey Sk MBjetion chosen by system 100.
15

Exemplary Curve Editing

[0065] Projected 2-D curves inherit geometric detail from the original
mesh 116 which complicates editing. Multi-resolution curve editing provides
one solution for B-spline curves. Deformation module 108 implements editing

20  operations for discrete curves based on Laplacian coordinates. The Laplacian
coordinate of a curve vertex is the difference between its position and the.
average position of its two adjacent neighbors, or single neighbor for terminal
vertices.

[0066] The discrete 2-D curve to be edited is denoted as C. A cubic B-

25  spline curve C, is first computed as a least-squares fit to C, representing C’s

low frequencies. Then a discrete version of C,, denoted C,, is computed by



vertices. In nost cases, the cross product of the

average normal and the first principal vector provides
wa2@anizsact ory pl ane. Wien the | ength of the BUBUSIE6/024562

normal vector is small, as for a closed planar curve,

the two principal vectors are utilized instead. In

this inplenmentation, a user car2lal so directly choose

or nodify the projection chosen by system 100.

Exenpl ary Curve Editing [0065] Projected 2-D curves

i nhemiappige eaet vértexdeft &i ontd r@msingepropogional aradetgth t@&pping. The

whi ch conplicates editing. Multi-resolution curve

edi t simplepdbsplites canve €pl aani pew oy cBnwgmienily editedes After editing,

Def ormati on nodul e 108 inplenments_edjting operations

for defermation mspriul@slOﬁa@,@@lméﬁhwmdaﬁqbca@-ﬂ%med?%% e, and a new

The Lapl aci an, coordi nate of a curve vertex js t )

di f f diseigicevHaIoReE - IIescBiVes Bicakdtheniserny éieé‘g‘;‘i&r deformation but
position of its two adjacent neighbors, or single. .
nei ghBlbithe QiginglGu veas dat: QEstorg g@é%]glﬁaﬂ guiies dpfpiledeformation

2-D curyve tq be e

Bspl plﬁgu]gdpgea‘tﬁaq?ib\tf?efelxisc?f g%%ﬁglggzgec gn1q§82rgpa|§1§8 aﬁng Sscale that
PR BT G o ARAITITE gl B o
t i i .
i;?@%éﬁ‘lﬁ%ﬁ.?oﬁp# g i ?ﬂ%ﬁé@%%&ﬂtﬁ%m@&? BEoRl s constrain
modur i SR Sthat, RE o ekl H1he BttraiL O bW Marve
Eg\é\’r ?Llslﬁ(cjﬁe%\tf %ul‘é)%gp;t%&?ve@afhe TRESE RUEVER foNEleahe ubdi®s coarse-scale

esire ormation but lack the original _
cur v odifsiatigh.! - EskentiARt Ofs t Re OrirBidlalvesdidy esf dRkeall | transform
def ormation nodule 108, at each vertex of C,
i dentpbpgsatioh® tntefeanin@t /inlelR, BiRofos aad GuivdadaséBcdr Be defined
| ocation fromCd to C Applying this transformation to
the Lnghateaty E@i%dinmﬂeﬁ‘e@ﬁotcbeq{tdpﬁgatedi ng equati on
(2) (without the second point constraint

[0067] This algorithm is posed as a curve analogy: given a pair of source

15 curves, C, and C',, and a target curve C, generate a new curve C' such that the
relationship between C and C' is analogous to the relationship between C, and
¢',. While conventional mesh deformation operations may directly transform
vertices, deformation module 108 transforms corresponding differential
coordinates of the vertices to more uniformly distributed errors across the whole

20 curve.

[0068] Initially, C, has two knots at the curve endpoints. A user can add
knots to perform editing at a more detailed level. System 100 supports two
editing modes: one manipulates a coarse-scale fit to the original curve, C,, and
the other sketches an entirely new curve. In the latter case, correspondence

25 between the sketched curve and the control curve is achieved by arclength by



term) over the sinple curve graph, results in the
generation of a new curve C. This new curve preserves

wo b@7dedsi | s of C but foll ows the user's coar SREEU006/024562

nodi fication. Essentially, this is a trivial version

of local transform "propagation" for deform ng a nesh,

but for the curve case it can B defined i ndependently

per point and need not be propagated. [0067] This
algorithmis posed as a curve anal ogy: given a pair of

sour defagur vds, this ampl@hentaticandtha tisargean calso/esperify a series of
generate a new curve C such that the relationship

bet wewresprrding prints betweanfbetve ewvhe rel ati onshi p

between Cs and C While conventional nesh deformation

oper ati ons may durectly transformverti ces,

differenti al cori_nat es f' the vertices to more .

uhi f or m V08§93 dn iopa tisylementationa systee 10G acpraete deferwation of 2-D

[0068] Initially, Cb has two knots at the curve \

endpeAripess tn3d3 areshesnl 12dd aldisesexempiay ppphisasiontqf ystam 100°s 2-

a nore detajiled |evel. System 100 supports two editing

mode: skstd-brasedl sleferpetion chathie-codap disey £Pgefighane or more 3-D

original curve, , and t t her sketches an entirel

e TP CUes 1T S nesBad. ot T it SHo e G et and for

t he sketched curve t he t.raol curve.is achieve .

by PGB ABOHET Sl D TP R 4h CHF e R TR fAupHG et will be
er ¢ l.50..S ifv.a serie correspondi ng points

35 el o BSR4 Dot or mat on

Re- Tar get R [ | o

ol emont U TUTIESD Sheus ShuBRES, AT 20, @PGe) purve gpecifiation

2-D gar ; : 18 i dj E¥ntrol

25y 2 05B0 SPLAEIE 28 24, S b e

def ofRbHO: o Te0A N #yE8Rsh 9B -YBPire SPEGHE 85 20916) HesHTRIA control

3-D e _o?l'ec:"y??/es Tyflith of-9BPEreRpEAntd ong with o ComEe

t hei £yRE QL8 B4 Qe PHONES thrdlish DH-3b) are specified on a 2-D image. (For

15 purposes of exemplary illustration, 2-D and 3-D control curves are shown as

specified points 120 of Fig. 1).

[0071] Suppose that C, is the projection of a 3-D control curve 902, and
its corresponding curves 904 in the cartoon sequence are C, ,je{L...,k}. The
index i is for different control curves, driving different parts of the model like

20 arms and legs. The index ; is the frame index — the same control curve has a
corresponding cartoon curve for each frame. Deformation module 108
automatically derives a deformation sequence mapping C, to successive C,,.
With respect to these deformation operations, it is not necessary to generate a
deformation from scratch at every frame. In one implementation, a user may

25  select just a few key frames and specify cartoon control curves just for the

selected key friends, rather than specifying control curves for an entire frame



each curve, a series of 2-D curves 120 in the cartoon
i mge sequence that will be used to drive the

wa@ledoonerss on of nesh 116. [0070] Fig. 9 shows BXEDR1086/§24562
3-D and 2-D control curve specification for
deformation retargeting from2-D i nages. Mire
particularly, control curve setX 902 (i.e., 902-1 a
t hrough 902-3b) are specified on a 3-D nesh, and
control curve sets 904 (i.e., 904-1 a through 904-3b)
are syeeidei ed dreferngationi maglele (8ornmplenpote pugdmatic  interpolation
exenplary illustration, 2-D and 3-D control curves are
showepesatiansdwistd en diffenential 1cpordinatey tp, infgrpolptsoletyveen key frames.
Suppose that Cis the projection of a 3-D cgntrol .
cur vEo@zampleg SUpROsEofess im diviny masheesMogudi 4/t iith the same
cartoon sequence are &J ,j e {Il,. .., & . The i X .
i s feRNIGFHYIRE eﬁgeQ?qu HleSIEe{ﬁrr\?B’%?efﬁ the idﬁ%’nﬂ‘ieﬁ;‘[f“%‘?sbﬂtqa at two key
pﬁrt? f the nodel like arns and | egs. The index j is
the 'R index - the sane control curve has a

ZDZE or et NP oWk 08 ) fa er DY e copputing  Laplacian
t i - -
w ¢ neyaeoalts 8 FREC s REP Pgie SRS HERERD H@ofgtian module 108

not Qoerﬁglﬁgsf‘ga }r(%c;@?x%ﬁgﬁgéﬁlfeﬁ% ﬁlééé@%?l;r[gﬁ%ﬂkfaﬂmfoﬁ%eﬁ@ﬂ gérfe'?( p, taking

at ever a user nm

sel egf L%ﬁl&ci@n feBUtdEYe b BBHioRPEE iafr Yo At ‘?éég, see the above

control rves just ftor the selected key friends,

;lé‘t heLctibRafedPeXe bl ISGBERRlonCH BSVHRmed ERMPH"S Denote the
ranesequence. Deformati on nodul e 108 i npl enents

aut ogBLJrSrrhdHoRr RO lrat BY inteRpeladk ¥ash Baggerdtion from the identity to

differential coordinates to interpolate between key

framgs.ovePtinRX aPled a SuRAIES &atiie Eaplaciah woordishe srod M to M'.
and M with the sane connectivity. These two neshes

repr aseifs poiat, désfommibnmrstule 128 adoltesothk egquiatiame@) to prdvide a

[0072] Deformation nodul e 108 begi ns by conputing

Lapl agjuance of meshes from M to M'.

15 [0073] The 2-D cartoon curves only specify how the deformed curve
projects in a single plane, leaving unspecified its shape perpendicular to the
plane. In view of this, system 100 allows a user to select other projection planes
to specify these extra degrees of freedom, if desired.

Fig. 10 shows additional exemplary comparisons of conventional large

20 mesh deformation techniques as compared to the large mesh deformation using
the volumetric graph Laplacian of system 100. More particularly, from left to
right, the top row respectively shows an image of an original mesh, and
exemplary image showing results of Poisson mesh editing the deformation, and
an image showing exemplary results of large mesh deformation using the

25  volumetric graph Laplacian. The second, or bottom row, respectively shows

enlarged portions of the deformed regions associated with the immediately above



coordi nates for each vertex on the two neshes.
Def ormati on nodul e 108 conputes a rotation and scal e

w0 poovhe24sdcal nei ghbor hood of each vertex p , PERUSIP06/024562
the Lapl aci an coordinate fromits location in Mto M
(e.g., see the above section titled "Exenplary
Def ormati on of the Volunetric @G4aph"). Denote the
transformation by Tp . By interpolating each
transformation fromthe identity to Tp over tine, we
get mmapeoint ke ytop aowi. nFhatjsl dvages inowrlwinnaek afe espobdated with an
M . At this point, deformati on nodul e 108 sol ves the
equaviiginal( @psht bl Griovaigere i celamueds eosesprndhiesresplenpivtieooriginal
M . [0073] The 2-D cartoagn curves only speciiy_hOMI_
t he westohandag been defpropdasing Paisgon megh edisngnand jngages gy column
unspecified its shape perpendicular to,the plane. In .
vi ew(@orpsponddy sl ob LI BUAl Tachdwing et detgrmsiising large

' I j f h

P ccbth ok rsie BEgo I hEReh LABEBRRFsSiom 100

exenpl ary. conpari sons of conventional |arge nesh

ge; ogﬂﬁm _ hes als conpar ed toht he :ar ge nesh

ef ormat i .Ng, ,t vol unetric,ara L j f
system 16867#/?%%& ﬁp\gm%{h%e@}%% ﬁr&p ?&&%%??(ZE{O? {a5ge mesh
top r respecti . ' [, Qi : :
msﬂﬁwg%%é@eﬁ%?%%y B REAPlaBispy TS PhES of discussion
nes [ : ol |
exenBi ey AElehy AUBE AP o ARoR s i BROBAE M s

Y§! UBRLE G FbAPBnAP LAFIAN. THE13EH88YioR orROLdRFBreAV e ference
f Fag

respectively shows enl arged portions of "the deforne

regi QRSLASRRANALLhebitichiRe figiie ] ahedhy tRDEUEHIREE firdt appears.
the top row That is, inmages in colum (a) are

assoaidaitRdaiy,t Rltldugdr Feg nal prdedts 1dferatiofBIes précedatel®O in a
(b) correspond to results o? the original nesh having

been paeitolareeicdSptgationks Ss@tian@s Wit dinyi spgeifiandodkmade procedure
in colum (c) correspond to results of the origina

mes hnfagn\be righphaesmtadieihor difdrens brigr.| Borgexample, operations of block 1104

ﬁlgbed with

15 may be implemented before operations of block 1102, and/or so on.

[0075] At block 1102, deformation module 108 constructs a volumetric
graph 118 from an original mesh 116. In one implementation, deformation
module 108 constructs the volumetric graph using intermediate inside and
outside graph data structures. The inside graph is a simple lattice that is

20 constructed to lie inside the original mesh 116. The inside graph includes
original mesh points as well as derived points, and is used by deformation
module 108 to prevent large volume changes during large mesh deformation
operations. In one implementation, deformation module 108 constructs the inner
graph using simplification envelopes to offset each vertex of the original mesh in

25 the direction opposite its normal. In one implementation, deformation

module 108 constructs the outside graph to prevent local self-intersection by



mesh deformation using the volunetric graph Lapl aci an
of system 100. Exenplary Procedure [0074] Fig. 11

WG bwr®oams exenpl ary procedure 1100 for | arge nBSHUS2006/024562
def ormati on using the volunetric graph Lapl aci an. For
pur poses of discussion and exenplary illustration,
operations of this procedure ard described with
respect to conponents of Fig. 1. The left-nost digit
of a conponent reference nunber identifies the
par t iteratiealy Piffyettiegieacinietéx ofhthecwigien engshftowerd the outside of the
appears. Additionally, although Fig. 11 presents,
oper atigivalsmesh mﬁ@@dﬁe@rmugn P dailepkdSt ‘?%ﬁﬁ &Pn@ﬁcﬁéﬁs between the
operatlons associated with any specific block of
pr oc igide anghppitside gwh%w%ﬂ@d)rmmaé meRspild pdargetse der defPHFatlon to
exanpl e, erations of bhlock 1104 nmay be inplenmented
befoB@mﬁﬁ%g yohwaetse g%ck 1102, and/or so on. [0075]

® ?gfrlélﬁfﬁﬂﬁﬁ%{ﬂ e SRR oo g e
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mesh I:Ie}gits y\?sl rg‘gcag{}?lﬂ rbn' Qcaltls% é‘Vléeg' ﬁab(}gev?é\v of a original

p0| nPs as pol n IS use

def Ogn'g?if P@lsrﬂ}gééh?eéi]t?%hé ﬁse'?r ﬁ@UI' Qfsgrf‘g ¥y Houge &Q@ng‘%ﬁher type

duri ar ge nes ormatlo operations. In an
Pl 6 BIrﬁﬁlg@Qlecﬁi&{ AeVRE] AR HREULRCE0S s@@%?tﬂdﬂ% Sorf BR original

i nner graph-using sinplification envel opes to offset

eaChm‘é@l‘i‘l%dﬁﬁnlh@ﬁquT DioAgb] émed 120 the direction
opposite its normml. In one inplenmentation,

def ormat i [@077]‘2@%1%&%0@ O bkt fo® mbauleutosn dvgy aphuied to edit
prevent |ocal self-intersection byiteratively

of f sefet3-Dyceael Mevdsel00fs kdppeciviegRinlconesh ctuaami 20 tthegenerate
outside of the original nmesh surface. Deformation
modubefotfigd baittad sunen 24t Thedefoehedemttdieurves 124 indicate how the
15 original mesh 116 is to be deformed. In this implementation, a user specifies
how the original mesh 116 is to be deformed as follows. Deformation
module 108 projects the specified 3-D control curves 120 onto a projection plane
within the UI as 2-D control curves 120. The user deforms the original mesh 116
by manipulating the projected 2-D control curves 120 using the provided UL
20  This indicates where the points specified in the 3-D control curves 120 are to be
moved as a result of the defined deformation. For example, in one
implementation, a user manipulates the projected 2-D control curves by selecting
a 2-D control curve with a pointing device such as a mouse, a graphics pen,

and/or so on, and modifies the 2-D control curve 120. For instance, the user may

25  draw a new curve representing a target curve (i.e., deformation), directly edit the



i nside and outside graphs and the original nmesh 116
targeted for deformation to generate the volunetric

wW@e@pl024fD076] At bl ock 1104, deformati on noduPEr/LORI06/024562

allows a user to specify a set of 3-D control curves

120. Each 3-D control curve identifies a set of points

on the original nesh 116. In or i npl enentation

def ormati on nodul e 108 presents a user interface (U)

on a display device. A 3-D view of a original nmesh 116

i s piékemtvedising Bisplins eonttnl pofigs presetdsd g the Pels@yvaoby the Ul,
sone other type of pointing/selection device, the user

sel egfts a set of points on the original nmesh 116

defining the 3-D control curve.120.(£ﬁgiﬁi At bl ock i
1106, defl80eAtdriodlollNSe deframatippwroduirel fs ereates thelilaplacian of
the 3-D control curves 120 as respective 2-D contro

cur vg@ pmetsicoEaRt At e (ofef Bienedunsisicr gprl &@P@lailzld."fg to encode
The deformed . control, curyes 124 indicate how.th
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exanple, in one inplenentation, a user mani pul ates the

proj ect edogrgp ROBIJRI11¢0T VigforRMtiSe! B64H1RI08 defBrms the original
control curve with a pointing device such as a nouse,

a gr aekH €6 baBd oaRkd @foRedEont@dNeurvesli 14, el thiemamer, system 100
control curve 120. For instance, the user nmay draw a

new ptolides hepEesbakd dgfoambhas:g Sfstai aMeéwlng. £user to create large mesh
deformation), directly edit the2-D curve using

B- spti¢fomnattomkr ol poi nts presented on the 2-D curve by

fhe U,

An Exemplarv Operating Environment

[0080] Fig. 12 illustrates an example of a suitable computing environment
in which large mesh deformation using the volumetric graph Laplacian may be
fully or partially implemented. Exemplary computing environment 1200 is only

20  one example of a suitable computing environment for the exemplary system 100
of Fig. 1 and exemplary operations of Fig. 11, and is not intended to suggest any
limitation as to the scope of use or functionality of systems and methods the
described herein. Neither should computing environment 1200 be interpreted as
having any dependency or requirement relating to any one or combination of

25  components illustrated in computing environment 1200.



etc. [0078] At block 1108, deformation nodul e 108
creates the Laplacian of the volunetric graph 118

W@ 20og/0924he vol unetric graph Lapl aci an 114) t oPE€NUSHO6/024562
volunetric details as the difference between each
point in the graph and the average of its neighbors.
These volunetric details are utd?ized during
def ormati on operations to i npose a volunetric
constraint that prevents unnatural changes in vol une.
These vol[0084] The rethaid sndlsggemnclesddddpuireinsarg apstational with
di stance outside the original nmesh 116, which are used
dur | mgnetehor ethei ogenerér atipess oo spadist antpetel woppatiest system,
| ocal self-intersections of the volunme. [0079] At
bl octvirpngentsedroporitauErionsd Hrennios of sfdFkRowngomputing systems,
original nmesh 116 based on, the deforned, control curyv
124. eYviropRiestspaRtier configurations Bt pag\peduiatle for s- ipelue; but are
def ormati on_systemallowing a user to create l.ar

res gn@eh@rtﬁ%.tw SO, CRRBBIasVep SPRPHIGE, ERVEPERAERE Systems,
Eonpﬁ%%lﬂa\%ewwr S et TP DEChraoRi e GRainframe
ég:&g ?pp of}%ﬁ{qugﬁ%{g Eﬁt@:}%? vll%%g%”ts”ﬁ}é% g&é%d\jel %X 3F the above
ori st AGes” XATRL &0 sl o?%%g%gf@ 6 the framework

hé exanpl ary system
exenpl,

to sig eﬁ&%@ﬁ#ﬂl&ﬂ?nt@é ift! Genfslof FRfteldS 3 fcéftﬁ'aﬂ?a% handheld

ation as to the scope of use

bmc&l)rﬁ List %y %Eh iy 0es. hpgls ﬁvl%ﬁtl&?sﬁfhbg not required,
%D be

erern. |ther s uting environnent 12

i nt eppuege ré’c‘ﬁc@@vhng (ﬁEWleféHe M OEn\Flﬁﬁﬁ&hern@n@Hére tasks are
relating to any one or conbi nation of conponent s

1T uptiiathRd 16y CRERME | RBoRBMhg OasHEBds 12@0. bRO8IJkelhethrough a

nmet hods and systens descri bed herein are operational

W t hcommunications network. In a distributed computing environment, program
modules may be located in both local and remote memory storage devices.

15 [0082] With reference to Fig. 12, an exemplary system providing large
mesh deformation using the volumetric graph Laplacian includes a general-
purpose computing device in the form of a computer 1210 implementing, for
example, system 100 of Fig. 1. Components of computer 1210 may include, but
are not limited to, processing unit(s) 1220, a system memory 1230, and a system

20  bus 1221 that couples various system components including the system memory
to the processing unit 1220. The system bus 1221 may be any of several types of
bus structures including a memory bus or memory controller, a peripheral bus,
and a local bus using any of a variety of bus architectures. By way of example

and not limitation, such architectures may include Industry Standard

25  Architecture (ISA) bus, Micro Channel Architecture (MCA) bus, Enhanced



numer ous ot her general purpose or special purpose

conputi ng system environnents or configurations.
wE2@modrs3 of wel | - known conputing systens, PCT/US2006/024562

envi ronnments, and/or configurations that may be

suitable for use include, but are not limted to

personal conputers, server con®#ers, nultiprocessor

systens, m croprocessor-based systens, network PCs,

m ni conput ers, mai nframe conputers, distributed

conplRA (I Seén bius.oviiden Edectroaics Standande Assgciafornt (VESdblpeal bus, and

systens or devices, and so on. Conpact or subset

ver sPaiphentl GomepoheriivionedanaeiyPaldnisiadsoi lmomerasivlezzanine bus.

clients of |limted resources, such as handhel d

conmput er S008 Aoeeraputeo bt ypigalieinclidss a vaECtyRfcampyfer-readable

al t hough not required, may be practiced

di st Pt SmuBigTerdisicemadiaminbe e évati[.%@ﬁesr%qdéé that can be
PR oo DRI GG TEL ik Poth VRIS P GRIRtIe. media
COMBAL L1 B el B4 e S5 b L8 i
0082] W.th f . Fig. 12.. | .
S R R e L
g7 a0l L3k AGHAD BGHLIIS5mA 0PN SLALRULAOSE ST Nlolate and
evice in the tTormof a conputer £210 Inpl enenting,

for ﬁmfgef 6§1¥1§{/ﬁﬂé %7]9% g@?—r{ﬂl&rabl]e m&ﬂmpﬁm&gﬂzig’any method or

conput e.r . may 1 n ut are not mte
P OCRIRMAGH P §i8dagd 2AVUnfRnaMNSh SMHBIROMphEIPeaddBR structions,

system bus 1221 that couples various system conmponents

i ncl ggth Neinidd@esY praRmMERRHYel Oort REndR" 858S TloRfputtti btorage media
1220. The system bus 1221 may be any of several types

of biglgles,Usitus @5t liftled db MRIAM, MEOWL, YERRIBOM, fld@ADAsMmory or other
controller, a peripheral bus, and a | ocal bus using

any flenfry asdhablogof CDUROM CHigitel versattle BykswVI0¥ or other optical
exanpl e and not [imtation, such architectures my
i ncl ddke stordges tmagnStiapaaeides, magnetic tape, magnetic disk storage or other

15  magnetic storage devices, or any other medium which can be used to store the
desired information and which can be accessed by computer 1210.

[0084] Communication media typically embodies computer-readable
instructions, data structures, program modules or other data in a modulated data
signal such as a carrier wave or other transport mechanism, and includes any

20  information delivery media. The term “modulated data signal” means a signal
that has one or more of its characteristics set or changed in such a manner as to
encode information in the signal. By way of example and not limitation,
communication media includes wired media such as a wired network or a direct-
wired connection, and wireless media such as acoustic, RF, infrared and other

25  wireless media. Combinations of the any of the above should also be included

within the scope of computer-readable media.



Architecture (ISA) bus, Mcro Channel Architecture

(MCA) bus, Enhancedl SA (EI SA) bus, Video Electronics
wee@ndexsds Associ ation (VESA) | ocal bus, and PeeT/phmnad24562

Conmponent Interconnect (PCl) bus al so known as

Mezzani ne bus. [0083] A conputer 1210 typically

i ncludes a variety of conputer-2%adabl e nedi a.

Comput er -r eadabl e nedi a can be any avail abl e nedi a

that can be accessed by conputer 1210, including both

vol ati | e [A0RS] System membey 1230 includesmomhites storage media in the form

non-renovabl e nedia. By way of exarrpl e, and not

|'i mi ofvoletile ashipunanvolasidel gismeryrsed vaamddmhorrmeg@ory (ROM) 1231

conmput er storage nedia and conmuni cation nmed

Conpaitcer &ansioBye AOeEsH | ARINQIEEROMAI33 2 Aind "basic input/output

nonvol atile, renovable and n removabl e

i npl Sivtsat 6493 DI moRHFRNS ¢ %leech%ﬁ‘ﬁl 6%}}}1“!3& Ci?tt op%ll@e tQyf transfer

uch as .conput er, - readable

:jg g{ Mgﬂi@@ee&%w et eempyter] Z#.]lg)?t e 8ur1rig start-up, is
Lo, " RRREL R e sRahO 12 ﬂéﬁ%#?%%{%@ %%P@ data._and/or

gf EQB%&%%X CTB&PL-}}?R%H& "3? altérg}le ccggsgglg :tléf’ ﬁc%llp or&ently being
migngtelrgt b8 9&%5&1% u%{ltsll.{zﬁt %E{Iaﬁf%/ % Q%Hl?ﬁ nﬁ@%'ﬂ%{ 'hgntatlon

st or eVI ce or an her

2 D T T2 o
dp' ‘p‘ﬁthka){nﬁ{HQlﬂiysq%GOJﬁH#ﬁ%ra&%@aﬁpiﬁ I nstructions,

dat a structures progra dul es or other data in a

nodul at ediopgd)ariRl WRfHpusaD1 @SRy Calshi ficl¥@Y CotRér GEMeYable/non-
transport rrechanl sm and i ncl udes any information

del i Y@horaBRY i vdlatiléBodw@ildtle nsdeHpuds eordaé an&dignBY "wile @fisexample
a signal that has one or nore of its characteristics

set ehlycFaniged iilustaed @ hamndiek daisetladentatdeads from or writes to

information in the signal. By way of exanple and not

l'i M hed-rehovablsymaonivokatileo magreicamiedr] wdasgmétice diskedtivee 1251 that

such as a wired network or a directwired

15 reads from or writes to a removable, nonvolatile magnetic disk 1252, and an
optical disk drive 1255 that reads from or writes to a removable, nonvolatile
optical disk 1256 such as a CD ROM or other optical media. Other
removable/non-removable, volatile/nonvolatile computer storage media that can
be used in the exemplary operating environment include, but are not limited to,

20  magnetic tape cassettes, flash memory cards, digital versatile disks, digital video
tape, solid state RAM, solid state ROM, and the like. The hard disk drive 1241
is typically connected to the system bus 1221 through a non-removable memory
interface such as interface 1240, and magnetic disk drive 1251 and optical disk

drive 1255 are typically connected to the system bus 1221 by a removable

25 memory interface, such as interface 1250.



connection, and wireless nedia such as acoustic, RF,
infrared and other wirel ess nedia. Conbi nati ons of the

wa@ey706245he above shoul d al so be included w t hPeT/UR®06/024562

scope of conputer-readabl e nedi a. [ 0085] System nenory

1230 includes conputer storage nedia in the form of

vol atil e and/or nonvolatile nerfifry such as read only

menory (ROV) 1231 and random access nenory (RAM 1232.

A basi c input/output system 1233 (BIOS), containing

t he basi d00&5iflheekivehand edipassocitted eofmputer istaagmmiedia discussed
bet ween el enments w thin _conputer 1210, such as during

st arghayp, and ilppirated |ip Siored2i predis 123@ge RafVicoppRter-readable
typically contains data and/ or program nodul es that

ar e ingiegionse| data cHBICEITBY, e PERErYRC /MeRdUlse et |ofhgseidatp for the

operated on b rocessipng.unit 1220. B y of exanpl e
and SREPYLPI At oA ieies é’i fos exgpilet i disks YEa{?r‘Hng hustrated as

Lot ST Rl R SeS Thrgrn
Egzn?%tgﬁ\gs% 5 200 PRiekOn BT o Mol et EFS F5pndaR can cither be
oy B SR B T R 125,
ai sk BEP YR G AR P End BASMCAIRL D GodBARE e 1244,
r enoy, "cgqi%{&gg%ﬁstlm Hﬁggﬁfog&n{jhl% utk€3246, 34 R8ram data 1247

opt i I've 1255 th: eads fromor "wri
{@0¥abkiCen r&i‘i’ﬁ’é’x@h@hﬁﬂn@exg _me'r@&%ab hig{rxs?d‘ate1 28 BHF Brd%t dedsPdifferent

ROM or ot her optical nedia.
r enoyadse/ non-renovabl e, vol atil e/ nonvol atil e conputer
storage nedia that can be used in the exenplary

oper at i Ngo@ssyiA onpENtmayICeade, chiande BRd idfBihthnt Ointo the
magneti c tape cassettes, flash nenory cards, digital

ver sedrheterdi HRsthrelghi irgut \dediees tsagte as sokegbairdil 262RAMI pointing

solid state ROM and the like. The hard disk drive

1241device 1261, commonly referred to as a mouse, trackball or touch pad. Other

15 input devices (not shown) may include a microphone, joystick, graphics pen and
pad, satellite dish, scanner, or the like. These and other input devices are often
connected to the processing unit 1220 through a user input interface 1260 that is
coupled to the system bus 1221, but may be connected by other interface and bus
structures, such as a parallel port, game port or a universal serial bus (USB).

20 [0089] A monitor 1291 or other type of display device is also connected to
the system bus 1221 via an interface, such as a video interface 1290. In addition
to the monitor, computers may also include other peripheral output devices such
as printer 1296 and audio device(s) 1297, which may be connected through an
output peripheral interface 1295.

25 [0090] The computer 1210 operates in a networked environment using

logical connections to one or more remote computers, such as a remote



is typically connected to the system bus 1221 t hrough

a non-renovable nenory interface such as interface
wa22eo/ooassl magnetic disk drive 1251 and opti cabCHUS1006/024562

drive 1255 are typically connected to the system bus

1221 by a renovabl e nenory interface, such as

interface 1250.[0087] The drived and their associ ated

conmput er storage nedi a di scussed above and illustrated

in Figure 12, provide storage of conputer-readable

i nst camoputemk280dat Bhes tanuwe woeputeyldge amaymbd s @srsapal computer, a

ot her data for the conputer 1210. In Figure 12, for

exangrest, haouierd p oRtverk PE, 2 paar deyide|or géter gpmanansnetwork node, and

storing operating system 1244, application prograns

1245as atfegtiosr @‘g?t%lm%algr amplemeglatigRdmay Jaslids @aaoy or all of the

S At lEBOB S TER SR UG o e oH UG S A P9HEl Snly a memory
R B BRI T i) 8RR Bk Bhnecions
DBl oS8 PR TS (YA REHR T R8P sl e e
Oobf Rkt BURNIEY 2L PR Bl RN el ARG, Bk SRrvworking
SR s NS e Y B UG Autr networ,
refeﬁh%ﬂmggn@ﬁfﬁhﬂg e, trackball or touch pad. Oher

i nput devices (not shown) may include a m crophone,

1@ysti ck, 086 BPIHES uRENn3NCA RAsbtwEALS) bhvi®neienbl the computer 1210
scanner, or the I1ke. These and other input devices

are of t gpnreeraected thed YN PRPCEsBionghUnd t nkBR6k interface or
t hrough a user input interface 1260 that is coupled to

the syHh@M200s WiZAl, utddt Ry abeWraNnegdtetriiyg otdneironment, the
interface and bus structures, such as a parallel port,

gamecmapiiteot2 18 typlcdlly daludes miradddnu$272USB)thef MBS fol establishing
nmonitor 1291 or other type of display device is al so
conneahenintoations over the WAN 1273, such as the Internet. The modem 1272,
15  which may be internal or external, may be connected to the system bus 1221 via
the user input interface 1260, or other appropriate mechanism. In a networked
environment, program modules depicted relative to the computer 1210, or
portions thereof, may be stored in the remote memory storage device. By way of
example and not limitation, Figure 12 illustrates remote application
20  programs 1285 as residing on memory device 1281. The network connections

shown are exemplary and other means of establishing a communications link

between the computers may be used.

Conclusion
25 [0092] Although conventional differential-domain mesh deformation

techniques preserve surface detail as a mesh is deformed, such existing



the system bus 1221 via an interface, such as a video

interface 1290. In addition to the nonitor, conputers
worean7ab=63 | ncl ude ot her peri pheral output devi PEFUS20061024562

as printer 1296 and audi o device(s) 1297, which may be

connected through an output peripheral interface 1295.

[ 0090] The conputer 1210 operat¥s in a networked

envi ronnent using | ogical connections to one or nore

renote conputers, such as a renoteconputer 1280. The

r empteehrigvgsutypically quodune ojeetiopebleopiathioprandt mtersestion artifacts

server, a router, a network PC, a peer device or other

cormbhethiestamabiar is lavas. Systany 10cafifde loaddresses these problems by

particul ar inplenentation, may include many or all  of

t he @qemwgsv%@em%éﬁa%meﬁemeét by dhe Folumetiie gpirbef-aplacian.

1210, al t hough onl nennr Sstora evice 1281 h
beenThlm ﬁfﬂtﬂﬁ%} A5 %?egupféw gies ﬁeg%cgycgaesleaan%%ﬁsﬁsobwcts-
{ ﬁd i,n F| ure 12 incl ude, a Io are
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ce O apter

usediijnfedtd m SBS&?P ﬁ?hﬂ‘és Slné( fo‘ﬁg % ibed. hRa QF'RH@ 601flC features

1210 typic y'in es a no en11 or ot

fOr St Rl Mg sGQEMUD0 G Hﬁ@l%sé@’@sre)&ﬁﬁ)l %ﬁgg@f 1mplement1ng
such as the Internet. The nodem 1272, which may be

i Nt efhe@laied Sxtj€dt@dtier. My be connected to the system
bus 1221 via the user input interface 1260, or other
appropriate nmechanism In a networked environnent,
program nodul es depicted relative to the computer

1210, or portions thereof, may be stored in the renote
menory storage device. By way of



exanple and not limtation, Figure 12 illustrates
renote application prograns 1285 as residing on nenory

wa@leop7oe43P81. The networ k connecti ons shown arBCT/US2006/024562

exenpl ary and ot her neans of establishing a

comuni cations |ink between the conputers nmay be used.
Concl usi on [0092] Al though conwnti ona

di fferential -domai n nesh deformati on techni ques

pres rface detail as a nesh is defornmed, such
exisém‘ﬁ hni ques typically produce objectionable

pi nchi ng and intersect i facts .when the

ion ar
def obmat AP .m%@ﬁtﬁ"%ﬁowrlﬁpéi 1 addresses

these probl ens by, preserving volunetric.details. .
represe ntréﬁﬁlﬁ'?gtlﬁf@&}%%ﬂ%‘?‘p%cusa? hcaﬁg% PSY; 8 rigppgl gesh is to be
sol uiagefon ayoids the intricacies of solidly neshing

conp 0P 88 s. Al t hough the systens and net hods for

| ar ge mes f. 1.Qp: V. ' :
Lgpl aci an&fg(gr\%gg%gﬁéhogg%%ﬂnbgag%ﬁdl%ng%gggdrglgggﬁl% g at\éommeuw
stru . | ted {0}

or  adiitiiel BRbMRRE R o RHAR, ROMATERRRLEHAT e orginal
defiped in the appended clainms are not necessarily

limted to the specific features or actions descri bed.

Rat her, the specific features and operations of system

100 are disclosed as exenplary fornms of inplenmenting

the gl ai pegetisl] FFcllaimal tvelicréhAhd/Bfdrmaion is one or more 2-D control
conput er -i npl ement ed nmet hod conpri sing: receiving

0f owmed derifddoffom oigeor mdel epédtiyelBP eontmi icgiveal specified with
nmesh is to be deformed; and deform ng the original
meshrdpsedo the dripgndl mfesh.nmati on and a vol unetric

differential operator applied to a volunetric graph
generated fromthe original nesh.

3. A method of claim 1, wherein the information is one or more new 2-D
control curves specified by a user to represent deformation of the original mesh,

15
4. A method of claim 1, wherein deforming the original mesh is independent

of solidly-meshing surface interior of the original mesh.

5. A method of claim 1, wherein the volumetric differential operator is a

20  Laplacian of the volumetric graph.



2. A nethod of claim1l1, wherein the information is one
or nore 2-D control curves derived fromone or nore

w0 e@poess’e 3-D control curves specified wth PEFPEIDG6/024562
to the original nmesh. 3. A nethod of claim1, wherein
the information is one or nore new 2-D control curves
specified by a user to represersd deformati on of the
original nmesh. 4. A nethod of claim1l, wherein
deforming the original nesh is independent of
sol i 6ll y- Aesbihod sfucihmed, iwheeeinahe ofolurh@riordiffereatialmegdrator is a
5. A nethod of claim1, wherein the volunetric
di f f bapdadiaralofother solomeiric grapdip|theilaplasiarn o6 thel velsmeirie graph
graph.6. A nmethod of claim11, wherein the volunetric .
di f f ercedingavolopeirict details of thesiriginadimeth eha velumetis difference
graph, the Laplacian of the volunetric graph encogi ng .
vol ubeEWeet eerdt BeIN o mulfiple MOIF Map YAdwReRS graph and a Volumetric
volumetric difference between each point of nmultiple
pdi ntwrags of ngighbawsialieacyPeiph and a vol unetric average
of nei ghbors of each point. 7. A nethod of claiml,
wherein the volumetric differential operator is a

_tLﬁgl g: 3%\9%@%@89%8‘3{9@% g\éﬁqgg\?ﬁp hvé@rs?tbggéeifr%ﬁ%gla ]:c))perator is a
LEE‘SEE?X@'?# 1 e vE RIS ety 8 kG or RO L itbetric. graph
t UL e Aot al LS.l Udi ng. ROLILS Ut o do

or ie g?\a/rgcgﬁln é/hﬁlggegﬁg' %e?a&ipsr g(l ll'ig-ltpp?ec g?)gl?fri%t&gﬂtr:é{sg’?mg% it%%tg prevent

h G Ql%a‘&{uﬁ{e a%lé’lgﬁ% gi ?ﬂ?‘ﬁ% c?éfo&liggzmgﬁi halchaiiMide volumetric

erern er conpris oW ng a user

to spagild c%ﬁlgg;;o_iﬂ@ IoBtsRied ARG AhalGHE KO A sihPR lattice-structure
surface of the original nmesh; presenting a respective

2-D gopbin@linG8s ¥etht @righal wegt. corresponding to at

8. A method of claim 1, wherein the method further comprises:
15 allowing a user to specify one or more 3-D control curves on the surface
of the original mesh;
presenting a respective 2-D control curve to the user corresponding to at
least one of the one or more 3-D control curves; and
allowing the user to modify the 2-D control curve to specify movement of

20  aset of points associated with the 2-D control curve responsive to deformation.

9. A method of claim 1, wherein the method further comprises generating the
volumetric graph by:

creating inside and outside graph structures, the inside graph structure

25  being a first lattice constructed to lie within the original mesh, the outside graph

structure being a second lattice constructed to lie outside of the original mesh;



| east one of the one or nore 3-D control curves; and

allowing the user to nodify the 2-D control curve to
wap@ciobysaovenent of a set of points associ at eBCTHIS1006/024562

the 2-D control curve responsive to deformation. 9. A

met hod of claim 11, wherein the nmethod further

conprises generating the volunmdric graph by: creating

i nside and outside graph structures, the inside graph

structure being a first lattice constructed to lie

wi thin t faildinigyi cainentiahbetiien thetisside goaphitrusture gndsike original

being a second lattice constructed to |lie outside of

t he weslgiandl nesh; bui | di ng a connecti on between the

inside graph structure and the original nmesh; an

connect i rgndestiag|dstadls of He wiids grarly ﬁfzﬁ%u@t‘?’@é’fh?roélg\matl fnesh.

the original nmesh. 10. A nethod of claim1l, wherein

t he net hod further corrpri ses gener ating the volunetric

graph by: cre tln |nS| tsid

st r ubl-ur ed, methad joh Gl r‘é{ fFF""%"( 9%5 é?ﬂﬁ%‘g Eg%???j cquyPrisgy generating

lattice onstruct tolle within the original nesh,

the B6ite ‘H%et’d?ﬁfﬁl? Pructure being a second lattice

(IC:) ? 2 \S;te H" |C tn & d%‘%’%g’é“\%% | %{io%%g()f F%pl'}xd st?uct&]e a{he m?@ﬂe g graph structure

ring
(rjneefsﬁ %gélﬁ 1rFﬂ$ { %tc' Iﬁ%ﬁm ?ztg ?tﬂﬁ%é Bné gﬁl 191@% tﬂéal)utmde graph
strughilhg b@ﬂ% %%Xbr?& faffe! 08 c‘?é%l th ‘he'?)tu?s'i&ee&iiﬂqg Brlgfnal mesh;
vertices rresh ormati on operati ons

soci ated wi e‘}eﬂgng rlélgb %Ilurﬁ@ sha2Rs &lriap lhfgfe%gﬁlt g@fﬂrmatlon

ased on the outside grdaph structure. 11. A nethod

ﬁger%oﬂ%l AlsPRidted WOBK 8hS ofigiAl MARE (s fbfthfidin BBRA on the
furt conpri ses bal ancing preservation of original
sur f aGaRIcdehH dthuchssofidat ed

obviating local self-intersection of vertices during large mesh

deformation operations associated with the original mesh based on information

15  based on the outside graph structure.

11. A method of method of claim 1, wherein deforming the original mesh
further comprises balancing preservation of original surface details associated
with the original mesh, a user's chosen deformation locations, and preservation

20  of volumetric details specified by a Laplacian of the volumetric graph.

12. A computer-implemented method comprising:
presenting a user interface to a user, the user interface displaying a 3-D

25  mesh;



with the original nmesh, a user's chosen deformation
| ocati ons, and preservation of volunetric details

w@p®ciolsssl by a Lapl aci an of the volunetric gre@hUSR6/024562

A computer-inpl emented nmethod conprising: presenting a
user interface to a user, the user interface

di spl aying a 3-D nesh; al |l owi ng 3the user to specify a

3-D control curve with respect to the 3-D nesh;
projecting the 3-D control curve onto a plane as a 2-D
control culoneng thieluseli togpediy ai3-Er cantrod dintve twith @sct to the 3-D
control curve to create a nodified control CU Ve that
specintsles targeted deformati on of the 3-D nesh; and
deform ng the 3-D nesh based on a vol unetric_graph

Lapl aci arplavépﬁl%@ef%larﬁpﬂﬁ@l QUYS PRIQ B PAaNG 26 13e2-Rodn gple‘alrve
contr ol met hod of claim 12, wherein

al | owi ng %ﬂé&l@% l{sar B ﬂ@%%szcqﬁtr@éﬁ?rwsﬂo gigpiper modified control

oﬁéégﬁiﬁf dé%?esé%ggtséﬁﬁﬁﬁw%e%&?@“ BER i e bei ng

t th

wherein &I Clﬁ%*l}e%’ GBEaston £ VPR e Degh R derived
cur Ve LUBL S5 SORE) BES, RRRSPOLIAG Brapl I ne control

poi n curve spline control
poi nts bei ng sel ectable for manipul ati ng shape and
size of the 2-D control curve. 15. A nmethod of claim

12, yher eAr}ngt‘FB@ e Rgmt e vﬁleglﬂﬁg&vfn%rthg ©ker%8 'Ha?c' the § D control

creatl ng a volunetric grap ased on-vertices o

g0 D E@r@@ furti c\‘)ﬁifﬂt‘ %ﬂe%rﬁﬁ@ﬁﬂe GRRYHS A 9p1?011un1ty to create a new
sinple-lTattice of vertices rnside of a surface

assogires,@He Wew RutvRedreRhABfifitonab! &5es out si de of
the surface; and
14. A method of claim 12, wherein allowing the user to edit the 2-D control
curve further comprises presenting B-spline control points on the 2-D control
15  curve, the B-spline control points being selectable for manipulating shape and

size of the 2-D control curve.

15. A method of claim 12, wherein deforming the 3-D mesh further
comprises:

20 creating a volumetric graph based on vertices of the 3-D mesh, the
volumetric graph comprising a simple-lattice of vertices inside of a surface
associated with the 3-D mesh and vertices outside of the surface; and

determining a Laplacianr of the volumetric graph to encode volumetric
details as a difference between each point of multiple points in the volumetric

25  graph and an average of points neighboring the point.



determ ning a Laplacian of the volumetric graph to

encode volunetric details as a difference between each
w@oionnors3 nmul ti pl e points in the volunetric grephus2ede/024562

an average of points neighboring the point.16. A

met hod of claim 12, wherein deform ng the 3-D nesh

further conprises preventing | &7ge vol une changes

during | arge mesh deformation of the original mesh

using information froma sinple lattice formed inside

of th@ 3-ADnmletd. of7claitn nid, hotiersin clefimming, thahdrdjmesh further

deform ng the 3-D nesh further conprises preventi n% i

sel f eamypréses greventing ddrge ololimee gharigas) dreing darge gpesh deformation of

deformations of the 3-D nmesh using information froma

gr aptegeigined megh geingipforsrtion Somraasimpls lattice faupsdjwside of the 3-

18. A nethod of claim 12, wherein deformng the 3-D

mes hDfpesther conpri ses bal anci ng preservation of

original surface details associated with the 3-D nesh

a user's chosen deformation |ocations, and

preservation of volunetric,details eci.fied b he

vol u?e'r%t riec & 14 pFlaep aﬁz.’ Y ereR! rfge??fgﬁn%f%gl gTIén fpgsh further
further conprising creati.ng a_sinple-lattice graph

str u%?rﬁpréseﬁnﬁrﬁ‘éengf‘gt ﬁgffi’s‘r—n%rsﬁ%t% Suso:efn g\%sﬁtlﬁr%%l ic%nggt jlarge  mesh
envel,gpes to itlerati . V. tsi
mul ¢ PP EnsPpicrdhe s Fiekh Bib g PhtofREb bbb generated outside
direct] [ te | of the vertex; generating an
outs?%%&g?aggﬁ?%e fP;‘rﬂg%T?vel y offsetting each vertex of

e original mesh outwards of a surface corresponding

to the original mesh, the outside graph conprising

vertiges Aubsimdsl off tREM31D WBeibin hudthdhing @RNBED ineks further
bet ween the inside and outside graphs and the original
mes N ¢éBpGded HaBindingOhrdsdVdtion & @itina GurfAcdreétaids agbciated with the
claim19, further conprising sinplifying the

vol uBH) friegh, a user's chosen deformation locations, and preservation of volumetric

details specified by the volumetric graph Laplacian.

15
19. A method of claim 12, further comprising
creating a simple-lattice graph structure inside of the 3-D mesh using
simplification envelopes to iteratively offset each vertex of multiple vertices of
the original mesh in the direction opposite normal of the vertex;
20 generating an outside graph by iteratively offsetting each vertex of the

original mesh outwards of a surface corresponding to the original mesh, the
outside graph comprising vertices outside of the 3-D mesh;

building connections between the inside and outside graphs and the
original mesh to create a volumetric graph.

25



graph using edge col | apse and snoot hi ng operati ons.
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20. A method of claim 19, further comprising simplifying the volumetric

graph using edge collapse and smoothing operations.



