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Abstract

We presen a novel approad to real-time shape editing that producesphys-
ically plausible deformations using an e cient and easy-to-implemen vol-
umetric approadr. Our algorithm alternates between a linear tetrahedral
Laplacian deformation step and a di erential update in which rotational
transformations are appraximated. By meansof this iterative processwe
can achieve non-linear deformation results while having to solve only linear
equation systems. The di erential update step relies on estimating the ro-
tational componert of the deformation relative to the rest pose. This makes
the method very stableasthe shape canberevertedto its rest poseeven after
extreme deformations. Only a few point handlesor area handlesimposing
an oriertation are neededto achieve high quality deformations,which makes
the approad intuitiv e to use. We show that our technique is well suited for
interactive shape manipulation and also provides an elegan way to animate
modelswith captured motion data.
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1 Intro duction

In recen years, interactive shape deformation and editing has beena very
active eld of researt. The goalis the dewelopmert of algorithms that enable
shape deformationin anintuitiv e and, moreimportantly, natural looking way
under a given set of constraints. This usually meansthat the deformation of
the given shape must be calculatedin a physically plausible manner,i.e. it
must satisfy the expectationsthe userhasdueto his experiencewith deform-
ing objects in the real world. Correct physical simulation requiressetting up
and minimizing complex non-linear energies,which is computationally ex-
pensiwe and thus often only reasonablan non-interactive applications. Since
userswill usually not be happy with the rst deformationthey produceand
will iteratively modify the deformation constraints until they are satis ed
with the results, 0 ine methods are not feasiblefor shape editing. To enable
immediate feedba& to the userand read interactive editing performanceit
is necessaryto usesimpler and easy-to-computedeformation techniquesthat
still behave plausibly.

Lately, a popular way to addressthis issuehasbeento employ simpli ed
thin-plate and thin-shell represemations which e ectively model a shape as
hollow object. Deformations are computed by represeting an object as a
triangle mesh and minimizing the stretching and bending energieson its
surface under a given set of constraints. Many recent papers suggestto
usethe linearized discrete surfaceLaplacian as a basefor their deformation
techniques|[29, 19, 34, 18, 35| or to directly minimize the non-linear energies
ase cien tly aspossible[6, 25, 13].

While volumetric shape represemations sud as tetrahedral meshesor
similar structures have beenwidely usedin physical simulation [21], there are
only a few shape editing methods that rely on this solid object represemation
[36, 6]. The benet of a volumetric deformation framework is that it better
prevents unintuitiv e shape transformations, sut aslocal self-irntersectionsof
opposing surfaces. Furthermore, it enablesdistance presenation not only
on an object's surface, but also throughout its interior, which makes the



Figure 1.1: Example of a deformation of a raptor createdwith our method.
From left to right: Reducedtetrahedral model with handlesin red, original
high resolution input model, deformedinput model.

deformationsresistart to changesin volume and cross-sectionabreas.

Non-linear approatescan computelarge shape deformationsin onestep.
Howewer, during an interactive editing sessiorthe usertypically grabsa han-
dle and movesit along a cortinuous path to its target position. In conse-
guence,if the deformationscan be computed quickly, only small changesto
the constrains are necessaryat every frame that is rendered.

We capitalize on theseobsenations and proposea novel interactive shape
editing approad that approximates non-linear deformation e ects in real-
time by iterativ ely solving linear problems, Sect. 2.3. Our method relieson
a tetrahedral meshrepresetation of the input shape that can easily be gen-
erated for triangle-meshobjects. The proposedalgorithm is highly robust
and provides immediate visual feedba& to the user cortrolling the defor-
mation. During eat poseupdate step, a rst version of the transformed
model is reconstructedby meansof a linear tetrahedral Laplacian deforma-
tion. Sincethis rst stepis unableto in uence the rotational componerts of
the tetrahedra, a secondstep analyzesthe output of the Laplacian deforma-
tion and updatesthe di erential coordinatesto compensatefor the rotational
invariance. Two optional stepsimprove the behavior of our method under
rotational constraints givenby the userand allow for the speci cation of rigid
areason the object.

In caseof very large input triangle mesheswe employ decimatedtetra-
hedral represemations to maintain real-time frame rates. The detailed mesh
in its target posecan be quickly generatedfrom the deformedtetrahedral
mesh by meansof an e cient and stable free-form deformation approad,
Sect.2.4.

As shown in Sect. 3, our algorithm enableseven unexperienced users
to quickly generateplausible edited shapes. We also shov on a variety of
examplesthat the exibilit y in constraint placemen inside and outside the
object makesthe method well-suited for creating realistic meshanimations
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from captured real-world motion data.

1.1 Related work

Shape editing is an active eld of researt in computer graphics, and con-
sequetly a variety of di erent strategieswere proposedto attack the prob-
lem. Early methods like free-formdeformation[24] enablehigh-quality shape
modeling, but typically fail to reproduce physically plausible transformation
resultsif only a handful of manipulation constraints are used.

Physical plausibility, howewer, is a highly-desirable property, asit leads
to a deformation behavior of the edited objects that a useris familiar with
from real-world experience. Therefore, it hasrecerlly becomevery popular
to model deformation by minimizing bending and stretching energieswhich
leadsto thin-shell and thin-plate represemations. For the sake of e ciency
thesenon-linear energiesare often linearized, for exampleaslinear Laplacian
or Poissonsystems. A comprehensie survey of linear Laplacian techniques
can be found in [28]. Most of thesemethods su er from the problem that it
is not possibleto couple translations and rotations in a linear way. There-
fore, most methods which usetranslational constrairnts exhibit insensitivity
to rotations [29, 19], whereasmethods relying on rotational constrains are
insensitive to translations [34, 18, 35]. A method for deformation with vary-
ing sti ness has beenpropsedby [23]. Seweral methods have beenproposed
which try to remove this linear dependencyby using multi-step approades,
like multi-scale decompsition [16, 4, 7], or skeleton basedtechniques|[33).

Other approadies proposeto solwe the computationally expensive non-
linear equationsdirectly. By this meansthe above insensitivity problems
can be preverted, but the price to be paid is often that interactive deforma-
tion is only feasibleon models of reducedcomplexity. As an example, [13]
use a subspacesolver to reducethe dimensionof the involved optimization
problem. [25 proposesan non-linear di erential coordinate setup, while [6]
minimizes bending and stretching energiesusing a coupled shell of prisms.
Instead of trying to solwe the non-linear equationsdirectly, we appraximate
non-linear deformation behavior in real-time by solving a sequenceof linear
equation systems.

Our shape editing approad alsotargets similar applicationslike previous
work on animation transfer betweenmeshedq30], aswell asthe algorithm to
interpolate target shape posesfrom an exampledatabasepreserted in [10].

All of the linear methods that we mertioned sofar rely on a surfacemesh
represemation, i.e. they work on a triangulated manifold. This kind of rep-
resertation may lead to local self intersectionsand shrinking e ects in an



edited object, as opposing surfacesare not constrainedto retain their dis-
tance. To prevent such artifacts, we designour method around a volumetric
scenerepresemation. Our tetrahedral meshrepresetation is similar to the
one proposedby [36] who suggestto use a volumetric graph structure as
basisfor a linear Laplacian deformation. While their method exhibits much
better volume presenation propertiesthan most surface-basealgorithms, it
su ers from the sametranslational/rotational insensitivity. In cortrast, our
algorithm handles rotations and translations faithfully. Furthermore, our
uni ed tetrahedral Laplacian setting is a lot lesscomplexthan their hybrid
setting which usesa triangle-basedLaplacian for the surfaceand a graph-
basedquadratic programming formulation for computing interior weights.

A linear approat to deformation with guararteed volume-preseration
was proposedin [32]. Although their vector- eld-based framework enables
the de nition of advancedimplicit deformationtools, it is not well-suited for
handle-basedshape modi cation in the mannernecessaryin our corext.

Volumetric represemations have beenwidely-usedin physics-basedsim-
ulation approades. Howewer, their focus lies on accurate reproduction of
the dynamic behavior of objects with known physical material parameters
under the in uence of forcesor momerns. Mueller et al. [21] usea rotational
update computation similar to ours to mimic non-linear deformations dur-
ing simulation of elastic objects. In cortrast, we don't require a full-blown
physics-sinulation framework, and couplea clever rotation update step with
a fast volumetric Laplacian deformationto obtain plausible edited shapesat
real-time frame rates.

Our approad is alsorelated to the work by Alexa et al. [1] and Igarashi
et al. [14], who try to interpolate respectively edit two-dimensionalshapes
in such a way that they behave locally asrigid as possible.Both algorithms
optimize local elemeits in sud a way that transformationsinduced by their
deformationsare ascloseas possibleto pure rotations. Our method achieves
a similar behavior for 3D tetrahedral elemerts.

The iterative di erential update technique is related to [2], who itera-
tively rescalethe deformedgeometriesdi erential coordinate to its original
length, which may lead to accunulating tangertial drift if applied to the
original geometry making it necessaryto work on the dual meshto avoid
theseproblems. Our iterativ e update processavoids this by working on the
tetrahedra and rebuilding di erential coordinates similar to gradiert based
editing methods, making it stable even under extreme conditions.



2 Technique

2.1 Overview

The input to our algorithm is a (usually high resolution) triangle meshto
be deformed,denotedby M input = (Vinput ; T input ), Which consistsof a set of
verticesV inpy: and triangles T inpy . From this we derive a tetrahedral mesh
T = (Viet; Tet) With verticesV  and tetrahedra T ¢, which is created by
performing a quadric error decimation on M, [11] and then building a
face-constrainedelaunay tetrahedralization [27].

The rst stepof our pipelineafter loadingthe meshess the precalculation
of a coe cient matrix B cortaining linear combination coe cien ts of the
vertices of M ot With respect to the tetrahedral mesh. Subsequetly, the
userspeci es deformation handlesand rigid regionson T .

Our approad augmeris tetrahedral Laplacian editing (Sect. 2.2) to plau-
sibly approximate non-linear deformation behavior by solving only linear
equation systems. The core of our algorithm is an iteration of purely lin-
ear deformation, rotation estimation and interpolation, and di erential co-
ordinate update, Sect. 2.3. This loop runs permanertly in the badkground
enabling real-time visual feedbak to the user manipulating the constrairts.
Oncethe useris satis ed with the deformation of the tetrahedral mesh,we
reconstruct M inoye in the nal pose(seeSect. 2.4) using the coe cien ts in
B, and thereby yield a natural looking deformation of our original input.

2.2 Tetrahedral Laplacian form ulation

Our deformation technique is basedon Laplacian editing. Howeer, unlike
most of the related papers we are not working on a triangulated manifold
but rather build our systembasedon a tetrahedral meshvolume. Becauseof
this we needto setup the Laplacian equationsin a slightly di erent manner.
GivenatetrahedralmeshT = (Ve; Tet) With nverticesV g = fvy:::vag



and m tetrahedrons T = ft;:::t,,g we want to build a linear Laplacian
systemand nd the mesh'sdi erential coordinates as

Lx = . (2.1)

For deformation, this systemis to be solved under the in uence of a set
of given constraints. The matrix L is the discrete Laplace operator on our
tetrahedral mesh, and x are the coordinates of the mesh'svertices. The
Laplaceoperator is de ned asthe divergenceof the gradiert of a scalar eld.
In our setting, it canbe constructedby calculating a gradiert operator matrix
G; for ead tetrahedron t; which cortains the gradierts of the tetrahedron's
shape functions

G = (b q1;::::5 2.2

j 8 1 T4) 10 1 ( )
(P11 Pa) 100 1

= @@, p)TA @010 1A (2.3)
(ps Pa)’ 001 1

Herep; arethe four cornerverticesof the tetrahedron. The matricesG; can
be conmbined into a large4m n gradiert operator matrix G, which canbe
usedto construct the Laplacian matrix as

L=G'DG , (2.4)

whereD isa4m 4m diagonal matrix cortaining the tetrahedra's volumes,
and G D is the discretedivergenceoperator.

The di erential coordinates for the initial meshcan now be calculated
explicitly using Eq. (2.1) or, more importantly, basedon the tetrahedra's
gradierts asin Poissonsurfaceediting [34] as

= G'Dg . (2.5)

Here, g is the set of tetrahedron gradierts, ead being calculated as g; =
G;p;. More details on the construction of the Laplacian from gradierts can
be found in [7].

This construction allows usto apply a separatetransformation T; to eat
tetrahedront; (which, in a sense;'explodes"the mesh). We canthen recon-
struct it in its new target con guration by using the transformed gradierts
g°on the right hand side during calculation of the di erential coordinates.

2.3 Tetrahedral deformation technique

Our real-time mesh deformation method operateson a tetrahedral version
T of the input model. The deformation approad itself comprisesof seweral
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Figure 2.1: Overview of our tetrahedral mesh deformation pipeline - (a)
shows the input model with handlesin red and greenand a rigid section
marked in blue. (b),(c) and (d) show the output of the individual iterative
processingsteps, namely linear Laplacian deformation (b), rotation extrac-
tion/in terpolation (c), and rigid section handling (d). (e) shaws the nal

deformedmodel at the end of the userinteraction.

algorithmic stepsthat are permanerily iterated in the badkground while the
userinteracts with the model, Fig. 2.1. The individual stepsof the method
are asfollows (processingstepsthat are optional are printed in italics):

Deformation setup, load T, selectionof constrainedand rigid areas
Iterativ e meshdeformation

Linear Laplacian deformation
Rotation extraction

Rotation interpolation

Rigid region handing

Lt T e W et Y et T Y

Di erential coordinate update

In the following, we explain the individual stepsin more detail.

2.3.1 Deformation setup

The input to our method is a tetrahedralizedversionT of the input triangle
mesh. Triangle meshesof moderate size can be tetrahedralized suc that
the surfacetriangulation is presened and thus a nal posetransfer is not
required. To interactively deform meshesof very high resolution, we apply
a quadric error mesh simpli cation method to M i, and tetrahedralize
the low resolution meshafterwards. Unlike the algorithm proposedin [36],
which relieson the creation of a regular grid structure inside the object, our
approad producesplausibledeformationewenif T doesnot cortain internal
verticesand therefore cortains very elongatedtetrahedra. Imposingbounds
on tetrahedral shape quality resultsin a more complextessellationbut does



not leadto noticeabledeformationimprovemens. Thus, a coarsetessellation
is su cient and inner verticesmay only needto be inserted for topological
reasonswhich signi cantly reducesthe computational complexity.

After all input data is properly set up, the userde nes cortrol handles
by marking parts of T. On the onehand, handlescan be completeregionsof
the tetrahedral mesh. In this case,rotational constraints are automatically
imposedasthe orientation for the handleis xed by the user. On the other
hand, handles can be single vertices, which leaves the orientation of the
surrounding tetrahedra free to be determined by the deformation method.
Pleasenote that it is also possibleto de ne handlesat arbitrary positions
insidethe object. This canbe achieved by represeting the handle point asa
linear conmbination of the verticesof T as presened in Sect. 2.4. The latter
method even allows us to add handlesoutside of the object but closeto the
surface. Using this we can, for instance, directly useraw marker positions
from optical motion capture data as constrairts.

Once all handlesare set, the user can optionally specify rigid regions.
In this step, sets of tetrahedra that ought to maintain a constart relative
orientation can be marked. Conveniertly, our systemdoes not imposeany
constrairts on the size,shape or topology of rigid regions. It is even possible
to mark disconnectedparts as belongingto the samerigid part. This allows
usto quickly specify a kind of pseudeskeletonwithout having to de ne joints
or a bone hierarchy.

2.3.2 lterativ e mesh deformation

Oncethe deformation setup is completed,user-guidedmeshdeformation can
commence.While the userinteracts with the handlesa new deformedmesh
is calculated for every frame rendered,i.e. the deformation algorithm con-
tinuously iterates in the badkground.

The rst stepin ead iteration is a basiclinear Laplacian deformation.
Sincethis linear step doesnot properly handlerotations, we perform an anal-
ysisof the linear resultsto extract for eat tetrahedronj an estimateof its ro-
tational transformation R;, Sect.2.3.2. If necessaryuser-de ned constrairt
rotations are interpolated acrossthe meshand added up to the previously
extracted per-tetrahedronrotations R;. Subsequetly, we make surethat all
rigid meshregionsrotate in the sameway by assigningto ead rigid group of
tetrahedronsits averagedrotational transformation componert. Finally, the
resulting R; are usedto construct an updated set of di erential coordinates.

By iterating thesesteps,we achieve natural and plausible looking defor-
mations of our object at real-time frame rates. In the following, we detail
the individual deformation steps,commencingwith the three onesthat have
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to be performedin any case,and ending with the two onesthat are only
requiredif either rotational or rigidity constraints were speci ed.

Linear Laplacian deformation

The linear deformation follows the setting outlined in Sect.2.2. The matrix
L of Eg. (2.1) can be constructed following Eq. (2.4). Accordingly, the
di erential coordinatescan be computedbasedon Eq. (2.5).

Handles can be factorized into the matrix L by eliminating the corre-
sponding row and column in the matrix and incorporating the valuesinto
the right hand side . The deformation canthen be generatedby solving the
reducedEq. (2.1).

The resulting deformedmeshT © only looks natural for very small defor-
mations (seeFig. 2.1), asthe basicLaplaciansetting doesnot induceany kind
of rotation or scaling. The deformedmesh T ° can be computed e cien tly
with the help of a Choleskyfactorization of the left hand side matrix.

Rotation extraction

In the context of our iterativ e deformation scheme,we can plausibly approx-
imate non-linear transformation componerts, sud as local rotations, in a
purely linear setting. We analyzethe output of the linear Laplacian defor-
mation in order to extract for eat tetrahedront; an estimate of a rotational
transformation. Theseper-tetrahedron rotations are evertually usedto up-
date the di erential coordinatesfor the linear deformation.

To put this ideainto practice, we comparethe deformedmeshT °to the
original meshT in its rest pose. By comparingthe positions of the vertices
v; of a single tetrahedron t; in T to their new positions v?in T9 we can
calculatea 3 3 transformation matrix T; as

vi v Dt 0w vy
Ti=@(v, vy)T A @ vl vOT A (2.6)
(Vs va)T (v vT

suchthat (vi vg)T; = (v? V) fori=1;:::;3.

Matrix T; only consistsof anisotropic scaling (stretching) and shearing
componerts. As shovn by Shcemale et al. [26], T; canthus be factoredinto
an othonormal rotation matrix R; and a non-rotational part S;,

Tj = Rij . (27)
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Tednically, the rotational componert can be computed by iterativ ely aver-
aging T; with its inversetransposeas

1
Ho=T; ,Hyu = é(Hk+ He 7). (2.8)

The decomposition iterates up to a step k after which H doesnot change
anymore, and then setsR; = Hy. In our experimerts it was su cient to
perform two to three computation stepsfollowed by a normalization of eat
matrix row to achieve a decen separation. Note that in our three-dimensional
setting we also have to make sure that R; does not cortain a mirroring
componert to keep tetrahedra from inverting. To sene this purpose, we
ched the determinart and multiply the matrix by 1 if necessary

Di eren tial coordinate update

Now that we have calculatedrotations R; for ead tetrahedronit is straight-
forward to usethem to calculate a new set of di erential coordinates. We
apply the rotations to their respective tetrahedrat; from the original mesh
and calculate a new set of transformed tetrahedron gradierts g;, from which
the new can be calculatedusing Eq. (2.5). This is similar to the "explod-
ing" of the meshin [30].

Rotation interp olation

By iterating the above three steps linear Laplacian deformation, rotation
extraction, and di erential coordinate update, we can mimic non-linear be-
havior in our deformations. Repeating them also minimizes the amourt of
shearin the results.

While the systemadaptsvery well to translational constrairts, rotational
constrairts (especially twisting) may require a higher number of iterations
to propagatethrough the mesh. One important obsenation is that the limit
of the deformation under rotational constraints is usually very similar to
the deformation that would have beengeneratedby using a Poissonmesh
editing technique where rotations are interpolated betweenthe constrairnts
(seeFig. 2.3.2). Thus, it is only natural to conbine the two methods.

We decidedto adapt the approad by Zayer et al. [35], which usesa har-
monic interpolation of quaternions acrossthe mesh, to our purpose. One
major disadwantage of quaternion-basedrotation interpolation is its inabil-
ity to properly reproduce rotations by more than 180 degrees. We solwe
this problem by interpolating tetrahedron rotations that are relative to the
current estimatesR; instead of absolute rotations with respect to the rest

11



(@) (b)

Figure 2.2: (a) Behavior of our deformation technique when a 360 twist is
applied to the greenhandle. From top to bottom: Original model of a bar;
result after applying the twist without rotation interpolation; deformation
without rotation interpolation corvergedafter seweral secondsjnstantaneous
result with rotation interpolation. (b) Examplesof deformationswhich are
dicult for linear Laplacian methods. Left: A cylinder with deformations
generatingby applying a rotation of 135 (top), respectively 90 and a trans-
lation to the right (bottom). Right: A bumpy plane to which we apply a
pure translation. Note the rotations of the bumps on the plane generated
even though only a translational constrairt has beenapplied.

state. Theserelative rotations are usually very subtle and can thus be eas-
ily interpolated with the harmonic interpolation scheme. Tednically, the
interpolated quaternions are simply added to the current frame's rotation
matrices R; beforecalculating the updated di erential coordinates.

An interpolation of rotations is only necessaryf the useractually rotates
a handle and if that handle consistsof one or more tetrahedra in which all
verticeswere selected.In any other case the rotation of a handle can not be
determineduniquely.

Rigid section handling

Adapting our method to handlerigid parts in the meshis a straightforward
task. For ewery rigid set of tetrahedra T igig Tt We can calculate an
averagerotation from the R, of all the t; 2 T,igiq. Ead sud t, is then
assignedthis xed averagerotation. By this means,we remove the ability
to bend from the set T igig While the averagingstill allows the setto orient
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itself in sud away that the deformation'sshearis minimized, Fig. 2.1. If our
goalis not to generatecompletelyrigid parts but rather to vary the sti ness
of certain parts we can achieve this by scalingthe gradierts g; and gradiert
operator matrices G; of the respective elemens when building the linear
systemfrom Eq. 2.1 and updating the di erential coordinatesin Sec.2.3.2.
Increasingthe scalingfactor increaseghe relative sti ness to the surrounding
elemers and vice versa.

2.4 Deforming high resolution meshes

High-resolutionmesheM iy, , asgeneratedby lasescanningor similar tech-
niques, cannot be deformedat interactive rates using our method. Thus we
needto work on a lower-resolution tetrahedral meshversion of the original
input mesh,and afterwards transfer the nal poseof T to obtain M ;¢ In
the target pose.

A fast and easy-to-implemeh approad to posetransfer generatedor eath
vertexv; of M o, @ setof barycertric coordinateswith respectto the closest
tetrahedron of T in the rest pose. By applying those coordinates to the
deformedtetrahedral mesh,the deformed ne meshM {,, is reconstructed.
Although this approad is fast it has se\eral drawbads, the main one being
that the reconstructionis only piecewisdinear and thus artefacts like derts
and self intersectionsmay appear in the reconstructedmesh.

Mean value coordinates[15] provide an alternative that circumverts these
problems. Here,a setof coe cients ¢; = ¢?:::cM is computedfor eat vertex
vi sud that ¢;"V = v, i.e. ead point of the input meshis represeted
as a linear combination of all the points of T. Mean value coordinates are
C?-smooth and enableplausible posetransferto M input @sshaown in a similar
context in [13]. Unfortunately, they are very memory consumingand mesh
reconstructiontakessigni cantly longer.

[33] usedisplacedsubdivision surfaces[17] to transfer their deformation
from low resolution meshto a high resolution input. But this method can
only construct a remeshedversionof the input meshwith the connectivity of
the subdivision surfacecreatedfrom the low resolution version,and therefore
it is not suitable for our purpose.

We proposea method that conbinesthe advantagesof the rst two meth-
ods mertioned above. Our approad represets vertices of the input mesh
as linear conmbinations of tetrahedra in the local neighborhood. By select-
ing the coe cien ts carefully, we can achieve a smooth deformation transfer
with a method that is far lessmemory consumingand computationally more
e cien t than meanvalue coordinates.
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To put this into practice, we nd for eat vertex v; in M i, the set
T (v;) of all tetrahedra that have a boundary face certer center(tj) which
lies within a local sphericalneighborhood of radiusr (in all our casesr was
setto 5% of the mesh'sbounding box diagonal). Subsequetly, we calculate
the barycertric coordinate coe cien ts c¢;(j ) of the vertex with respect to all
tj 2 T((v;) and compute the combined coe cien t vector ¢; as
P

szr(vi)Ci(k) (Vist))

. (2.9)
2T vy (Visty)

C =

(vi;t;) is the Wendland weighting function with respect to the distance of
v; to the boundary facecerter of tetrahedron t;

sy O ifd>r
with d = kv; center(t;)k . (2.11)

The coe cien ts for all verticesof M i, are conbined into the previously
mertioned matrix B. Thanksto the smaoth partition of unity de nition and
the local support of our parametrization, we can quickly compute a smaooth
and natural looking transformedinput M 9, at moderate memory costsby
calculating new vertex positions as

M2 =T®B (2.12)

input
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3 Results

We have tested our real-time editing technique for performing high-quality
shape deformation on a variety of complex models, Sect. 3.1. Additionally,
we demonstratethat our method is well-suited for generationof lifelike mesh
animationsfrom motion capturedata, Sect.3.2. Finally, we rst discusssome
of the basic geometricproperties of our technique and highlight advantages
over related approades, Sect. 3.3.

3.1 Mo del editing

We have usedour approad for interactive editing of seweral high resolution
meshesasshown in Figs. 1.1and 3.1. Tab. 3.1 contains detailed information
on the complexity of di erent models, as well astiming results for the indi-
vidual processingstepsin our approad. The accompairying video alsoshows
a live capture of an editing sessionjllustrating that plausible deformations
can be quickly achieved using easy-to-sgcify deformation handles. In our
test cases,both large region handles (prescribing position and orientation)
and point handles(prescribingonly position) wereusedto createthe various
poses.Pleasenote the natural intuitiv e behavior of the deformation, aswell
asthe authertic look of the deformationsalsoon the high-resolutionmeshes.
Evenwhenusing only a few handlesit is possibleto easily create corvincing
results that look physically plausible. We would also like to point out that
thanks to the tetrahedral setting there is no noticeablelossin volume even
after very large deformations.

3.2 Animation using motion capture data

The exibilit y in constraint handle positioning inside and outside a model,
aswell asthe ability to createplausibledeformationsfrom moving point con-
straints only, enablesus to quickly generaterealistic animations of models
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model g input tet | fact | trans | recons| fps

Bar 2.3.2 N/A 857/ 2289 | 0.039| N/A N/A | >120
B. Bar 2.1 N/A 1440/ 4302 | 0.074 | N/A N/A 85
Plane 2.3.2 N/A | 5066/ 16028 | 0.331| N/A N/A 20
Cylinder | 2.3.2 N/A | 7235/ 23831| 0.565| N/A N/A 12
Man 3.2 39771| 3474/ 12324| 0.241| 42.8| 0.179 24

Dragon 3.1 | 100004| 3021/ 9802 | 0.128| 94.5| 0.442 37
Raptor 1.1 | 175100| 2512/ 9372 0.136| 167.6| 0.965 37
Armadillo | 3.1 | 195948| 1688/ 5373 | 0.084| 96.0| 0.484 57

Table 3.1: This table showvs performance gures for our technique onan AMD
X2 5000+. The columns from left to right contain: Model name, gure
number in the paper, number of input meshvertices, number of tet mesh
vertices/tetrahedra; thereafter, timings are given for pre-factorization of the
left-hand sidematrix of Eq. (2.1), precalculationof posetransfer coe cien ts,
deformation transfer to input mesh;the rightmost column givesframesper
secondduring interactive editing of the tetrahedral mesh. All other timings
are given in seconds.

using captured motion data. To demonstratethis, we mapped motion data
acquiredwith a marker-basedoptical capturing system,aswell asdata cap-
tured with a marker-free motion capture algorithm [9] to high-quality laser
scansof humans, Fig. 3.2, aswell asto the Stanford Armadillo model. The
accompalrying video shavs seeral examplesin which the models perform
complex motions, sud as a cartwheel. Depending on the type of motion
data, di erent kinds of deformation handlescan be speci ed.

In the caseof marker-basedmotion capture data, we can usethe raw 3D
marker trajectories as deformation constrairts. As a preprocessingstep, we
align the model to the marker positions in the rst frame by hand. After
alignmert, we generatean additional vertex at the marker positions and
connectthesemarkersto the model T by adding a setof invisible tetrahedra
which connectthe markersto the closestboundary faces. This allows us to
usemarkers at arbitrary positions closeto our model surfaceto deform the
object.

By this means,we can bypassthe labor-intensive and often error-prone
reconstruction of a kinematic skeleton from the marker data and utilize the
raw measuremenoutput straight away. In casewe are already given a tem-
plate skeleton mesh (as for example the default motion template from 3D
Studio) we can pre-align our model to it and usevertices of the skeleton as
deformation handlesby meansof the samelinear-conbination approad.

The marker-lessmotion capture results come already in the form of a
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coarsemoving kinematic body model comprisingof individual triangle mesh
segmets. By specifying correspnding verticeson the template and the mesh
T, it becomesstraightforward to map the motion onto a scannedmodel.
The accompaltying video showns an example sequencean which the dancing
performanceof an actor was captured and applied to a scanof himself.

If only few handlesare used,we additionally mark a setof rigid groupson
the modelto be deformed,Fig. 3.2. The whole handle setup-processypically
takesonly 3-4 minutes for a single animation.

The nal animation is computed as follows: For eat frame we update
the position of the handle constrairts, run the iterative deformation for a
number of cycles(typically 2-3 cyclesare su cient) and afterwards deform
the input meshusing the technique from Sect. 2.4. In practice, we usethe
tetrahedral meshmodel for real-time pre-visualization of the animation, but
render the high-quality deformation in a batch processthat takesbetween
0.1and 0.5sto write oneframe (seeTab. 3.1).

Our results shav that our method provides a fast and easy-to-usealgo-
rithmic alternative to create high-quality mesh animations from captured
motion data. Realistic smooth surfacedeformationsand subtle motion de-
tails are faithfully reproduced without having to rely on an intermediate
skeleton represemation with assaiated skinning weighs.

3.3 Geometric prop erties

Our deformation technique has seeral distinct advantagesover a purely lin-
ear deformation method. While the inability of a purely linear approad to
handle rotations quickly leadsto a deterioration of the deformedgeometry
our iterativ e approad handlesrotations faithfully lendinga plausibleappear-
anceof the transformed model. Our results are also more pleasingthan the
onesobtained with a gradiert-baseddeformation techniques,aswe faithfully
handletranslations. By iteratively computing small poseupdatesin a clever
linear framework we can producesimilar results as state-of-the-artnon-linear
methods, sud as|[6].

Despite these advantageous properties, our tetrahedral method is not
suitable for real-time deformation of very large triangle meshes. We thus
deform them basedon decimatedtetrahedral represetations. Howewer, we
would like to point out that this is not a principle disadvantage sinceit is
our primary goalto modify the low-frequencycomponerts of a model which
contain information about its pose. Working on a low resolution meshis
equivalert to performing a low-pass ltering of our geometryand adding the
high frequency detail badck after the low frequency componerts have been
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Figure 3.1: Resultsof an interactive editing session.Input modelsand their
tetrahedral courterparts with handleson the left, three resulting poseson
the right.

modi ed.

Our volumetric method has more favorable shape presenation properties
than approadesworking on triangulated manifolds. Due to the tetrahedral
constructionour approad aimsat preservingdistancesbetweendiametrically
opposedverticeson the model's surface. Givenan appropriately setup mesh,
this canberegardedasatendencyto presere cross-sectionahreas. Although
this does not imply global volume presenation, it comescloseto a local
volume presenation which is very useful when animating shapeswhere one
wants, for instance,the thicknesse®f limbsto be presened. We'd alsolike to
emphasizahat our method doesnot imposestrict shape quality requiremerns
to the generatedtetrahedra, and even mesheswithout interior vertices can
be deformedin an intuitiv e way.

Another bene cial property of our deformationis its robustnesseven un-
der extreme conditions. Even if we completely randomize the di erential
coordinates of an object constrained by a few handleswe can recover the
original shape after a number of iterations (seethe accompalrying video for
an example). This meansthat it is virtually impossibleto break the defor-
mation processby carelessconstraint placemer.

Our algorithm can alsobe interpreted asa form of extremely simple non-
linear optimization of elastic energy Elastic deformation is characterized
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Figure 3.2: Animation of a scannedcharacter using optical MoCap data.
From left to right: Input model, reducedtetrahedral model with rigid regions
marked roughly, 22 input handles, v e framesout of a cartwheelsequence.

as a deformation which behaves as rigid as possiblelocally. Our iterative
approad adhievesthis by iterativ ely removing asmuch non-rigid deformation
from the tetrahedra as possible. This can also be obsened in the results of
our algorithm, asthey behave very similar to elasticdeformationsimulations.
A way to speedup corvergenceof this non-linearapproad would be to apply
multi-resolution techniquesby generatinga hierarchy of models.

In all our test casesand application scenarioswve found that the deforma-
tion behavesintuitiv ely and is easyto useewvenfor unexperiencedusers. The
real-time deformation processin conjunction with immediate visual feedba&
makesit corveniert to obtain the envisionedresults.
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4 Conclusion

We preserted a volumetric interactive shape editing techniquethat alternates
betweena linear tetrahedral Laplacian deformation and a di erential update
step. By this meansnon-linear deformation behavior can be mimicked with-
out having to solve complexnon-linear systems.Our method is highly stable
and enableseven unexperiencedusersto createcorvincing results usingonly
few manipulation handles. Translational and rotational constrairts can be
speci ed exibly at arbitrary locations inside and outside the object. This
alsoallows usto useour algorithm for rapid generationof high-quality mesh
animations from motion capture data.

In the future, we plan to apply our method to enhancethe quality of
model-based3D video and to explore the possibility of using the approadt
in the context of non-rigid shape matching.
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