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Abstract well approximates the original mesh animation.
Different from the hierarchical bone structure of skeletal
Skinned Mesh Animation (SMA) well approximates a characters, in skinned meshes, there is no structure defined
mesh animation with extracted bones and their transfor- among the extracted bones. As a result each bone needs its
mations. However, unlike skeleton, bones in SMA are notown rotation matrix and translation vector. The translation
organized in hierarchies, thus they need mesh dependentectors make SMA mesh dependent. Thus, we can neither
translation vectors which prevent other sources of motion apply other sources of motion to the skinned mesh nor edit
(i.e. skeletal animations, MOCAP, SMAs etc) from being ap-the SMA [1]. This limits the use of the SMA technique.
plied to the skinned mesh. In this paper, we propose a newwithin our knowledge, there has been no research address-
and fast method to transplant motion to skinned meshes.ing this problem yet.
By efficiently solving a linear least-squares system, we can  |n this paper, we propose a new and fast method to trans-
compute new translation vectors which enable the motion to plant different sources of motion to skinned meshes. This
work on the skinned mesh. Based on the same idea, we havig accomplished in three steps. First, the rotation matrices
also devised a SMA editing tool which allows users to edit of the bones are extracted from the motion. Second, the rest
frames of the SMA interactively. Furthermore, the editing pose of the motion is aligned with that of the skinned mesh’s
can be propagated to all subsequent frames. animation, which makes the rotation matrices applicable to
the skinned mesh. Finally, new bone translation vectors are
computed by efficiently solving a linear least-squares prob-
1. Introduction lem. Based on the same idea, we also implemented a SMA
editing tool which allows users to edit the poses in frames
Skeletal animation is one of the most important prob- of the SMA interactively, and the editing can be propagated

lems in computer graphics and it has received a great deaf© all subsequent frames. _ _
of attention from the animation community. It is the stan- _ The rest of the paper is organized as follows: in Sec-
dard way to do large scale character animations. As a re-ion 2, we will explaln how to transplant motion to skl_nned
sult, it is commonly used in computer game programming Meshes, then we will show how to apply the same idea to
and the movie industry. The strength of skeletal animation SMA editing in Section 3, results and discussion are given
is that once the skeleton is available, the animation can ben Séction 4 and the conclusions are in Section 5.
easily manipulated and many nice approaches for skinning
can be applied. Common skinning approaches include SSDp Transplant motion to skinned meshes
smooth skinning, linear blend skinning [7], enveloping [12],
example based methods [5, 11, 4, 9] and so on. A good sum- .
mary of research in this area can be found in [5, 9]. 2.1. Problem definition

James and Twigg extended approaches for skinning char-
acters to the general setting of skinning mesh animations Suppose we are having two different animatiefisand
(SMA)[2]. With an input mesh animation, their method can A;, where A, is a skinned mesh animation (SMA) defined
automatically extract a fixed number of bones from these on skinned mesh/,. If we want to apply the motion ofl,
meshes, as well as the transformations of these bones ino M, we call the problem transplanting motion to skinned
each frame. Each mesh vertex is weighted by several bonesneshes. Here4, can be any kind of animation, as long as
With these weights and the bones’ per-frame transforma-it has bones and transformations defined on the bones. For
tions, a skinned mesh animation can be constructed, whichinstance A, can be a skeletal animation, MoCAP, SMA and



Figure 2. Aligning rest poses to the same (approximately) bind pose.

head

humerus the angle of the bone. So the motion of the animation is de-
radus termined by the rotation. There are several methods to ex-
tract a rotation matrix from a general matrix. In our imple-
= mentation, we used the polar decomposition method [10].

With polar decomposition, we can extract the rotation
from transformation matrices @,, we denote them ag,,.

2.3. Rest pose alignment

Figure 1. Bones mapping. The rotation matriced?, cannot be applied td3;, di-
rectly, because they are defined relative to the rest pose of
bonesB, in animationA4,. The rest pose here means the

so on. For simplicity, in the rest of the paper, we will illus- pose in the first frame of the animation. An example of a
trate our method withd, defined as a skeletal animation, rest pose is shown in the rightmost image of Figure 2.
and the method can be extended to other cases similarly. In order to apply the rotation®, to By, we need to de-

Suppose the bone set 8f, and M, are B, and B,, re- fine an intermediate pose, through which we can align the
spectively. We assume th&, and B, are similar to each  rest poses of two animations. The intermediate pose is a
other, which is a reasonable assumption for transplantingconfiguration of bones, which both rest poses of two ani-
motion. Thus, we can manually build a bone mapping from mations can be transformed to very easily. A good choice
By, to B,. The mapping does not need to be a one-to-one of an intermediate pose is the "bind pose”[6], which is just
mapping, as long as the mapping is reasonable. One examthe initial configuration of the bones. Figure 2 gives an ex-
ple that we are using is shown in Figure 1. The left skele- ample of two animations aligned at bind poses. The first
ton, which has 31 bones, is from the CMU motion capture and last images are the rest poses of two animations. The
databask The right skinned mesh has 11 bones. An injec- second and third images are their bind poses which are ap-
tive mapping from the skinned mesh to the skeleton can beproximately the same. Thus we can select the bind pose as
built. intermediate pose and align both rest poses through it.

After setting up the bones mapping, for each bdsje If there is no predetermined transformation to transform
in By, we find its corresponding bone B, suppose itis  the rest pose to the intermediate pose (like the cases where
BJ. Then we extract the motion from8/’s transformation ~ "bind pose” is not defined), we can use the SMA editing
matrices, and fit the motion t®;. This is done in three  technique (Section 3) to align the rest pose to the intermedi-
steps, extracting rotations, aligning the rest poses, and solvate pose interactively. For more discussions on this, please

ing translations using a linear least-squares method. see Section 3.
The equation that makes rotatiord®, applicable to
2.2. Rotation extraction bonesB, with intermediate posé can be written as:

A transformation matrix is a four by four matrix. It con- Ra s Ry Ry @

tains rotation, translation and scaling of a bone in one frame . .
9 Where R,_,; is the rotation that transforms a bone /it

of the animation. Rotation is defined in the upper left three . . :
by three block of the transformation matrix and it controls from the rest pose to the intermediate pose, Bpd,, is the

inverse rotation of?,_., ;, which transforms a bone from the

Lhttp://mocap.cs.cmu.edu/, Carnegie Mellon University (CMU) Graph- intermediate pose t'O the rest posefbf. After that we can
ics Lab Motion Capture Database apply the rotations irR, on the bone set.




Figure 3. SMA interactive editing.

2.4. Solving translation 4

Once we can apply rotatior®, on By, we need to solve
new translations to work with the rotations. For simplicity
of illustration, we assume that each vertex in the skinned

mesh M, is only affected by one bone. It can be easily F
extended to cases where each vertex is associated with a Os
weighted sum of multiple bones. V' v

Suppose two verticeB; affected by bone3} and P, af- B, B P Sl
fected by boneB? are connected in the skinned mekh, B! \\‘
as shown in Figure 4. We define the vector betwfeand
P, in the rest pose a¥. After applying B?'s new rota-
tion matrix R to P,, without translation, the vector between
P, and P, becomesVg, which is quite different froml”
in terms of length. Notice that rotatiaR is defined in the  will only depend on vertices’ bone weights, and it will not
global coordinate system with respect to paihtWe need  change for different rotations. Thus to solve the system, we
to solve B?’s new translation/; that can translat& to only need to obtain &) R factorization on matrixA once,
V', whereV’ has the same length &and similar rotation  and solver (translationd/z) by substitutions, which can be

Figure 4. Solving translation.

asVg. The equation for translatioviy is: done very efficiently. An example of solving translations is
, shown in Figure 3. The second image shows that the rota-
Vi=Vr+Vr=RP,— P+ Vr @) tion has been edited and the correct translation is computed

in the third image. We can see that a good approximation of
new translation vectors can be obtained by our method.

In actual problems, all bones are being rotated. To solve
for the translations, we need to fix one bone and compute
the translations of other bones with respect to it.

However, before solving the equatidr, is not known yet.
A practical approximation t&’’ can be obtained by apply-
ing half rotation of R to V.. The half rotationR% can be

approximated by polar decomposition of matﬁ%ﬂ [2, 8].
1 is the identity matrix, which has zero rotation. By moving

all knowns to the right hand side, the equation becomes: .
3. SMA editing

Vr =R,V — RP,+ P, (©)]

) ) o The idea of solving for translations also enables us to im-
If at the same time3; has a new rotatio; whichis ap-  plement a SMA editing tool. Basically with the SMA edit-
plied on P, then P, will becomeR, Py, Ry will become  ing tool, users can edit the transformation of a bone by ap-
(R + Ri1)y andVr will becomeVr — Vi, whereVi isthe  plying an additional rotation to it. After that, a new transla-
translation vector of3}. For cases where each vertex is as- tion is solved to make the editing work on the skinned mesh.
sociated with a weighted sum of multiple bones, both sides The editing can also be propagated to all other frames.
of the equation will become weighted sums. An example of SMA editing is shown in the Figure 3.

As long as two vertices are connected and their major The first image shows the initial pose. The second image

weighted bones are different, we can build an equation for shows that users can select one bone, and apply an addition
them. Suppose we haws, pairs of vertices like this. Inthe  rotation to it. After that, we run the translation solver to
end, we will obtain a large sparse linear systém~ b. A obtain the correct translation for the rotation, as shown in
has3 x n, rows and3 * n; columns wherey, is the num- the third image. The last image shows that users can obtain
ber of bones in skinned medH;, and both 3 stand for three nice customized poses after several interactions.
components of translation vectors. Notice that the mairix This technique for SMA editing can also help transplant-



Figure 5. Results.

ing motion to skinned meshes. When there is no "bind
pose” defined for either of two animationt, and 4,, we
can select the rest pose of the skeletal animatigras the
intermediate pose, and use our SMA editing tool to align
the rest pose ofl, to it interactively. This gives reasonable
solutions for cases where there is insufficient information.

4. Results

The results of transplanted skinned mesh animations are [5]

shown in Figure 5. The first two rows in Figure 5 show
a walking motion from the CMU motion capture database
transplanted to the skinned mesh "female”, which has 11

bones and 55,999 vertices. The last two rows show a ballet
dancing skeletal animation transplanted to the skinned mesh [7]

"armadillo”, which has 19 bones and 65,999 vertices. In

both skinned meshes, each vertex is weighted by four bones

and the time for solving translations per frame is less than
0.1s. Thus our SMA editing system can achieve interactive
frame rates, which is very important for user interactions.
We have provided the full skinned animations of Figure
5 in our video demo, as well as two more results, includ-
ing a lambada dance transplanted to the skinned mesh "fe

male” and another dance transplanted to the skinned mesh[1

"armadillo”.

5. Conclusions

We propose a new and fast method for transplanting dif-
ferent motion to skinned meshes. The key problem of our
work is to compute new translation vectors for the motion

based on the bone structure of the skinned mesh. This is
done by solving a linear least-squares problem very effi-
ciently. Based on the same idea, we also implemented a
SMA editing tool, which allows users to edit skinned ani-
mations interactively.

With our method, users can apply various sources of mo-
tion to skinned meshes, including skeletal animations, mo-
tion capture data, SMA and so on. For example, the mo-
tion in the CMU motion capture database can be applied to
skinned meshes now with our method.

When transplanting motion that are quite different from
the skinned mesh’s original animation, defects may occur at
skeletal joints, such as "collapsing elbow” and the "candy-
wrapper” effect. In future, we are considering integrating
skin deformation research [13] with our work. We are also
considering applying our method to other kinds of skinned
animations, such as those reported by Kavan et al. [3].
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