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Joint-aware Manipulation of Deformable Models
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Figure 1: Two representative models that users can intératt manipulate within our deformation system. (a) (caluin) A desk lamp connected by revolute joints, and its
color-coded components. The lampshade is manipulatedtiétbame handle trajectory for three cases: (column 2:)tjaimaware deformation has difficulty facing the lampshade
backward because of immovable joints, and links are bendedturally(131 cells). (column 3:) joint-aware deforrmatiwith fully rigid links(6 cells). (column 4:) joint-aware
deformation with two deformable links in the middle(76 £el{(b) An Aibo-like robot dog with a soft tail, a soft bodydawo soft ears interactively posed to walk and stand up.

Abstract %
40
Complex mesh models of man-made objects often consist of mul
tiple components connected by various types of joints. Vipgse 4
a joint-aware deformation framework that supports theatinea- 4
nipulation of an arbitrary mix of rigid and deformable compats. 4
We apply slippable motion analysis to automatically detealtiple 4
types of joint constraints that are implicit in model geomefor 4
single-component geometry or models with disconnectedpoems?
nents, we support user-defined virtual joints. We integnaa@ip- 4
ulation handle constraints, multiple components, joimstmints, 4
joint limits, and deformation energies into a single voldrwecell- s
based space deformation problem. An iterative, parafldlizauss- s
Newton solver is used to solve the resulting non-linearrojaik- s2
tion. Interactive deformable manipulation is demonsttate a
variety of geometric models while automatically respegtiheir ss

multi-component nature and the natural behavior of théit$o 54
55
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1 Introduction 6

66
Traditional space deformation algorithms largely assuhz &an ¢
embedded object should be treated as a single componentdGahi
Bechmann 2008]. However, many 3D models, particularlyetafs ¢
man-made CAD objects, consist of multiple components. Rec®
years have seen considerable progress in making geometdc d ™
mations more content aware, such as material-aware mesimdef
tion [Popa et al. 2006] and non-homogeneous resizing of mp?

models [Kraevoy et al. 2008]. These methods acknowledge tha

complex models usually have multiple parts with differerapger- ™
ties and features, which should be treated differentlyrdumanip- 7
ulation. Where possible, deformation methods should gitdm
respect any constraints, semantic or otherwise, that nghm- 7

plicit in the geometry. i
79

Inspired by the aforementioned work, and by models of the typ
shown in Figure 1, we observe that constituent components af

model are commonly connected by joints of either mechargcal
biological origin. These joints serve not only to segmesttbm-
plex model into components, but also to constrain the reatpa-
tial configurations of neighboring components. We propose-a
formation system that models and respects these joint reomist
The benefits of such an approach are two-fold. First, therdefo
mations of different components can be represented indiepdy
of each other, which serves to eliminate the unnatural cogphat
otherwise exists when multiple objects inhabit a sharedesjpased
deformation. Second, joints define natural degrees of tneealf-
forded by the geometry, which allows for natural and phykiea
plausible deformations and poses. As illustrated in thbtmgst
column of Figure 1(a), inter-component articulations adl \ae
intra-component deformations can be achieved simultastgou

Joint constraints have long been used in skeletal animéibelp

in posing and skinning virtual characters [Magnenat-Tlzaim
et al. 1988; Lewis et al. 2000]. However, this comes with two
caveats. First, a matching skeleton (i.e., joint hieraydias to be
defined and rigged. This is often a non-trivial task, althosg-
nificant progress has recently been made towards autonthiig
task [Baran and Popovit 2007; Au et al. 2008]. The joint cléte
we employ can be seen as extending automatic skeletonameati
techniques to a significant new class of geometry. Secoralesk
tal animation systems require the skinning weights for eatex

of the mesh to be carefully assigned. We shall rely on theasarf
reconstruction of our volume-based space deformationttonme
smooth representation of the deformed model. A furtheiirdist
tion of the deformation approach is the direct manipulatibmesh
vertices as handles, as compared to skeleton links or eecters.

Joint constraints have also been considered in the conftebetfor-
mation models. Some methods require support from an uridgrly
skeleton [Huang et al. 2006; Shi et al. 2007]. Others deteat-n
rigid components from example poses [James and Twigg 2005].
this work, we focus on articulated mechanisms whose comysne
are connected by mechanical joints. We apply a shape asallysi
gorithm, originally designed to segment kinematic surface3D
scanned shapes [Gelfand and Guibas 2004], to extract jomt ¢
straints. We further augment these joints with automayiodé-
tected parameters that prescribe the available range admfatr
each joint. Virtual joints can also be inserted into discatad
models or single-component models. The joint constrairgsten
directly incorporated into the deformation objective toimtain
physically plausible spatial relationships between comepds.
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Our space deformation algorithm follows the philosophyeafuced 143
deformable models and subspace techniques to decoupleftire di
mation complexity from the geometric complexity [Der et2006;

Huang et al. 2006]. More specifically, we use an aggregatfori‘o
elastically-coupled as-rigid-as-possible cuboid cellgmclose the'®
model of interest. Each cell has its own associated affingestra’’
formation to be optimized, which will then be interpolatesing **°
Moving-Least-Squares (MLS) in order to reconstruct theodad **°
model [Kaufmann et al. 2008]. Rigid or near-rigid volumetells *°
have been proven to be robust and to yield physically-iespire- ***
havior [Botsch et al. 2007]. The component-based spacerdafo™
tion we propose allows different components to have indégen ,,
spatial discretizations. Rigid components are repredelmyeonly .,
one cell, and deformable components employ multiple ceis:
any given component, users can choose between octreessbde
vision or uniform decomposition, according to their negdbjects
can consist of an arbitrary mix of rigid and deformable congous.

We integrate manipulation handle constraints, multiplengo-
nents, joint constraints, joint limits, and deformatiorergies into
a single volumetric-cell-based space deformation problefhe
transformations associated with each cell form the op&tiin pa-
rameters. An iterative, parallelized Gauss-Newton sdlvesed to '

solve the resulting non-linear optimization. 164

1
Contributions. We present a novel deformation framework thlé:t
naturally supports arbitrary mixes of rigid and deformatsenpo- .,
nents, connected by a variety of joint types. To the best of Qu
knowledge, we are the first to apply slippage analysis foatite-
matic detection of joint constraints — we develop the assosteps
that are necessary beyond the slippage analysis to makeittte j,
analysis work. Our implementation and results demonstitate _,
combined promise of these ideas.

169

173
174
175

2 Related Work

176

Mesh Deformation Surface-based mesh deformation methdds
have been widely used in mesh editing and animation. Repfe-
sentative works include multi-resolution editing [Zorinas. 1997; "
Kobbelt et al. 1998], Laplacian surface editing [Sorkinale2004;
Yu et al. 2004; Lipman et al. 2005; Botsch and Sorkine 2008,
and coupled prisms [Botsch et al. 2006]. These methodstttrge,s,
preservation of surface details on single-component nsodel, a 4,
single connected mesh. Although potentially applicablatdtiple 4,
components, these methods on their own do not provide thb-mgg
anisms to handle boundary conditions and spatial reldtipade- 4
tween components imposed by joint constraints.

180

187

Volume-based space deformation methods deform a 3D modeiEZby

warping its ambient space [Sumner et al. 2005; Huang et 86;20
Sumner et al. 2007; Botsch et al. 2007; Shi et al. 2007]. Ihlﬂulg1

models and subspace techniques are commonly exploited-to_de
couple the deformation complexity from the underlying getrie
complexity, thus enabling interactive manipulation ofthigsolu-
tion meshes. Direct manipulation techniques ease shapenuf
tion through intuitive control of individual mesh verticend have 1

become increasingly popular.

93

6
197

Our work follows these same principles to achieve intevager-

formance and intuitive interactions. More specifically, foemu- s
late space deformation as a nonlinear optimization projémilar

to the recent work on embedded deformation and rigid cethrdefss
mations [Sumner et al. 2007; Botsch et al. 2007]. The transde 2o
tions associated with each deformation unit, be it defoionagraph 2o
nodes or volumetric cells, form the optimization parametéemlike 22
previous work, we focus on complex models with multiple coes-
ponents. Volumetric cells for different components areodgted 20

so that the deformation framework can exploit the inter-ponent
degrees of freedom provided by joints.

Material-aware mesh deformation incorporates non-umiforate-
rials into the geometric deformation framework [Popa e2806].
Material stiffness can be specified with a paint-like irded or can
be learned from a sequence of example deformations. A kinate jo
can be emulated by specifying an anisotropic material théexk-
ible in one direction and rigid in the other two. Mechaniaahjs
cannot be realized this way, however. Moreover, our workdrem
multiple types of joints with joint limit constraints.

Non-homogeneous resizing is needed to preserve impottaict s
ture and features, such as circular shapes, of complex sodet
sisting of multiple components [Kraevoy et al. 2008]. A eaitve
grid, or vulnerability map, is first constructed. A spaceatefa-
tion technique then scales different regions non-homaogesig to
respect this map. Our method addresses issues that areecompl
mentary to such resizing problems. Cylindrical and splaéjaints
between components, such as hinges and ball-and-soakes, jaie
automatically preserved by our joint-aware deformatidthcaigh
for different underlying reasons than those proposed by¥op et
al.[2008].

Inver se Kinematics Inverse Kinematics(IK) is a standard problem
in robotics [Murray et al. 1994] and posing characters in poter
animation [Tolani et al. 2000]. Given an articulated kingimehain

of rigid bodies, IK solves for joint angles that achieve aidb
configuration of the end effector. IK usually deals with unde
constrained problems when there are more joint degreeseef fr
dom (DOFs) available than the DOFs of the end effector. IKhmet
ods commonly use the inverse Jacobian or cast the problem as a
optimization. Mesh-based Inverse Kinematicse@vlK) consid-
ers the problem of finding meaningful mesh deformationsrirest
specified vertex constrains [Sumner et al. 2005; Der et &6R0
This requires a collection of sample poses, which is ofterreemd-
ily available for complex models. Constraint-based medgbrdea-
tion techniques can usually incorporate joint constratotsome
extent, if a reasonable skeleton is provided [Huang et &628hi

et al. 2007]. Our work integrates articulation and defoiorain a
skeleton-free way, handles more types of joints, and autioaily
detects joints that are implicit in the geometry.

Shape Analysis Shape analysis algorithms study a variety of geo-
metric, structural, or semantic features and metricsutfiog mesh
saliency, symmetry, up-right orientation, and featureneubility,

to name a few. A wide spectrum of applications, such as mesh se
mentation, viewpoint selection, shape retrieval, and shapog-
nition, can benefit from such analysis [Katz and Tal 2003;r#/it
et al. 2007; Kraevoy et al. 2008]. Similar to our considenatof
complex models, 3D exploded view diagrams often take compli
cated mechanical assemblies with multiple parts as inpuitef-
est. To visualize the spatial relationships between phttgking
constraints along explosion directions have to be invatgdjwhen
generating such diagrams [Li et al. 2008]. Our applicatEguires
analysis of diverse joints to constrain the relative configions and
motions between components. Slippable motion analysifd G
and Guibas 2004] lies at the core of our joint analysis athoriand
will be discussed in detail shortl$§.1).

3 Joint Constraint Analysis

In mechanics and robotics, the woijdint andconstraintare often
used interchangeably to represent a relationship thafésead be-
tween two bodies so that they can only have certain positos
orientations relative to each other. Our deformation systeodels
motion constraints for articulation with typical types ofrjts used
in mechanics.
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Figure 2: Joint analysis: (aa) An input model with two compots. (ab) Parts seg-
mented. (ac) Valid points on the intersection surfaces s shape analysis. (ad)
The joint frame associated with the identified revolutetjoifb) A robot brush with
components shown in different colors and joints labelled. 253

(b)

254
3.1 Slippable Motions 255

256
Common mechanical joints have characteristic shapes, astie 27
revolute joint shown in Figure 2. The core of our joint anali
sis is based on the notion of slippable shapes and slippable #h
tions [Gelfand and Guibas 2004]. Slippable motions are ddfie°
as rigid motions which, when applied to a shape, slide thaestra®
formed version against the original copy without forming gaps.
That s, the shape is invariant under its slippable moti&fippable
shapes include rotationally and translationally symmatrshapes e
such as planes, spheres, and cylinders. Touching slipghbiges o
can undergo their corresponding slippable motions withpute-
trating each other, and therefore are often found in joiatsnie-
chanical models. For instance, the slippable motions fgdiader
include rotations around the cylinder’'s axis and transtetialong
the axis. 260

262

265
266
267

268

Slippage analysis was originally designed to reverse eleaglﬁ‘,AD
objects, and segment complex shapes into simple geometmgﬁ
Slippable motions can be computed as a least-squares moﬁfe
whose minimum is the solution of a linear syst€lr= 0. The o
slippable motions of a Points€tare those that belong to the nuj},
space of the covariance mat@x Eigenvectors o€ whose corre- .
sponding eigenvalues are zero correspond to the slippadtiems ,,,
of P. In practice, due to nois€ is likely to be full rank, and we,,,
choose those eigenvectors whose eigenvalues are sufficemll

as slippable motions. We refer the reader to [Gelfand andazuf”®
2004] for more details. Here we simply state that we can ey 2°
determine the valid relative motions between two companént 2
detecting their intersection surfaces and calculating sigpable 28

motions. Table 1 shows the slippable motions of differenfeses. 22
283

3.2 Joint Detection 284
285
Given a complex mesh model as input, we first analyze the aanne
tivity of triangles and separate them into connected corapts 2
Smaller components or semantically coupled componentseans
merged into larger components by users as they see fit. éoterg s
surfaces of adjacent components are then passed to thald&pp.
motion analyzer to identify potential degrees of freedorthefrel- 2o
ative motions between the surfaces, such as translatiahsosa 202
tions. We further model the detected DOFs of slippable mstas
different types of mechanical joints, such as revolute aighatic 22
joints. From an input model to final joint constraints, thare four 2
major steps involved: intersection surface detectioppslble mo- 2%
tion analysis, range of motion detection, and mapping ofradble 2
DOFs to joints. We now describe each step in detail. 21

298
Intersection surface detection: We begin by searching for thes
shortest distance between each pair of components in thplermowo
model. If this minimal distance is less than a user specifiegish- 3o
old, the two components are selected as candidates foefurtter- o
section surface detection. We first segment componentnado s

Type of Num. small |  Slippable Type of
Surface Eigenvalues| Motions Joint
sphere 3 3 rot. ball
plane 3 2tran., 1rot.| plane
cylinder 2 1tran., 1rot.| cylinder
linear extrusion 1 1 tran. prismatic
surface of revolution 1 1rot. revolute
non-slippable 0 Otran.,Orot.| fixed

Table 1: Slippbale motions of various surfaces, and the esponding mapping to
joints.

convex semantic parts [Katz and Tal 2003]. Convex hulls laee t
computed for each part and intersections between eachfpaine
vex hulls are located. The intersection surfaces are sithglysur-
faces in the intersecting regions. If two components areitact
and do not intersect with each other, there will be no intgise
from their convex hulls. In this case, we look for verticesatthare
within the distance threshold to each other from the two ammp
nents under inspection. The vertices of the intersectiahcantact
surfaces are then passed to slippable motion analysis ais inp

Erroneous vertices may be detected in the above step. To filte
these, we project a vertex of one component along its normtél u

it intersects with a triangle on the other component, and tiwen-
pute the normal of the intersected triangle. Only when thgdean
between these two normals exceed a certain threshold (btéeate
for all the examples shown in this paper), can the vertex pefke
subsequent analysis.

Slippable motion analysis: From the vertices and their normals
detected in the previous step, we can easily analyze theatle
slippable motions between two components. The output ddlthe
pable motion analysis are the number of translational atadiomal
degrees of freedom, and their corresponding axes.

Note that slippable motion analysis may not be completetyiate
for digital mesh models. There are two factors that mostcatfee
stability and accuracy of the analysis. et < Ay < A3 <Az <
As < Ag be the eigenvalues @. We call the eigenvalug; small

if the ratio % is greater than a chosen threshgldThe condition
]

numberg determines how many slippable motions are returned, and
is adjusted so that the maximum number of slippable motiens i
three. By default, we choogeconservatively in the range of 100
to 200 in our implementation. Users can also adguistteractively
from the graphical user interface (GUI) we provided.

Slippable motion analysis is more sensitive to the modelluti®n
than the value of the condition numbgr For example, if a sphere
is discretized too coarsely, there may not be any numeyickdt
tectable slippable motions. Segmentation errors in thersettion
surface detection step can also degrade the quality ofegjgpnal-
ysis. Nonetheless, slippable motion analysis can savéfisimt
time and effort for users in arriving at a reasonable initlalssi-
fication for all the joints in a complex model. Table 2 provdde
quantitative summary.

Range of motion detection: Slippable motion analysis only out-
puts the DOFs of valid motions between two components. Range
of motion information, such as angle limits of rotationahfs, or
translational limits of prismatic joints, is not providedVe thus
need to additionally discover these joint parameters. iBleagnge
of joint limits should keep two components in close proxinitith-
out any visible penetration. To this end, we design a tnel-arror
bisection process. For instance, translational limitspgodbed by
sliding a component along its translational axis until geatéon
occurs. Angle limits of rotational joints are detected inimikar
fashion. If the feasible range of a motion direction is ldsmnta
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chosen threshold, this DOF will be removed from the system. s

Mapping to joints: We model detected slippable motion corf*
straints as typical joint types used in mechanics, as showiai
ble 1. While prismatic, revolute and ball joints are staddaints
in mechanics, the plane, cylinder and fixed joints requiitamhal g,
elaboration. Plane joints describe the case of two comgerieve
planar contacts and can slide and rotate on the plane etateach
other. Cylinder joints have an additional translational /B&@m- .,
pared to revolute joints. Fixed joints maintain a fixed rig&posi- .,
tion and orientation between two bodies. That means th«aarcm(mr372
allowable motions between these two components. Fixetsjext .,
ist because all eigenvalues computed by slippable motialysis .,
can be larger than a certain threshold, and semanticakgtbem-
ponents should not move relatively to each other. The rohgattb
as shown in Figure 2(b) illustrates most of the joint typesmple-
ment. We also allow users to overwrite the type of joints ajdst *
their range of motion parameters, if they are not satisfieti thie
results suggested by the system. o

378

We represent joints with local coordinate frames for theveerg?
nience of the constraint formulation to be introduced dfokcal 3@
coordinate frames are computed through PCA analysis ot veit
tices of the intersection surfaces, and then aligned wétdttectedss
translation or rotation axes.

4 Space Deformation w83

384

385
Given a set of identified components and their joint constsaia .,

deformation framework needs to be developed that supploigs.f,
rich class of constraints. Prior space deformation metivduish
employ a single spatial grid for the whole model cannot gasH s
corporate and maintain spatial relationships among coesn sso
Our deformation algorithm advocates building a local spagrid 3o
for each component, and associates transformation pagesveith o
each local grid. Joints detected by slippage analysis asited in
the previous step are used to constrain the transformadiologal
grids.

We formulate space deformation as a nonlinear optimizgiroi-

lem, which supports deformation edits and joint constedima uni-

fied manner. The objective function is comprised of energymse
corresponding to shape deformation and error terms retateiht

constraints and manipulation goals. The transformatiese@ated
with every component-based local grid represent the opétitn

parameters.
of interest, the system subdivides its local grid into npldticells,
and associates transformation variables with each celitekative
Gauss-Newton solver converges to solutions at rates thpbstin-
teractive manipulation. From transformations of the cearsboid
cells, we reconstruct the mesh from moving-least-squantespo-
lation, similar to [Kaufmann et al. 2008].

In the following, we first introduce necessary notation dmehtde-
tail the energy and constraint formulations used in the ailyje
function. We then describe the Gauss-Newton solution naegimal

relevant techniques for numerical acceleration. 392
393

4.1 Spatial Grid Generation

In order to decouple motions of different components, weatere
an individual grid for each identified component. Specificalie
calculate an oriented bounding box (OBB) for each component
k. If the user wants to freely deform compondnCy can further
be subdivided into cells using either octree or uniform $ibin.
C" denotes thenth cell of componenk, andT" = {RY",pi'} is its 204
associated transformation, wheR§l' is a 3x 3 matrix andpy is a ses

If the user wishes to edit the shape of a componen

3 x 1 translation vector. The vertices of the a8l are denoted by
mi .
v, ,i=0...7.

We define thenfluenced regiorof a joint as the OBB of the valid
vertices from the intersection surfaces that generatecihe jThe
cells intersecting with or contained by these influencedbregare
called influenced cells. All influenced cells from the sammpo-
nent share a common transformation. This is because ortecfin
only relate two transformations. In Section 4.2T%;  Tp, are the
two transformations influenced by a particular joint, onetifiemth
cell from componenkl, and the other for thath cell from com-
ponentk2. All other influenced cells have transformations that are
identical to eithefT}} or T},, depending on which component they
belong.

4.2 Optimization Objectives

Freeform deformations and joint constraints are impleexbrity
separate terms in the optimization objective function. \&&kscell
transformations that minimize a weighted sum of the defdiona
energies and constraint errors.

4.2.1 Deformation Energies

We use cells that are as rigid as possible. Freeform defarmist
achieved by allowing different cells to have different storma-
tions, which are “elastically glued” together. Deformatioandles
are formulated as positional constraints that can be ictigedy de-
fined on the complex model and can be directly manipulated by
users.

Rigidity: Rigidity measures how much a cell preserves its original
shape. For arigid transformatidiy’, Ry is a rotation in SO(3). We
measure the rigidity of a transformation by computing thaaten
of Ry from a pure rotation [Sumner et al. 2007]:

RigidR{) = (cg}- CE,]Z)Z + (e - CE,]s)Z + (e c{(T]3)2
+(cky -G — 12+ (o iz — 1)2
+(cRs oz — 1)

wherecy;,i = 1,2,3 are the column vectors of matriR;’. The

energy ternkgig is formed by accumulating the rigidity of every
cell:

Erigia = Y Rigid(Ry) 1)
k;m

Elastic strain energy: This term measures the local variation
of transformations, i.e., differences of neighboring €elino-
tions [Botsch et al. 2007]. It emulates the ability of elastiaterials
to resist bending and stretching.

Estran=Y Y [T TV -T2 =0...7 )
kmje M

where.#™ denotes the set of neighboring cellsG, andv{(“’i =
0...7 denotes the eight vertices of celf.

Position Constraints: Deformation handles allow for direct user
manipulations and are therefore commonly considered tatoe i
itive to use. We support deformation handles by constrgirie
distance between the actual and desired handle positions:

Epos= Z TRV —qi Hz 3)
I
wherev; is the position of the selected vertex on the model at the

reference pose, amyl is its target locationT}' is the transformation
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Figure 3: Geometric invariants of revolute and prismatimijs

associated with cel which contains vertey;. There are usually
multiple handles, of which only one is actively controlled the
user at a particular instant in time. We visualize activedies by
red cubes, and inactive handles will be yellow.

4.2.2 Joint Constraint Errors

There are two common ways to represent joint constrainténier k
matics [Murray et al. 1994]. One is to use the reduced coatd#)
commonly known as joint angles, to parameterize joints.s Hy-
proach cannot be seamlessly integrated into our cell baskmxi-d
mation framework. The other is to use the full coordinatgspter
mented with constraints that remove redundant DOFs. Byngosi
joint constraints on the cell transformations in a similastion, s
we can develop a unified optimization framework that can main
tain joint constraints and achieve freeform deformatidrib@asame «:
time. Another benefit of the constraint formulation of jaiig that it 4
is more modular and flexible than using reduced coordinateigh 43
in consequence greatly simplifies the task of slippable onahal- 43
ysis and better supports interactive editing of joint types a37

438

Let us denote a joint and its attached local frame{Byc,F =
{X,Y,Z}}. J represents the type of the joint, which is an element
from the set{RevoluteCylinder Prismatic Plane Ball, Fixed}. F
represents the three mutually orthogonal axes of the |aiat |
frame, andc is its origin. Each type of joint defines a set of ge-
ometric invariants, such as distances between cell veraogl/or
joint axes. Preserving these invariants during deformaditforces
the joint constraints accordingly. We now derive a penattyriu-
lation for each type of joint in Table 1.

Revolute Joint: A revolute joint{Revolutec, {X,Y,Z}} only has
one rotational degree of freedom, wheris its rotation center, and
X its rotation axis. The geometric invariants of a revoluietjare
the projected distance and the axial distance between aarsdix “°
and the rotation axis as illustrated in Figure 3(a). Thetimtaaxis a0
should also remain the same under any valid rotation of treute
joint. We formulate the three geometric invariants of a hetejoint
as follows:

441

442

Era = ZH(TQVLT Thae) e RRpX — (Vg — ) o X |2
I
12 2
Bre = Y ITvE — Thopl 12— IV — Pt |
I
Ers = |[IRRX—RRX|?

wheree represents dot producfl}} and T}, are the transforma-
tions of two cells influenced by the revolute joint, apf{' is the

projection point of vertex/kl on theX axis. MinimizingEry and
Eryp maintains the invariance of the projected and axial diganc
and a zerd&gr ;3 enforces a static rotation axis under rotations. The
error term of a revolute joint is given by the sum of the abdwee

terms:

Erev=Era +Erx + Ern 4)
Detected joint limits §3.2) need to be implemented in order to pre-
vent components connected by the revolute joint from patiat
each other. We again express these as geometric constraonts
each cellcﬂ influenced by a revolute joint, we compute a vector

diy' = viy —pjy for its ith vertex. diy' is then rotated about the
rotation aX|sX d' andd!, denote the Iower and upper bounds when
dkl reaches the joint limits. We define a penalty tetqy to force
vectordL’}i lie in between these two limit vectod§ anddl,. When

the transformed vecmdﬂ}i is within the valid range of motion, the

penalty term returns zero. Otherwise it returns the digtandhe

closest bounding vectat'.
Erm = Z (TR v™ — TRod'|? ®)

kzpkl

Cylinder Joint: A cylinder joint has one more translational degree
of freedom than a revolute joint. Hence we should allow a gean
able projected distance during manipulation of the comptmeéNe
simply remove the projected distance tefgy from Equation 4,
resulting in the following error for cylinder joints:

Ecyn=Erp+Erxn (6)

Prismatic Joint: Prismatic joints are widely used in mechanisms
to constrain one component to translate along a fixed axisowit
any rotation. For a prismatic joiftPrismaticc, {X,Y,Z}}, axis

X is the sliding axis along which the component can slide. The
geometric invariants of prismatic joints are the distanetvieen a
cell vertex and theXY plane, and the projected distance of a cell
vertex on theY axis, as illustrated in Figure 3(b). We can specify
the geometric invariants as follows:

Eron = Y I(TRVRE —Theo) e RpZ — (v —¢)0Z|?
I
Bro = Y I(TRVE — TRe) e RRY — (Vi —0)e Y2
I
where Tl and Ty, are cell transformations from componetis

andk2 respectively that are constrained by the prismatic jdihe
total error term for prismatic joints is thus a sum of the abtwo
terms:

Eprism= Epa1+Eps2 (1)

In a similar fashion to revolute joints, we denat' as the vector
from the cell verte>vkl to its projection on th&XY planepkl The

limit vectorsd! d'u of dkl can be calculated as before, and a penalty
term similar to Equation 5 can be formed.

Plane Joint: Plane joints are used to enforce planar contacts be-
tween two components. Their geometric invariant is theadise
between a cell vertex and the sliding plane. The error foncis
simply:

Epiane= Epa1 (8)

Ball Joint: Ball-and-socket joints have three rotational degrees of
freedom and are common in biological systems, such as thenlip
shoulder joints of modelled human characters. When two cemp
nents are connected by a ball-and-socket joBall,c,{X,Y,Z}},
they both attach to the center Consequently, transformations of
each component should keep the anchor potogether. Therefore
the error term to impose ball-and-socket joints is:
Tieel?

Egan = [|TRiC— ©)
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Figure 4: (a) The user can wipe a wall using the robot brush gally dragging the
tip of the brush (b) The yellow W-shaped segment can extesdodeh after the user
changes the fixed joints between the rods to revolute joints.

To enforce joint limits for a ball joint, we first decompose ttota-

tion betweerlT [, T}, into Euler angles. If they are out of bounds,
we project them back into the valid range and compute the cor-
responding limit vectod' by this projected valid rotation. The
penalty term is then constructed similar to Equation 5. e

479
Fixed Joint: A fixed joint holds two components fixed with reso
spect to each other. All cells influenced by the fixed joinbfrooth s
components should have identical transformations. Thideam-
plemented as a hard constraint in a pre-processing stageelibe
optimization to ensure two components will not move rekatio
each other around the fixed joint.

483

484
4.3 Non-linear Optimization a5
486

Our shape deformation solves the following unconstraireadin-
ear optimization problem:

487
488
. T 489
min £(x)"f(x) = Errp +WjEanT + WpErm
where: EFpp = Wrigid Erigid + WstrainEstrain +WposEpos
EsnT = Erevt Ecyn+ Eprism+ Eplane+ Egall

(10

491
492

493
Here, x is the aggregation of all cell transformatiofi§', k = ,,,

1...j,m=1... jx. Since each cell transformation has 12 DOFs, the
total dimension of the optimization parameters around twelve ass
times of the number of cellsE;yT enforces joint invariants, andss
Erm penalizes violations of joint limits. Fixed joints do not-ape
pear in the objective function because we explicitly motieht by 4
mapping all the transformations of influenced cells to omglsi
transformation variable. Currently we treat all joints afiyiin the soo
deformation, so that all joint constraints have the samehteior so
all the examples shown in this paper, we use leSafpand 1e8 so

(b)

Figure 5: (a) The original model of an office chair. (b) Seai\@lled and armrests
adjusted. (c) Back support tilted and bended.

chains. We use the damped pseudo-inverse to achieve diigula
robust IK solutions [Chiaverini et al. 1994]. This effeaiy elim-
inates oscillatory motions resulting from high joint veloes near

a singular configuration, and generally smooths out motieimsn
tracking user-manipulated handles.

5 Results

We demonstrate the capability of the proposed deformatemé-
work on a variety of models in different application sceoariln
addition to the pictorial illustrations shown in this sectj readers
are encouraged to see the accompanying video for an irteract
and animated demonstration of the results. Table 2 shovierper
mance statistics of our experiments. Interactive perfoicea can
be achieved for all models on a 2.99GHz Intel Quad core machin
with 4GB of RAM. The time of one Gauss-Newton iteration (col-
umn Solve) is related to the number of cells and joints. TheSML
interpolation time is related to the number of vertices anchber

of cells.

Jointed multi-component models The ideal input to our defor-
mation system are jointed multi-component models, such4i3 C
models. Figure 4(a) shows the direct manipulation of thetithe
robot brush to wipe a wall. The brush can deform naturallgl an
the articulation of the mechanical arm operates coopelgtivif
the user is unsatisfied with the joint types suggested byytes,
she can interactively change the type of joints and prodoizaly
different animation results in just a few seconds. As shawhig-

for wp. The success of our algorithm does not depend on the exacture 4(b), she can instantly make the W-shaped segment eatehd

values of these weights, however; any large value is sufficie s

Numerical Solution: We implement an iterative Gauss-Newton
method for the above nonlinear least squares problem [Nbe@d sos
Wright 1999; Madsen et al. 2004; Sumner et al. 2007]. At etgh isor
ationt, the algorithm solves a linearized subproblem, and conspeie
an updating vectod; to improve the current solutiox: 509
510

511

min 2
i [[Jedke +f(xt) 11)
Xt+1 = Xt + 0t o
wherelJ; is the Jacobian df(x). zi
The analytic Jacobiad; is sparse, and its non-zero structure re-
mains the same across iterations. We can thus reuse a ppH=aes
symbolic factorization othT J;i to accelerate the numerical faes
torization at every iteration. Furthermore, updatingJpfcan be s
parallelized on multi-core platforms commonly availabibeldy to s
achieve improved performance. For all our demonstratioes se sz
the PARDISO (Parallel Direct Sparse Solver) solver fromittiel sz

Math Kernel Library 10.0.

Inverse Kinematics is fundamentally an under-determineabp sz
lem with possible singular configurations for models withddK sz

522

fold by changing the fixed joints between the yellow rods ire-
olute joints.

Figure 5 demonstrates an adjustable office chair being mkatgal
using our deformation system. The seat and armrests carlswiv
the armrests can rise and drop, and the back support camdilt a
bend. Figure 1(b) shows that an Aibo-like robot dog can berint
actively posed to walk and stand up. Its soft tail, body and ean
also deform simultaneously.

Figure 6 compares our component-based spatial discietizat
method to the deformation approach of [Botsch et al. 2007iHdJ
sired correlations between spatially nearby parts whielgandesi-
cally and semantically distant, such as the bee’s abdomen an
wings, can be eliminated with a smaller number of cells using
method. Dragging the bee’s stinger, which is at the backsodilit
domen, does not affect the bee’s wings or legs, which arerath
to its thorax. To eliminate the effect of rotational jointerh our
method for fair comparison, we use fixed joints to connecat@th-
ponents so that deformation of one component can pass tidfis-n
boring components.

Figure 7(d) demonstrates the advantage of our system oxeeigo
tional IK on an Asimo-like robot. Since we allow for deformab
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(@) (b)

%@

(d)

Figure 7: (a) An Asimo-like robot with 20 components showdifferent colors. There is one joint between each pair ohaépt components. Our joint-aware deformations mostly
use revolute joints except that the hips are ball-and-sojkats and the wrist and arm tube attaching points are fixeidts. (b) The cell decomposition for deformable motion
retargeting and inverse kinematics. (c) The robot drivemimgion capture data to shadow box. (d) IK with rigid(left)dadeformable(right) body parts.

(b) ()

Figure 6: A comparison of our method and [Botsch et al. 200@#)(b) The input bee model and its components
shown in different colors. (c)(d) Our algorithm uses a tata#21 cells defined on component-based multiple grids,
and dragging the bee’s stinger up and down does not affeatthgs or legs, which are attached to the thorax. (e)(f)

(e

f) Figure 8: (a) A cartoon snake with multiple disconnected

segments. Virtual ball joints are added between adja-
cent segments to make the snake dance. (b) The single-
component Stanford bunny. Virtual revolute joints are cre-

[Botsch et al. 2007] uses a single spatial grid of 1364 cedlsd the deformation of the stinger undesirably disturb ated between the ears and the head.

the wings and legs.

limbs and accessories (e.g., arm tubes), stretching sftent be
easily achieved. Building deformations into an IK systeral#es
artistic exaggerations and supports the artistic licehaé ¢an be .,
used with respect to rigid skeletons, as suggested by [teask@B7; .,
Harrison et al. 2004]. Figure 7(c) demonstrates motiorrgeting ..,
of skeletal animations to the robot. Note that the arm tuledésrcth
properly as the motion changes. Chosen body parts can leorigj,,
deformable to achieve different styles. o2

Non-jointed M odels We cannot apply the joint analysis algorithii
to disconnected multi-component models and single-(:0|ﬂerpmr5164
models. However, such models can still benefit from our aefor
tion framework with assistance from users to define desoidg. sss
566
Figure 8(a) illustrates the effect of joint-aware deforim@aton a s
cartoon snake consisting of multiple disconnected seg@neWe s
manually create ball joints between adjacent segmentdaw &he s

plementary to the shape analysis step. From our experi€Ge,
modelers tend to only model joints that are visible from wigs
when given no instructions on the intended application. éx@m-
ple, the four knees of Aibo are modelled properly but the g a
neck joints were skipped. We would also like to know what aim
tors think about our system in the near future. To our bestvkno
edge, currently there is no joint-aware deformation togkilable
in commercial software packages. Imitating soft links irkals-
ton requires setting up many small bones and careful turfitigeo
skinning weights. Plane and cylinder joints are not supgabeither.

Automating the addition of virtual joints will considergi#nhance
the usability for single-component models. Part-awar@stanal-
ysis may offer useful suggestions to the users [Liu et al9p00

a set of example poses are available, we can also detectigiehr-
components and place joints accordingly [James and Twi§§]20

snake to dance. To test our deformation framework for single We are also interested in examining the possibility of defasle
component models, we use the Stanford bunny model. We maau-articulation for dynamic animations as in [Faloutsos et1897;

ally create two virtual revolute joints between the earsthedody s,
as shown in Figure 8(b). The head is made fully rigid by destign
ing a single shared transformation for all the cells belogdb the
head region. Because of the existence of the virtual joiheselas-
tic strain energy is discontinuous around the base of the &arch
deformations are likely difficult to achieve with the useinied
rigidity weights of previous methods.

6 Discussion and Future Work

The proposed deformation framework mainly targets at nsottheit
have built-in joint connections in the mesh, such as CAD n®de
for example. For models that do not have joints, or only hairg$
that look right but are mechanically wrong, we allow user@nto
teractively create and edit joints. This is a critical com@at com-

Galoppo et al. 2007].

Model | #Vert. | #Cells | #Comp. | #Joints | Accu. Solve MLS
Brush 6885 176 15 15 100 14.90 1.35
Lamp | 25862 76 6 5 100 3.42 10.40
Chair | 23279 227 6 5 100 7.45 6.70
Asimo | 38807 477 20 21 81 29.58 | 13.20
Office | 53457 70 25 10 70 3.95 5.89
Aibo 14587 153 13 12 60 6.69 2.80
Bee 10607 421 13 13 NA 12.04 3.58
Snake 597 10 10 9 NA 0.54 0.06
Bunny | 34835 | 1895 1 2 NA 103.09 | 35.74

Table 2: Test data and performance statistics. Timing issaezd in milliseconds on
a 2.99GHz Intel Quad core with 4GB of RAM. From left to righuriber of vertices,
number of cells, number of components, number of jointsiracy of slippable motion
analysis in percentage, time of one Gauss-Newton iterahtir8 interpolation.
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7 Conclusion 636

637
We have presented a joint-aware deformation system for mps
models. In contrast to previous work that has focused onléwet ¢,
feature preservation, we deem higher-level semanticsd@twom- s«
ponents, such as the constrained spatial relationshipssepmted by e
joints, an important clue for achieving deformations thatect the ¢+
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We have demonstrated the proposed scheme on a range of Mod-

els, including connected multi-component models, diseoted **
multi-component models, and single-component models.eBxps2
ments show that direct manipulation with our deformaticanfe-
work achieves more intuitive and satisfactory results asgared to **
what could be achieved with traditional deformation methatiich s
are unaware of components and joints. Our numerical impignesss
tion is robust and supports interactive direct manipufetio 657
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