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Abstract

Rigging is a core element in the process of bringing a 3D character to life. The rig defines and delimits the motions
of the character and provides an interface for an animator with which to interact with the 3D character. The quality
of the rig has a key impact on the expressiveness of the character. Creating a usable, rich, production ready rig
is a laborious task requiring direct intervention by a trained professional because the goal is difficult to achieve
with fully automatic methods. We propose a semi-automatic rigging editing framework which eases the need for
manual intervention while maintaining an important degree of control over the final rig. Starting by automatically
generated base rig, we provide interactive operations which efficiently configure the skeleton structure and mesh

skinning.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism—Animation

1. Introduction

Skeleton-driven animation is a widespread technique which
is frequently used in film and video game productions to
animate 3D characters. The process of preparing charac-
ters for skeletal animation is referred to as character rig-
ging. Commercial applications such as Maya or 3DS Max
provide many tools that support this process, including the
‘joint tool’ and the ‘paint skin weights tool’. But most of
them are difficult to use for novice users. Even for profes-
sional artists, it requires many hours of intensive effort. Con-
sequently, many studies have attempted to solve this problem
with respect to the skeleton construction or the skinning pro-
cess.

Automatic skeleton construction has received consider-
able attention. One approach is to extract a skeleton au-
tomatically by analyzing the properties of the character
mesh [ATC*08, SLSK07, CSM07, PYX*09, HSO03]. Al-
though these methods produce an initial skeleton from an
arbitrary mesh, the resulting skeletons may not be readily ap-
plicable to animation. The skeletons often contain unneces-
sarily many joints. Additionally, the placement of the joints
often requires anatomical knowledge that is difficult to be
exploited by automatic methods. Another approach is to em-
bed an existing rig into the mesh [BP07,SSW*10,JMD*07].
These methods obtain animation-ready rigs, often lacking in
options for customizing the results.
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The skinning process determines the influences of the
skeleton bones on the mesh. This process is performed by
assigning appropriate weights to the vertices influenced by
each bone. In professional environments, the skinning pro-
cess requires a significant amount of back and forth man-
ual refinement of the skin weights by highly skilled artists
in order to ensure a smooth and plausible mesh deforma-
tion. Automating this process has been a subject of several
studies [BP07, WL08,JBPS11,DdL13]. Many of which have
mainly focused on delivering reasonable skinning results for
novice users.

The automatic skeleton construction and skinning process
have mainly been addressed independently by the research
community. However, observations of artist work-flows re-
veal that both tasks are performed iteratively until satisfac-
tory results are achieved. There are a few techniques, such
as the Pinocchio rigging system [BPO7] or the work of Pan
et al. [PYX™*09], which fully address the rigging problem by
considering the generation of a plausible skeleton and then
applying a skinning procedure. In RigMesh [BID*12], the
modeling step is included via a sketching interface, provid-
ing an end-to-end system for the creation of the character
rigging. These methods mainly focus on presenting novice
users with readily animatable character, often lacking in pro-
viding means for subtle refinement, which is critical for pro-
fessional skinning process.
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Figure 1: Overview of our system.

In professional environments, the manual approach still
takes a primary role, as it gives full freedom to control the
result. In this paper, we approach the rigging process from
a semi-automatic point of view, integrating the skeleton cre-
ation process with the skinning of the mesh into an interac-
tive rig editing system. We also maintain an important de-
gree of control over the final result of the rig, especially in
its ability to refine the skinning results. Our method begins
by providing an automatically generated, fully skinned rig as
a starting point for interactive editing. In this framework, the
skeleton structure and the skin weights can be interactively
edited with the provided manipulation tools while receiving
immediate visual feedback of the current state of the rig.

2. Overview

A character mesh is input to our system. The system au-
tomatically generates a fully skinned base rig with a user-
selected root joint. The user is then allowed to manipulate
the rig in two different ways. First, the skeleton structure can
be manipulated by moving, deleting, inserting, or aligning
joints, and modifying its joint orientations. Second, the skin
weights can be refined by modifying the overall influence of
a specific bone and by increasing/decreasing the range, mag-
nitude, and smoothness of the influence. Simple dragging of
a set of handles performs these operations. All of the manip-
ulations can be interactively inspected via the colorized visu-
alization of the skin weights. Real-time visualization, which
is one of the most important aspects in interactive rigging, is
achieved by re-computing the weights locally. These editing
operations can be interleaved back and forth until a satis-
factory result is achieved. Fig. 1 shows an overview of our
system.

3. Base Rig

In order to obtain a fully skinned base rig, a skeleton is
first extracted from the given mesh. Then a hierarchical joint
structure is defined after the user specifies the root joint
for the skeleton. Next, joint orientation information is de-
termined and finally, the system computes the initial skin
weights for the mesh.

3.1. Skeleton Extraction

We employ the skeleton extraction technique [ATC*08] for
the automatic skeleton generation of a given mesh G =
(V,I), where V = [vlT7 vg, ...,v,Tn]T and I is the set of edges,
with m being the number of vertices. This method contracts
a mesh to approximately a zero volume using Laplacian
smoothing with attraction constraints. A 1D graph skeleton
is obtained by half-edge collapsing of the contracted mesh.
This process produces a curve-skeleton that has node(i.e,
joint) positions U = [ulT, ug, - u,{]T, with n being the num-
ber of nodes. A corresponding region, a mapping between
the extracted skeleton and the original mesh, is defined
through the collapsing step. Specifically, the set of mesh ver-
tices IT collapsing to each skeleton node k(0 < k < n) is
tracked and the information is stored. The corresponding re-
gions are then utilized during the interactive editing process
to speed up the re-computation of the skin weight.

Since the skeleton extraction method [ATC*08] often
generates more nodes than necessary, we apply the Douglas-
Peucker algorithm(DP) [DP73] to remove extraneous nodes.
We divide the skeleton to create a segment from one junc-
tion node to the next junction node or from one junction
node to a terminal node. We then apply the DP algorithm
to each segment. The left image in Fig. 2 shows a result
from the skeleton extraction step. The middle image shows
the cleaned skeleton after the applying the DP algorithm. It
can be observed that only a small number of essential nodes
remain. The right side shows the corresponding region of
cleaned skeleton.

3.2. Hierarchy

A skeleton hierarchy is composed of a series of joint chains
with hierarchical relationships. Upon the selection of the
root joint, the remaining hierarchy is then established by
traversing the nodes in a depth-first manner starting from
the root. From the root joint J;, all of the joints are indexed
according to their traversal order with each joint J; having
one parent joint Jp_and one or more children joints Jg, . Be-
cause the skeleton extraction method produces an articulated
skeleton, the number of bones is always one less than the
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Figure 2: (Left) The skeleton extraction result. (Middle) The resulting skeleton reduced by the DP algorithm where the hierarchy
and the orientation information is specified. (Right) Corresponding regions obtained during the skeleton extraction step.

number of joints. The relationship between bone and joint
indices can be described as follows: B; is the bone corre-
sponding to joint J;; 1 and its parent: J;Jp,,, (0 <i<n).
With the established hierarchical relationship, a transforma-
tion applied to a specific joint will propagate through its chil-
dren joints.

3.3. Orientation

The skeleton extraction step does not consider the orienta-
tion information. The orientation of a joint is important for
the manipulation of the joint. It is a common convention to
assign the primary axis of a local joint to the direction point-
ing to its child joint. It is also usual to align the joint’s sec-
ondary axis, also referred to as the up-vector, to the bending
direction of the joint. Animators sometimes manipulate sev-
eral joints, such as finger joints, at the same time. Keeping
a coherent aligned up-vector of joint setup leads to easily
keyable bending motions with just one axis.

Our system automatically defines up-vectors for branches
with three joints. Considering three consecutive joints Jg, Jp,
and J. of such a branch, the up-vector is defined as the vector
pointing outward in the direction of the projection of J;, onto
JaJe (Fig. 3). With more than three joints in one branch that
need the same up-vectors, we provide function to perform
the align operation explained in Sec. 4.2.

Figure 3: (Left) the up-vector for a three joint chain. (Right)
The different U; vectors used to define an up-vector for a
long joint chain with the align joints tool.

3.4. Initial Skin Weights

The skin weight wj-(O < i< n,0< j<m) denotes the in-
fluence of B; over the vertex j. Similar to [BPO7], we em-
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ploy the heat diffusion weight. This method assumes that
each bone radiates heat onto the nearby surface. Solving the
heat equilibrium over the surface leads to the resulting skin
weight vector w' for bone B;. The equation can be written as
follows:

(H—L)w' = Hp' (1

Here, H is the diagonal matrix with H;; = ¢/d*(j) with d(j)
being the distance from vertex j to the nearest bone. If the
nearest bone is not visible from vertex j, then H;; = 0. Sim-
ilarly to the original method, c is set to one in this step ini-
tially. p'(€ R™) is a vector with p; = 1, if the bone clos-
est to vertex j is i and pj- = 0 otherwise. L is the discrete
surface Laplacian matrix obtained from the mesh contrac-
tion step mentioned in Sec. 3.1. Stacking the weight vectors
creates the matrix W = W, w! .. w"~!|(e R™*"~1) Fig.
5(a) shows the resulting initial skin weights corresponding
to spine bone of a horse character.

4. Interactive Editing

Once the base rig is created, the user is presented with sev-
eral tools to modify and the rig to his/her needs. We pro-
vide two different types of manipulations of the rig. The
user can manipulate the skeleton to refine the position and
orientation of the joints or to modify the skeleton structure
by inserting and deleting joints. The user can also edit the
character skinning and receive immediate visual feedback
on the modifications with a color gradient visualization of
the skin weights of a selected bone. We provide intuitive skin
weight handles to delimit the influence and area of influence
of the bones over the mesh. To afford plausible interactiv-
ity, we re-compute the skin weights locally by exploiting
the information about the corresponding regions obtained in
Sec. 3.1. This local re-computation is important, as global
re-computation hardly achieves real-time performance de-
pending on input mesh resolutions.

4.1. Local Skin Weight Re-computation
4.1.1. Local Computing Region

For any changes occurring to a bone, we want the users to re-
ceive instantaneous visual feedback on the updated weights
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Figure 4: (a) Resulting skin weights for the white bone on the lower left arm. (b) Regions corresponding(grey) to each
joint(purple). Boundary vertices(red) between corresponding regions. (¢) Combined corresponding regions (orange and blue)
and bones to be recomputed (white). (d) The final local computing region included in our skin weight re-computation algorithm

(red and yellow).

while they operate on the rig. Real-time computation is dif-
ficult to achieve by solving Eq. 1 naively, as it computes
weights over all the vertices in the mesh for every bone.
Our approach is to compute the heat equation on a subset of
the mesh and skeleton and then update the resulting weights.
This raises the question of which region and which bones
should be involved in the weight re-computation. Fig. 4(a)
shows the initial heat weights of a human character for the
bone in the lower left arm. The region colored in black in-
dicates a zero-valued weight. It can be observed that large
portions of the mesh received a zero-valued weight. The fig-
ure shows that the region and the bones to be recomputed are
only those in the vicinity of the manipulated joint.

We utilize the information about corresponding regions
obtained during the skeleton extraction process in Sec. 3.1
to determine an appropriate local computing region and the
bones to be recomputed. Fig. 4(b) shows the region corre-
sponding to each joint with a segmented color of dark grey
and light grey. Boundary vertices between corresponding re-
gions are colored in red. When the user edits joint J;, the
local computing region Iy is first defined as the union of

several corresponding regions, i.e, I', = |J II;, where Ay is
€A
a subset of joint indices. The bones to be recomputed are de-

fined as the union of the bones connected to joints J; (r € Ay).
Starting with only the corresponding region ITj associated
with joint J, the local computing region is expanded by
including adjacent regions until the weight of every vertex
in the boundaries of the local computing region is zero for
bone By_;. Fig. 4(c) shows the combined corresponding re-
gions and bones to be recomputed. The corresponding re-
gion associated with the joint on the left wrist is colored in
orange. The regions that were added to the local computing
region are colored in blue. Bones to be recomputed are col-
ored in white. To narrow down the range of the local com-

puting region of the mesh further, we exclude the vertices
with zero-valued weights for bone By that are farther than
c-neighbor distance from the vertices with non-zero weights
from I';. The zero-weighted vertices within c-neighbor dis-
tance are included to ensure weight continuity between the
local computing region and the rest. Empirically, we found
that ¢ = 4 worked well for our purpose. Fig. 4(d) shows the
local computing region in red, in which zero-valued weights
are excluded. The region covering the c-neighbour distance
from the boundary vertices is also colored in yellow. Com-
bining these two colored regions results in the final comput-
ing region.

The corresponding region is only a starting point to deter-
mine a local computing region. Thus, it need not be defined
precisely as long as there exists one associated with every
joint. For this reason, the corresponding region is updated
only when there is a change in the hierarchy of the skeleton,
such as an insertion or deletion of joints.

4.1.2. Local Computation of Weight

With the help of the local computing region, the system ef-
fectively reduces the size of the region involved in the weight
re-computation. As the mesh structure remains same, we re-
use the Laplacian matrix L constructed in Sec. 3.1, but this
time only a subset for the local computing region is used.
As the skeleton structure changes during the editing process,
the H matrix needs to be rebuilt for the local set. If joint J; is
modified, the following equation is newly computed for the
bones with index i((i — 1) € A).

B(H—L)Aw' +BH—-L)B'w =BHB' )’  (2)
Here, B € R?*™ and A € R"™*("=4) yre the selection ma-
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trices such that Aw! € R"~ s the skin weight vector for the
vertices in non-computing region and B w' € RY is that for
the vertices in local computing region. The first term in Eq.
2 serves as the boundary condition. This ensures continu-
ity across the boundary vertices of the local set. This local
weight re-computation process occurs according to changes
in the joint position or joint hierarchy arising from the ma-
nipulations explained in the following sections.

The idea of local re-computation originated from
RigMesh [BJD*12]. In their method, local computation oc-
curs when two shapes’ surfaces and skeletons merge. They
determine the local computing region by searching from the
merge boundary for vertices of which their closest and visi-
ble bone is assigned with under average weight. In contrast,
our method utilizes the segmented mesh obtained during the
skeleton extraction operation to determine the local comput-
ing region.

4.2. Skeleton Manipulations

We provide tools that intuitively and easily edit the skeleton.
During all of the following operations, the system internally
re-computes the skin weights according to the changes ap-
plied. We then provide interactive color visualization of the
skin weights to help users choose the final positions of the
bones.

Joint Positioning. The user can re-adjust the joint posi-
tion continuously in space. The system re-computes the skin
weights interactively with the user’s modifications. For this
reason, this operation requires especially fast computation.
With the help of the local re-computation of the skin weights
introduced in Sec. 4.1, a user can perform this operation
without delay of the system caused by heavy computations.

Joint Insertion. The user can insert new joints into the
skeleton. This insertion operation adds a new joint between
the selected joint J; and its parent joint Jp . Index k+ 1 is as-
signed to the new joint and the indices larger than £+ 1 are
incremented by one. The new joint J; | extracts the bound-
ary vertices from Ilp_, and set them as its corresponding
region Il ;. Because there are no previous skin weights for
the newly generated bone, we compute the skin weights us-
ing Eq. 1 for this operation but with only bones with index
i((i—1) € Ag). The new weight vector w¥ is inserted into the
kth column of weight matrix W.

Joint Deletion. Except for the root joint, the user is allowed
to delete any joint in the hierarchy. If a joint J; is deleted,
joint indices larger than k are decremented by one. The lo-
cal computing region is set to I'p, and the bones with index
i((i—1) € Ap,) are set as re-computing bones. The (k— 1)th
column of weight matrix W is removed. The corresponding
region of deleted joint Iy is transferred to I1p,.

(© 2015 The Author(s)
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Joints Alignment. There are several cases, such as in fin-
gers or spine bone chains, for which the joints need to be
aligned on a particular plane while maintaining up-vectors
arranged in the same plane in order to have a common con-
trol axis for bending them. We provide an alignment opera-
tion to align more than three joints. The user can select the
joints that should be placed together on one plane. The sys-
tem then automatically finds the optimal up-vector for those
joints. Denoting X as a set of indices selected by the user,
we can find the hierarchically highest joint Jj,, and the low-
est joint J; from the selected joints (h,/ € X). The goal is
then to find the optimal plane containing th In general,
artists model a character in a slightly relaxed pose, or equiv-
alently, the modeled joints are not fully extended but slightly
bent, as observed in knees, fingers, elbows. This offers a hint
about which direction that part of the character will mostly
deform. The contracted skeleton with DP joint reduction [8]
tends to preserve these angles, but the users can also mod-
ify them with the provided tools to achieve the desired an-
gles. Using the same method presented in Sec. 3.3, we iterate
over every three sequential joints resulting in a set of vectors
U= {l71>,l72>, ,17;} with n = |X| — 2, where |X] is the num-
ber of joints selected by the user. We set the up-vector for
the selected joints as the average vector of Uayg. Finally, all
of the selected joints are projected onto the plane defined by
JyJi and Uqyg. The image on the right in Fig. 3 illustrates the
computation of the up vectors.

4.3. Skin Weight Manipulations

The skinning weights control the deformation of the mesh.
We define three key operations to control the influence of a
bone over the mesh. First, the range of influence of a bone
affects the extent of the area to be deformed according to
the bone’s transformation. Second, the magnitude of the in-
fluence of a bone determines how strongly the area will be
affected by the bone’s transformation. Third, the smoothness
of the influence of a bone determines overall smoothness of
weight propagation. Fig. 5(b-d) shows the three types of skin
weights manipulation.

4.3.1. Editing Influence Range

We provide a means of controlling the spread of a bone in-
fluence by associating each joint with a skin weight handle.
This handle controls the boundary between the influence re-
gion of a bone and that of its neighbour. This handle is origi-
nally placed at each joint position. By moving the handle, the
user can increase or reduce the spread of the bone’s influence
in that direction. According to Eq. 2, the area of influence of
a bone is mainly determined by the shape of the bone as it
directly influences the distance term in H;; = ¢/d( j)z. By
controlling a joint, the boundary of the area of influence of
its associated bones can be controlled. It is, however, impor-
tant to separate the skeleton manipulations and the editing
of the skinning weights. We thus augment our skeleton by
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Figure 5: (a) Initial Skin Weights. (b) Editing Influence Range. (c) Scaling Influence Magnitude. (d) Editing Influence Smooth-

ness.

adding a skin weight handle to each joint. This skin weight
handle is parented to the joint. We use the position of this
handle to compute the distance term of the matrix H. This
can be seen as computing the weights for a set of virtual
bones associated with the skin weight handle positions. Note
that upon the creation of the base rig, the handles are placed
at their parent joint positions. Therefore, the initial weights
remain unaffected.

This operation works similar to ‘Interactive Skin Bind
Tool” in Maya, which provides a sphere-like controller that
determines the influence of skin weights. While the Skin
Bind Tool can spread the influence only on a sphere-shaped
domain. Our method can adjust the weights with shape-
awareness.

4.3.2. Scaling Influence Magnitude

We allow the user to manipulate the radius of a bone as
a means of controlling the importance of a bone during
the weight assigning step. We attach the radius scale to
the heat radiation of the bone: A larger bone would radi-
ate larger amounts of heat compared to a smaller bones. We
use the same Eq. 2 but for H;; = ¢/d*(j), we define c as the
scale factor of the radius of By, instead of using 1.

4.3.3. Editing Influence Smoothness

We provide an intuitive operation to control the smoothness
of skin weights. By adopting the idea of Euler-Lagrange
equation [BS08] minimizing thin shell energy [TPBF87],
we modify the original equation of heat diffusion weight by
adding bi-Laplacian operator matrix L2,

a>0
(H— (aL+bL*)W =Hp', [ b>0 3)
at+b=1

Here, a and b are the weight for Laplacian matrix and bi-
Laplacian matrix, respectively. We set a = 1,b = 0 for ini-
tial setup. Interpolating between a and b with sum of unity
gives control for smoothness. By scaling the manipulator,

a weight for a gets smaller and a weight for b gets big-
ger, which result in smoother propagation of skin weights.
The surface-oriented bilaplacian has some advantages over
BBW [JBPS11]. We don’t need a volumetric discretization
and the computations are much faster.

Some tools in commercial application provide supports
similar function. A tool like ‘paint skin weights tool” in
Maya provides a function for smoothing the transition of
weights with a brush-like controller. However, it can only
smooth transition in the bound of the brush size. It takes
quite a time to modify overall smoothness of skin weights.

5. Results and Implementation
5.1. Implementation

We implemented the system as a plugin for Autodesk Maya.
Thus we followed the weight coloring convention in Maya
to maintain consistency within the application. The skinning
process is usually a back-and-forth process between modify-
ing skin weight values and checking the deformation results
for different poses of the skeleton. Visualizing the deforma-
tions obtained from the skin weights is an important part of
the skinning process. Setting a pose and checking the de-
formation for the current weight values provide cues about
how to improve the skin weights. We thus provide a fea-
sible working framework within Maya with regard to this
work-flow. From a given mesh, our system generates a dis-
tinct custom mesh node with the rest pose of the original
mesh for which the rig is manipulated and the skin weights
are visualized. On the original mesh, our system generates a
fully Maya-compliant rig. With this setup, the user can pose
and key-frame the rig on the original mesh and obtain in-
stantaneous visual feedback about the manipulations of the
skeleton and skin weights performed on the custom mesh.

5.2. Rigging Results

Our system is compatible with any deformation model
driven by a skeleton based on skin weights. Among them,
standard linear blend skinning(LBS) is the most widely
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Figure 6: The result of rigging and various deformation examples using existing tools in Maya(top) and using our sys-

tem(bottom).
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Figure 7: The result of rigging created by first-time users of our system.

used due to its computational efficiency and simplicity. Dual
quaternion skinning(DQS) [KCZO008] addresses some of the
issues of LBS. Also, hybrid combinations of both methods
[KS12] exist. All of these methods can be combined with
our method. In this paper, LBS was used to produce all of
the results.

Our system can handle any mesh that is compatible with
the skeleton extraction process. Fig. 10 shows various char-
acters rigged by our method and deformation results with
LBS. These results verify the generality of our method. Rig-
ging of one character required nearly up to 20 minutes by a
novice user.

Our system is designed to provide users with a fast and
easy means of rigging. We performed a usability test by ask-
ing users to rig a character with our system and with an ex-

(© 2015 The Author(s)
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isting commercial tool. Fig. 6 shows the rigging and various
deformation results which as produced using the joint tool
and paint skin weights tool in Maya(top) and with our sys-
tem(bottom). It took 8 hours for a professional artist with
five years of rigging experience to rig this character using
the tools provided in Maya. It took only 32 minutes for an
amateur user who had three months of experience in rigging
to rig the character to a similar level. Except for the high-
lighted areas in the figure, the deformation results look very
similar.

We also have conducted an informal user study to verify
the usability of our system. Subjects are given with an image
of a character with its specific pose which is made using a
well-defined rig, and a same character mesh with its rest pose
without any rig. We request subjects to generate the target
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Figure 8: (a) Rest pose. (b) Closest distance(Maya). (c) Heat diffusion weight [BP0O7]. (d) BBW [JBPS11]. () GVB [DdL13].

(f) Our method.

pose using our system and measured the lapse of time. Fig.
7 shows some of their results and corresponding operation
time. None of the subjects have any prior rigging experience.

5.3. Comparision to Exisiting Skin Weights Technique

Tying the weights to the joint positions often poses a con-
flict because even if the user is satisfied with the joint po-
sitions as they provide good pivoting points, He/she cannot
modify the weights. Therefore, skinning results should not
be tied only to the positions of the joints. Our framework
allows the skin weights to be modified independently from
joint positions. In Fig. 9, the images on the left of the top
row show a deformation result created when the ear is ma-
nipulated using initial heat weights. Distortion of the head is
apparent. The images on the right show plausible deforma-
tion result produced using ‘editing influence range’ tool and
‘scaling influence magnitude’ tool. These tools effectively
reduce the influence of weights on the head region. The mid-
dle row shows another example of deformation results pro-
duced around the tail of the horse using the same tools. The
bottom row shows another example of deformation using a

Figure 9: Deformation results. (Left) Initial solution of heat
equation. (Right) After applying Skin Weight Manipulations
(Sec.4.3)

stingray model. These results verify that using ‘editing influ-
ence smoothness’ tool produces smooth and plausible defor-
mation.

Fig. 8 shows skin weights and its deformation result of
the jaw bone produced using previous automatic skinning
methods(b-e) and using our method(f). Observe that recent
work such as BBW [JBPS11] produces skin weights spread
to the skin near the collarbone. It required less than a minute
to modify the skin weights with our method for this example.
Difference in deformation results is more noticeable in the
accompanying video.

5.4. Local Skin Weight Re-computation

The computation of the skin weights in the previous method
[BPO7] consists of two steps: preparing data for the lin-
ear solver and the solving it. Our local skin weight re-
computation method requires one additional step of search-
ing through vertices to define the local computing region.
Although this takes extra time to solve the system, it drasti-
cally reduces the overall compute time, as the solving pro-
cess is the bottleneck of the computation. Table. 1 shows a
performance comparison between Pinocchio [BP07] and our
method. Our system achieves 3~40 times the performance
gain compared to the global weight computation depending
on the model. All of the experiments were performed on
a 2.4GHz Intel Xeon with six gigabytes of memory under
Ubuntu 12.04.

6. Conclusion, Limitation, and Future Work

We proposed a new method that allows very intuitive and ef-
ficient character rigging. While our method grants a higher
degree of control compared to previous methods, it is still not
possible to achieve full control of skin weights comparable
to painting the skin weights manually onto the vertices. Our
method, however, provides enough flexibility to be applied
to secondary characters or to be used as a rapid way to pro-
duce a functional rig for pre-visualization purposes. Given
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#Vertices #Bones time
involved involved (ms)
Global 43243 82 743
foot 7663 17 61
Armadillo Local knee 10911 16 73
chest 14312 20 131
arm 14403 9 101 foot knee chest arm
Global 32964 191 1185
fore-leg 3948 35 46 ) 1
Lizard Local hind-leg 3731 100 30 8
neck 2648 >3 28 fore-leg hind-leg  neck tail
tail 1953 148 30
Global 9832 16 66 . ®
hand 1758 3 22 ‘ .
Human Local shoulder 2404 8 22 ~
chest 2622 8 19
head 3538 8 20 chest  shoulder head hand

Table 1: Comparison of the computation time of the skin weights between the method of Pinocchio [BP07] and our method.

that our system is implemented as a Maya plugin, a user can
also utilize the skin weights tool in Maya to refine fine details
on top of our result. User can also generate default weights
with other recent method [JBPS11,DdL13]. However, keep-
ing same property of these weights with interactive change
was challenging problem. It would be interesting to achieve
this in the future work.

Our system is applicable to any arbitrarily-shaped mesh
composed of a single closed manifold mesh, as it requires a
well-defined Laplace operator for every vertex for the skele-
ton extraction process. In cases of meshes with holes(i.e.,
in the eyes), we require these holes to be closed as a pre-
processing step when using our method. Also, our method
cannot be used on characters composed of multiple separate
meshes. One solution would be to use a skeleton extraction
method based on point cloud information, as recently pro-
posed by work of Huang et al. [HWCO™13]. We plan to ad-
dress these problems in our future work.

Our insertion operation is designed to generate a new joint
within an existing branch by splitting a bone. This implies
that our method does not allow the generation of a new
branch. However, the skeleton extraction process is success-
ful in capturing the structure of the character, and it generates
more branches than necessary, which can easily be erased
with our deletion tool. Therefore we consider the implemen-
tation of this function to be relatively unnecessary.

For high resolution meshes, i.e., those of more than
100k, our local computing scheme may fail to achieve real-
time computation. Adapting the idea of sensitivity analy-
sis [UKIGI11] to show first-order approximation very fast
would be other interesting direction for future work. Our sys-
tem assumes the rest pose of a character mesh remains un-
deformed. Other challenging direction would be to develop

(© 2015 The Author(s)
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an inverse-design system where weights are updated interac-
tively as a user deforms the mesh.
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