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Abstract advantages over existing volume-preserving defor-
mation appraoches:

We present a straightforward, yet effective approach e The volume preservation is exact.

to volume-preserving mesh skinning. After each o The volume correction is obtained directly by

skinned mesh deformation, a volume correction is a closed-form solution.

applied which moves the vertices along an automat- e Even during strong articulations the volume is

ically constructed displacement field. The volume preserved without distortion artifacts.

correction is exact and is computed directly by a e No additional volumetric structures like con-

closed-form solution. The animator can control the trol meshes, tetrahedral meshes or implicit de-

volume correction interactively to achieve custom formers are required.

effects like foldings or muscle bulging. We demon- e The animator has precise control over the vol-

strate the usability of our approach in several ex- ume preservation. It is possible to define per-

amples, especially the physically plausible defor-  vertex how the volume should be preserved.

mation of characters. The volume preservation is

also able to deal with extreme articulations without

distortion artifacts. 2 Related Work

Volume preservation is an important aspect in many
1 Introduction application areas, especially in the context of shape

deformation, where it has been addressed in a vari-
Mesh skinning is a standard technique which isety of research papers over the last years.
widely used in Computer Graphics, especially inthe [7, 3] propose methods to preserve volume dur-
context of character animation. The idea is to bind ang free form deformations and [10] model objects
mesh to a skeleton whose joints can be transformedsing volume-preserving free form tensor-product
in order to obtain a smooth non-rigid deformationsolids. [6] use local volume controllers to guaran-
of the surrounding mesh. The deformation of eachiee volume conservation of implicitly described soft
mesh vertex is computed as a weighted blend ofubstances.
the joint transformations. While the method is intu- In the context of multiresolution modeling, [5]
itive and fast, producing convincing and physicallyuse volumetric elements between different multires-
plausible deformations can be quite challengingolution levels whose volumes are kept constant dur-
Common problems are unnatural volume changeig deformation. That way, detail features are de-
in deforming joint regions — examples are the wellformed more naturally, however the global volume
known ‘collapsing joint’ and ‘candy wrapper’ ef- is not preserved. [11] present a method for vol-
fects. ume preservation of multiresolution meshes which

We present a technique which automatically preis based on a quadratic minimization subject to a

serves the volume for arbitrary skeletal mesh deforlinearization of the volume constraint. [8] present a
mations. The volume-preservation can be adjustegradient domain technique which is able to preserve
manually by defining weights on the mesh surfacevolume by using a nonlinear volume constraint. The
That way, the animator can precisely control howsubspace technique requires a coarse control mesh
the volume is preserved to get more realistic deforwhich encloses the actual mesh and is used to han-
mations. The presented method has a number afle deformation energy and constraints efficiently.
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Figure 1: Volume-preserving mesh skinning can be used to createahktoking deformations. Even
during extreme articulations the volume is exactly preserved without digtertio

[9] introduce a shape- and volume-preserving mesfor each triangle a triple of vertex indices. If the
editing technique where the mesh is represented bgurface is a closed manifold, we can compute the
moving frames. The frames are scaled during devolume of the shape as the sum of the signed vol-
formation such that the volumetric shape propertiesimes of the tetrahedra formed by each triangle and
are preserved. the origin:

[1] describe a space deformation technique 1
which is able to preserve volume locally and glob-  volumgP) = — Z pi-(P; xpr) (1)
ally, but is restricted to a tool with spherical influ- 6 (i,§,k)ET

ence that can be translated in space. [12] intro-

o . In above formula” denotes the scalar product and
duce a similar method based on constructing and_ , . .
. . . : %’ the cross product. Given a deformed mesh with
integrating divergence-free vector fields. Here, the

s o ’ i
influence region can be defined using arbitrary jm- €€ position®” = [P, ..., p] and the same tri

. e
plicit functions and the deformation is able to per_angulatlon, we want to modif>’ so that the vol

¢ . . . . ume of the deformed mesh is the same as the vol-
orm translations and rotations. While this methodume of the undeformed mesh. To do so. we define
preserves volume and avoids self-intersections aud displacement field/ — [v ' vl whi(,:h tells
tomatically, strong deformations, like bending anfor each vertex position’ inl\;\;ﬁi’chn direction and

ObJ?Ct by more than 90 degrees, produce heavy d'?{ow strong it has to be moved so that the original
tortions as demonstrated in [13]. Here, the authorsOlume is reached. The displacement field can be
add more control to the vector-field-based metho reely defined as Ic;ng as it changes the volume of
and moreover decrease distortions by defining th<f=he shape. The exact scaling¥fcan be computed

deformation influence on the mesh surface. [2] ex-a utomaticélly as we will see below, Formally, we
tend the rotational deformation of [12] to charac- - . ’ '

ter skinning to get volume-preserving skeletal de-W"Jlnt the following condition to hold:
formations. However, the method is not able to volumgP’ + X - V) = volumegP) )
preserve volume during strong articulations with-
out severe distortions. For this kind of deformation,
the authors propose to gradually decrease volum

preservation to reduce the distortions.

A is the factor by whiclV needs to be scaled. The
remaining task is to find a which fulfills Equa-
8ion 2. By insertion and reordering we get

> P+ AV)((P) + Avy) X (P + AVi))
3 A h (,4,k)eT
pproac _Pi(pj X pk) =0
Let us consider a three-dimensional triangle mesh
with vertex position® = [p1, ..., p»] and a trian-
gulationT C {1,..n}*. In this notation]" contains S ot Aot + A%+ A% =0 (3)



with Here, *' denotes the componentwise scalar multi-
plication andM;(P) is the transformation of all

/ / /
©= (m%Esz(p] X Pi) ~PilP; X Pk) pointsP by joint matrix M.
., , , Since our volume preservation is global, we need
a = Y. PP} x Vi) + Pi(v; X ) to carry out the deformations at each joint one after
(0.5, k)T another. We do this in hierarchical order, i.e. we
+vi(P} X Pk, start at the root joint and traverse recursively along
o = ST PUvs X Vi) 4 vi(P) X Vi) the children. For each joint de_formation, we ap-
(i,5,R)ET ply our volume correction algorithm and thus can
Fvi(vy X B, perserve the volume Iocglly a_t the corresponding
joint. After each deformatior® is replaced byP’.
G = Z Vi(vy X Vi) To simplify matters, we consider in the following
(L3 R)ET only one deformation at one joint, i.e. we assume

The cubic equation (3) has up to three real solutionghatP and the bone transformatiohd; are initial-
AL Since we want to chang@’ as little as possi- ized properly.

ble, we choose the solution whose absolute value is_First, we construct an initial displacement field
U in bind pose which will be used to construet

minimal. for each joint deformation. Given start positian
In a nutshell, we can preserve the volume of arand end positiorb; of each bone in bind pose, we
bitrary deformations in the following way: can define a 3D vector field
1. Deform the mesh verticd® to getP’. (b; — a;) - (x — a;)
2. Define a displacement fieM. di(x) = x’(aﬁdamqw)(bi*ai))
3. Compute scaling factor. (5)
4. Set the final vertex positions ¥ + \V. with
In the following section we will see how this ap- 0 if s<o0
proach can be applied to skeleton-based mesh Skin'clamp(d) _ 1 if 5>1
ning. We propose a method to automatically define 5 else.
V for arbitrary skeletal deformations and how to (6)
adjustV: manually to get more complex volume- ;g a1y, d;(x) is the vector from the closest point
preserving deformations. on bone segmertt;, b;) tox, as illustrated in Fig-
ure 2a.
4  Volume-preserving mesh skinning N_ow we defineU as the blended combination of
all fieldsd;:
Standard mesh skinning usually works by bind- k
ing a skeleton to a mesh where the influence of U= ZW" -d;(P) 7

each joint has varying weights across the mesh ver-
fﬂces. The yvelghts are set by the ar_nmator durThat way, we get a smooth vector field pointing
ing the rigging process. The mesh is deformed . S
IYES . . away from the skeleton (Figure 2b), which is ideal
by blending joint transformations with respect to . .
. . L : ; for our volume correction algorithm. We can now
these weights. Givek joints with transformation

matricesM, ..., M € IR*** and vertex weights define the deformed field

Wl,...,Wk with W, = [wi’l,...,wi,n}, let the , k
weights be defined such that they sum up to one for U’ = »_ Wi+ (My(P + U) — M,(P))  (8)
each vertex, i.e°F  w;; = 1forj = 1,..,n. d

Each defc_)rmt_ad vertex position is com_puted asa ”“analogously to the skinning equation {4Finally,
ear combination of the transformed bind positions: ye displacment vector field for the current defor-

X mation is defined as
P’ = ZWi - ML (P) 4) V=5.-U 9)

2M; (P + U) — M, (P) is used to transfornlJ without
1We use Cardano’s method for solving cubic equations. translation.
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Figure 3: (a) A bar is skinned using a skeleton con-
sisting of three bones. (b) The deformed mesh us-
ing standard mesh skinning and (c) using volume-
preserving mesh skinning.

(@)

Figure 2: (a) The vector field; evaluated at a num-
ber of sample pointg;. (b) We obtainU by blend-
ing the fieldsd; at the mesh vertices.

where S = [s1,...s,] defines a weighing factor

at each vertex which basically describes how muct

the volume correction should affect this vertex. As

we will see in Section 55 can be defined man-

ually on the vertices to get complex, user defined

deformations. However, there is also an automatic \
method to generate useful weights at a joint. Giver

the current jointj and its parent joint, we sim-

ply setS = Wi - Wj. In most casesy has large  Figure 4: The animator can paint positive (pink) or
weights near the joint and decreasing weights awajiegative (green) weights interactively on the sur-
from the joint. That wayyV is only non-zero close face. That way, soft tissue deformations and fold-
to the joint and thus the volume is corrected locallyings can be modeled.

in that region.

5 Applications Figure 1 demonstrates how this technique can be
. . i used to model realistic skin and muscle deforma-
Using the automatic displacement field construcy;o,o Figure 5 shows a comparison between tradi-
tion described in the previous chapter, it is possiblgjy o1 mesh skinning and volume-preserving mesh
to directly preserve the volume of skinned meShe§kinning. In Figure 5b, where standard mesh skin-
without user interaction. Figure 3 shows an exam-ning was used to twist the arm of a model at the
ple of a bar-shaped mesh which is skinned using @y, der joint, the ‘candy wrapper’ effect is clearly
simple skeleton. Using our method, the volume i gip|e in the shoulder region. This unnatural loss
uniformly and smoothly preserved around the joint ¢\, o1ume can be prevented with volume-preserving
regions which gives the impression of deforming a,egpy skinning, as shown in Figure 5¢, where the
real incompressible S‘_)I'd' __shoulder region deforms more naturally without
In some cases, uniform volume preservation is,olyme change. Note that, while the method is able
undesirable, e.g. when the arm of a human chafg preserve the volume, it is not able to prevent tri-
acter is bent, we don’t want volume preservation ahngle distortions which are typical for the candy

the hard elbow but rather at the soft muscle and tiSyrapper effect, resulting in wrinkles in the shoul-
sue areas near that joint. The animator can modeer region.

this with our approach by painting the weighis

by which U’ is multiplied (see Equation 9) inter-  All models shown in the images and the accom-
actively on the vertices. He is not restricted to usgpanying video were posed in real-time. The de-
positive weights, also negative weights can be usefbrmation of a mesh consisting of 20,000 triangles
to achieve interesting effects like muscle bulging ortakes about 28 milliseconds per joint on a 2GHz
foldings, as demonstrated in Figure 4. notebook.



Surface-based volume correction: Volume-
preserving mesh skinning does not require control
meshes [8], implicit deformers [12, 2] or multireso-
lution representations [11]. The computation is car-
ried out on the mesh surface and can be controlled
on a per-vertex basis: The animator can specify
a scalar field on the surface which steers the be-
havior of the volume correction during deforma-
tion. While vector-field based approaches like [2]
model tissue variation by 3D implicit functions, our

- approach can handle arbitrary complex variations
without performance impact since the variation is
defined on the vertices. In fact, the runtime of our
algorithm is proportional to the number of vertices
times the number of joints that affect the deforma-
tion.

Our approach has some limitations compared to
existing deformation techniques. In particular, it
Figure 5: (a) A character in bind pose. (b) Usingdoes not preserve local surface features and does

traditional mesh skinning, the twisting deformation not automatically prevent self-intersections. How-

produces a ‘candy wrapper’ effect in the shoulde€Ver, traditional mesh skinning, which is still a stan-

tures either: Feature preservation is usually not re-
quired for characters and self-intersections result-
) ing from strong articulations are quite common dur-
6 Conclusions ing character posing [4]. For instance, the pose of
the rightmost character in Figure 1 produces self-
We introduced a straightforward, but neverthelesgntersections which are not noticeable at all. In fact,
effective method to perform mesh skinning with 3ytomatic prevention of self-intersections and vol-
volume-preservation. The key contributions are:  ;me preservation at the same time during strong
Exact volume preservation: The accuracy of articulations is not possible without distortion ar-
volume preservation often depends on the mesh regfacts up to now [13, 2]. We believe that it is a
olution or the numerical accuracy of the algorithmgood compromise to keep the volume preservation
[12, 2, 9, 11]. Our approach can handle arbitraryang leave the prevention of self-intersections up to
coarse meshes and does not rely on a numerical agye animator.
proximation, but preserves the volume exactly by @ |, the future, we would like to investigate the ap-
closed-form solution. plicability of our approach to other areas like facial

Closed-form solution: In contrast to previous animation, surface-based mesh editing and defor-
volume preservation methods, our approach neithehation via control meshes.

requires non-linear opimizations [8] nor numerical
vector field integration [12, 2]. Especially the vec-
tor field integration methods have the drawback thaRefer ences
large deformations require longer integrations [12].

Our solution is obtained directly, no matter if the [1] A. Angelidis, M.-P. Cani, G. Wyvill, and
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deforms the shoulder naturally.
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