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I 

 

基於晶格化結構之即時角色皮膚形變技術 

 

研究生：陳政浩 指導教授：林奕成 博士 

 

國立交通大學 

資訊科學與工程研究所 
 

摘要 
本論文提出了一個使體網格(Volumetric Mesh)隨著骨骼動畫(Skeleton-driven 

Animation)即時形變的方法。一般使表面網格(Surface Mesh)隨著骨骼動畫形

變的方式為線性混合皮膚形變技術(Linear Blend Skinning)，但是該方法有著數

個嚴重的缺點像是需要大量的人工調整。此外，大部分的皮膚形變技術技巧

包括線性混合皮膚形變技術都僅著重於主要形變。我們的方法提供一個能夠

模擬高、低頻率體效果(Volumetric Effect)例如肌肉隆起與抖動的體形變模型

(Deformable Model)，且僅需少量的人工調整。給定一個表面網格，我們將其

體素化(Voxelize)來建立一個由方塊組合而成並且包含表面網格的晶格化結

構，並套用修改自線性混合皮膚形變技術的晶格平滑皮膚形變技術法

(Lattice-based Smooth Skinning)來產生主要形變。接著則套用其他的形變技巧

如晶格形狀比對(Lattice Shape Matching)來產生次要形變(Secondary Deformation)

的效果。此外，我們的方法可以輕易地實做於圖形處理器上並高效率地執

行。 

 
關鍵字：骨骼動畫，次要形變，體形變，皮膚形變技術，形狀比對 
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Abstract 
 In this paper we present an approach to deform volumetric meshes for 

skeleton-driven animations in real time. The standard solution of skeleton-driven 

surface mesh deformation, linear blend skinning, has several critical drawbacks such as 

heavy requirement of artist intervention. Furthermore, most skinning approaches 

including linear blend skinning focus on primary deformations. Our approach provides 

a volumetric deformable model that can simulate the dynamics of both low and high 

frequency volumetric effects such as muscle bulging and vibrations with little user 

intervention. Given a surface mesh, we voxelize the mesh to construct a lattice of cubic 

cells containing the mesh and then we apply lattice-based smooth skinning method 

based on linear blend skinning to drive the primary deformation. Other deformable 

techniques such as lattice shape matching are then applied to the volumetric mesh to 

generate secondary deformations and other effects. Moreover, our approach can be 

easily implemented on GPUs and executed with high efficiency. 

 

Keywords: skeleton-driven animation, secondary deformation, volumetric deformation, 

skinning, shape match 
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1 Introduction 
 

Skinning and skeleton-driven animation are the technology behind character 

animation and widely used in many applications like video games. Skinning models 

define how the geometric shape changes by a function of the skeleton poses and 

there exists many variations. Skinning can be modeled in a data-driven fashion by 

using a regression to estimate the shape for a new pose given a set of example 

pose-and-shape pairs [WPP07]. It can also be modeled procedurally, as in the case of 

physically-based or anatomy-based approaches. The classic algorithm for skinning is 

known by many names: Linear Blend Skinning (LBS), Skeletal Subspace 

Deformation (SSD) [MTLT88]. It is sometimes used not only for skin deformation 

but also to animate other deformable elements, such as clothes, because it is 

considerably faster than physically-based cloth simulation [CMT05].  

 

The basic principle of LBS is that transformations of vertices are represented by 

linearly-blended matrices. This method produces artifacts such as "candy-wrapper" 

effect (Figure 1) in the deformed skin, even if we restrict the skinning 

transformations to rigid ones. In spite of such shortcomings, linear blending is still 

the most popular skinning approach because of its simplicity and efficiency. 

 

  
(a) (b) 

Figure 1: An example of candy-wrapper effect. 
 

In other situations, physically accurate skin deformation, which includes muscle 

bulging, jiggling of fat tissues and other dynamic effects, are desirable. However, 

many skinning or deformation approaches are often devoid of such secondary 
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deformation effects [OBZH00] due to the small number of degrees of freedom in 

typical skeletons and the time-consuming manual work required to add 

physically-realistic secondary deformations. 

 

Our approach begins by applying traditional linear blend skinning method on all 

particles in our volumetric model to drive the primary deformation. Secondary 

deformation is then generated by the lattice shape matching (LSM) method [RJ07]. 

We apply rigid shape matching transformations that use regional estimations of 

rotation and translation for every particle in the cells to provide detailed deformation. 

In the basic lattice shape matching, increasing the shape matching region size will 

increase the rigidity, which effectively approximates more rigid bodies. In our case, 

the shape matching region size is related to the smoothness of mesh. This method 

provides a simple framework that is robust and capable of generating great secondary 

deformation effects. 

 

In addition, we define deformable part. A deformable part is a set of particles 

that are dependent on specific joint or bone. Since some cells' volume may not be 

preserved during deformation especially the ones near the joints, we apply 

hierarchical volume preservation through all joint-dependent deformable parts. The 

volume-preserving algorithm is based on the method proposed by Takamatsu and 

Kanai [TK09]. Furthermore, the fore-mentioned shape matching regions and 

deformable parts is automatically computed and could also be user-defined. The 

mesh could be partially soft and partially rigid with appropriate shape matching 

regions and mesh parameters defined, and be able to change its material properties 

dynamically by applying different profiles. It is more physically-realistic than either 

traditional rigid bodies or soft bodies without complex physics computations. Our 

approach can be implemented in parallel version, and executed in real-time. Our 

main contribution includes: 

 

 Lattice-based skinning method based on linear blend skinning with 

automatic skinning weight computation. 

 Enhancement of purely geometric, skeleton-driven animations with 

physically-realistic secondary deformation. 

 A hierarchical volume preservation technique that can reduce 
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“candy-wrapper” effect. 

 Our deformable technique is capable of executing in parallel and executed 

in real-time. 
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2 Related Work 
 

2.1 Skinning and Mesh Deformation 
Skinning techniques are widely used to drive realistic animated characters. 

Many significant improvements of linear blend skinning are implemented with a 

variety of compromises between user control, skinning effort, storage requirements, 

and performance. Pose Space Deformation [LCF00] and Spherical Blend Skinning 

[KŽ05] are proposed to address well-known artifacts like collapsing joints. Dual 

Quaternion Skinning [KCŽO07] introduces deformation schemes that develop 

effective rotation-based interpolations to replace the linear interpolation of frames 

used by linear blend skinning. Wang et al. [WPP07] proposed a rotational regression 

method to capture advanced skin deformation such as muscle bulging, and twisting. 

Instead of directly manipulating surface mesh, Zhou et al. [ZHSL*05] proposed 

Volumetric Graph Laplacian (VGL) to deform the mesh based on 2D curves, 

allowing novice users to create pleasing deformations with little effort. Unfortunately, 

all of above methods focus on the primary deformation of the surface mesh, but do 

not mention secondary deformations. 

 

Shi et al. [SZTD*08] proposed an example-based approach with surface detail 

preservation and secondary deformations. However, example-based methods are 

often inadequate to modern games or animations due to expensive manual works. 

Von Funck et al. [VFTS07] added elastic secondary deformation to a given primary 

deformation by the simulation of a small number of user-placed mass-spring sets. To 

simulate high-frequency dynamics realistically, considerable mass-spring sets need 

to be tuned correctly. It also requires expensive manual works. 

 

2.2 Alternative Skinning 
Other researchers propose to solve skinning artifacts by implementing a 

different skinning method, for example based on auxiliary curved skeletons 

[FOKM07]. In some cases, this also allows advanced effects to be animated, such as 

muscle bulging and skin creasing. The disadvantages include complexity of the GPU 

implementation and inconsistency with the established skinning pipeline. Another 
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important class of methods is based on generalization of barycentric coordinates 

[JSW05, JMDG*07, JZVC*08]. This enables the user to deform a character using a 

simpler mesh. These approaches are mainly appealing in off-line production, where 

high quality and direct manipulation of the deformations are more important than 

run-time efficiency. 

 

2.3 Volumetric Deformation 
Volumetric deformation can be incorporated with skeleton-driven animations 

via pre-constructing volumetric elements inside or around the surface mesh, then 

simulating continuum elasticity in the elements, and finally reconstructing the 

surface mesh from the volumetric elements through interpolation. Methods in this 

category include physically-based approaches such as the basic Finite Element 

Method (FEM) [CGCD*02, MG04], mass-spring systems [BC00, THMG04], and 

non-physical approaches such as Fast Lattice Shape Matching [RJ07]. Lattice-based 

shape deformation are widely used to animate embedded geometry [FVT97]; 

common lattice embeddings such as regular voxel [MG04, JBT04] or body-centered 

cubic tetrahedral meshes [MBF04] can simplify meshing issues for simulation. 

Unfortunately, detailed approximations of volumetric deformation are expensive to 

simulate for many real-time applications. Detailed lattice-based FEM meshes are 

used in character animation [SNF05], but mostly for offline simulations. Avoiding 

element recomputation costs is possible using rotated linear element models 

[MDMJ*05, CGCD*02], but integrating large-deformation dynamics often involves 

significant costs for algebraic linear system solves. 
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3 Approach 

 

3.1 Overview 
The basic linear blend skinning technique plays a critical role in our framework. 

We apply the linear blend skinning method on particles instead of mesh vertices to 

drive the mesh. Users can construct a skeleton manually or load an existing skeleton 

from file. Our method would automatically compute per particle skinning weights 

through volumetric energy diffusion. After skinning weight computation, we group 

all particles into several sets called deformable parts based on the joints and bones of 

the applied skeleton. For each joint-dependent deformable part, we apply hierarchical 

volume preservation to preserve the volume during deformation. There are many 

properties such as rigidity, smoothness, and intensity of secondary deformation, 

which could be adjusted by users. With such properties, physically-realistic effect on 

the animated character is almost completely generated. 

 

In the next section, we will describe how the lattice shape matching method 

works in our framework, from the lattice construction stage to the dynamics of the 

embedded mesh. Given a surface mesh to be deformed, we conservatively voxelize 

the mesh to construct a lattice of cubic cells containing the mesh. Lattice deformation 

is controlled by unit point-mass particles placed at the cell corners. The embedded 

vertices are then deformed using trilinear interpolation of all particles' position. Each 

particle is associated with a shape matching region comprised of a set of shape 

matching particles that is given as input to the system. We apply rigid shape 

matching transforms that use regional estimates of rotation and translation at every 

particle to provide detailed deformation smoothing without domain boundary 

artifacts. The lattice shape matching method is used to generate secondary 

deformation effects because of its elasticity and robustness. 

 

Finally, we will introduce our fast rendering method based on GPU. We 

organized all particles' data as a linear texture and stored in GPU's global memory, 

then using a  trilinear lattice deformer to reconstruct the surface mesh. Several 

invariant properties of particle are considered as vertex attributes and stored in vertex 
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buffer. By the computation power of GPUs, we improve the performance drastically 

with respect to purely CPU-bound computations. 

 

3.2 System Flowchart 
 

 
Figure 2: System flowchart. 

 

3.3 Lattice-based Smooth Skinning 
We now define the lattice representation of mesh in our framework and present 

the notations used throughout, and then show how to apply smooth skinning method 

on the mesh. 
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3.3.1 Lattice construction 
Given a surface mesh to be deformed, we voxelize the mesh to construct a 

lattice of cubic cells containing the mesh [JBT04]. The surface mesh should be in an 

appropriate initial pose as Figure 3, since an arbitrary pose may result in inadequate 

voxelization and possibly fails to build the integration between skeleton and mesh. 

Figure 4 shows an extreme case of improper initial pose. In such situations, many 

parts of mesh which should belong to different limbs are connected. All skinning 

methods will certainly fail in this situation. Moreover, the voxelization level could be 

assigned by users to generate appropriate result according to the detail of surface 

meshes. 

 

 
Figure 3: Appropriate initial pose with reasonable voxelized result. 
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Figure 4: Inappropriate initial pose and undesirable voxelized result. 

 
After voxelization, the embedded mesh is then deformed using trilinear 

interpolation of eight cell vertices positions as shown in Figure 5. Each cell vertex is 

considered as a particle. Let P denote the set of all particles. For each particle p in P, 

let its static initial position be xp
0, its dynamic position be xp, and its mass be mp. The 

dynamics of particles will later be introduced in section 3.4.1. Each particle has its 

local index represented by a 3-tuple related to a reference particle (usually the 

particle with index 0). Figure 6 shows an example in 2D case. Let p(x, y, z) denote a 

particle with index (x, y, z). We now define the neighbors Np and adjacencies Adjp of 

particle p(x, y, z) : 

 

(ࢠ,࢟,࢞)࢖ࡺ = ൛ (ࢉ,࢈,ࢇ)࢖ห|࢞ − |ࢇ ≤ ૚ , |࢟ − |࢈ ≤ ૚ , ࢠ| − |ࢉ  ≤  ૚ ൟ, ቚ(ࢠ,࢟,࢞)࢖ࡺቚ ≤ ૛૟                     

(ࢠ,࢟,࢞)࢖࢐ࢊ࡭ = ൛ ࢖(ࢇ±ଵ,ࢉ,࢈), ,(ࢉ,૚±࢈,ࢇ)࢖  ቚ(ࢠ,࢟,࢞)࢖࢐ࢊ࡭ൟ, ቚ (૚±ࢉ,࢈,ࢇ)࢖ ≤ ૟ 

 

That is, the Np is a set of particles that stay in 3x3x3 cells surrounding p and the Adjp 

is a set of particles that have one cell distance away from p. We can know 

particle-to-particle connectivity easily by comparing the indices, and the connectivity 

is useful for us to calculate skinning weights (describe later). 
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Figure 5: Cell representation 
 

 

Figure 6: 2D example of particle indexing 
 

3.3.2 Smooth skinning 
In this subsection, we focus on our smooth skinning methods with the voxelized 

mesh (described in section 3.3.1) adopted from linear blend skinning. A 3D object 

conforming to this standard consists of skin, a skeleton and vertex weights. The skin 

is a 3D triangular mesh with no assumed topology or connectivity and the skeleton is 

a rooted tree. The nodes of the skeleton represent joints and the edges can be 

interpreted as bones. However, each bone can be easily identified by its attached 

joint, so the indices of bones are usually considered as indices of joints. 

 

Without loss of generality, transformations of joints in the hierarchy can be 

assumed to be rigid. In traditional skinning framework [MTLT88], the vertex 

weights describe the skin-to-skeleton binding ( i.e., the amount of influence of 

individual joints on each vertex). In our case, we consider particle weights instead of 

vertex 

particle (cell vertex) 

Reference particle 
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vertex weights. Assume that there are k joints in our skeleton. Each joint has an 

associated local coordinate system in its initial position. The transformation from the 

initial position of joint j ϵ { j1, . . . , jk } to its current position could be expressed by a 

rigid transformation matrix – Tj ϵ SE(3). We assume that particle p is attached to 

joints jp = { j1, . . . , jn } with weights wp = { wp
1, . . . , wp

n }. The indices j1, . . . , jn are 

integers referring to the joints that influence a given particle; in other words, they are 

indices into the array of joints. wp
i represents the influence of joint ji on particle p. 

Most skinning applications let n (the number of influencing joints) to be four due to 

graphics hardware considerations (e.g. In GLSL, we store jp in a vec4-typed variable). 

In addition, the weights are normally assumed to be convex ( i.e., ∑ ࢏࢝ = ૚࢔
ୀ૚࢏  and 

 The particle positions xp in the voxelized mesh deformed by linear blend .( 0 ≤ ࢏࢝

skinning is then computed as: 

 

࢖࢞
′ = ෍ ࢖࢝

࢏ ࢏࢐ࢀ

࢔

ୀ૚࢏

 ࢖࢞

(1) 
That is, transforming particle p by all influencing joint transformations ࢏࢐ࢀ and 

taking a weighted average. To gain a better insight into linear blend skinning, we can 

re-write Equation (1) using the distributivity of matrix-vector multiplication. 

 

࢖࢞
′ = ෍ ࢖࢝

࢏ ࢏࢐ࢀ

࢔

ୀ૚࢏

࢖࢞ = ൭෍ ࢖࢝
࢏ ࢏࢐ࢀ

࢔

ୀ૚࢏

൱  ࢖࢞

(2) 
The right-hand side of Equation (2) shows that skinning can also be computed by 

blending the transformations ࢏࢐ࢀ  first and then applying the result to xp. The 

transformation blending used in the right hand side of Equation (2) is a direct linear 

combination of matrices. It is well known that this method is troublesome, because 

the blended matrix ∑ ࢖࢝
࢏ ࢏࢐ࢀ

࢔
ୀ૚࢏  is not guaranteed to be a rigid transformation, even 

if all ࢏࢐ࢀ  are rigid (i.e., the linear combination of orthonormal matrices is not 

necessarily to be orthonormal). This is a well-known linear blend skinning 

problems – undesired scaling in our transformation matrix. In the extreme case, the 
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blended matrix can even become rank-lacking. 

 

An obvious idea to improve skinning quality is to replace the linearly-blended 

matrices in Equation (2) with a more sophisticated matrix blending method. 

Particularly, if we can always produce a rigid transformation, we can expect that no 

candy-wrapper-like artifacts will occur. To overcome this problem, these 

transformations ࢏࢐ࢀ  are factorized into rotation ࢏࢐ࡾ  and scale/shear ࢏࢐ࡿ  

components by using the polar decomposition [GVL96]. 

࢏࢐ࢀ = ࢏࢐ࡿ࢏࢐ࡾ  

(3) 

We use cyclic Jacobi iterations to diagonalize ࢀࢀࢀ = ૛ࡿ =  and construct ࢀࢂ(ࣅ)ࡰࢂ

ࡾ =  ૚. However, doing this natively is inefficient. To solve this limitation, weିࡿࢀ

use the fast polar decomposition technique described in [RJ07]. We store each 

particle’s stretch eigenvectors ࢂഥ , initialize with ࢂ = ഥࢂ  and then begin Jacobi 

iterations on ܄ഥ܁܂૛܄ഥ to solve ࡾ. Finally we build a new transformation ̇࢏࢐ࢀ by ࢏࢐ࡾ. 

The Equation (2) can be re-wrote as: 

 

ഥ࢞࢖ = ൭෍ ࢖࢝
࢏ ࢏࢐ࢀ̇

࢔

ୀ૚࢏

൱  ࢖࢞

(4) 
to ensure that the transformation of all particles are rigid. 

 

3.3.3 Particle skinning weight assignment 
Skinning weight assignment techniques fall into two categories those requiring 

the artists to specify some parameters, such as bone size or a region of influence for a 

joint, and those using only the mesh surface and bone positions automatically. A 

recent technique proposed as an automatic algorithm for unguided skeleton mesh 

called bone heat [BP07]. This method aims to model weight assignment as a heat 

diffusion system on the surface of the mesh; for each bone, the vertices which have 

that bone as their nearest visible bone are initialized to have a surface temperature 

inversely proportional to the square of their closest distance to the bone. A diffusion 

equation is then solved to obtain weight assignment. Our method uses a hybrid 
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approach with the concept of bone heat and user-specified mechanism. 

 

The heat diffusion is much easier to be computed through volumetric mesh than 

surface mesh. Firstly, we treat each bone j as a heat source with energy ej influenced 

by some user-defined parameters such as bone width, bone length. For each heat 

source j, we compute the directly-influenced particles ࡼ෡ ࢐ which are the closest 

particles to the bone j by no more than one cell size. The energy of particles in ࡼ෡࢐ 

are assumed to be ej. Then we construct an undirected simple graph ࡳ: 

 

ࡳ = ,ࢂ) ,(ࡱ ࢂ = ,ࡼ ۳ = ൛(ܘ૚, ૚ܘ૛)หܘ ∈ ,ࡼ ૛ܘ ∈ ,ࡼ ૛ܘ  ∈ ૚ܘۼ  ൟ 

     

Each particle is considered as a node in ࡳ, and having edges with its neighbors. Let 

,࢏࢖)࢚࢙࢕ࢉ ,࢏࢖) denote the cost of edge (࢐࢖ ,࢏࢞) has an index ࢏࢖ ,(࢐࢖ ,࢏࢟  ࢐࢖ and ,(࢏ࢠ

has an index ൫࢞࢐, ࢟࢐,  ࢐൯. The edge cost isࢠ

 

,࢏࢖)࢚࢙࢕ࢉ (࢐࢖ = ට(࢞࢏ − ࢞࢐)૛ + ࢏࢟) − ࢟࢐)૛ + ࢏ࢠ) −  ૛(࢐ࢠ

(5) 
Figure 7 shows a 2D example graph with edge cost. The cost indicates the decreasing 

amount of energy transfer from a particle to another. When we apply heat diffusion 

from the directly-influenced particles ࡼ෡࢐ to all other particles, a particle's energy is a 

weighted average of its neighbors'. We compute the energy summation weights by 

the edge cost. The neighbors' energy summation weights of particle pi is denoted by 

 :and computed as ,࢏࢖࢝ࢋ

 

࢏࢖࢝ࢋ = ቄ࢝ࢋ൫࢐࢖,࢏࢖൯ቚ࢐࢖ ∈  ቅ࢏࢖ࡺ

࢐൯࢖,࢏࢖൫࢝ࢋ =
࢚࢝൫࢏࢖, ࢐൯࢖

∑ ,࢏࢖)࢚࢝ ࢏࢖ࡺ∋࢑࢖(࢑࢖

 

࢚࢝൫࢏࢖, ࢐൯࢖ =
࢏࢈

,࢏࢖൫࢚࢙࢕ࢉ ࢐൯࢖ + ૚
 

(6) 
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, where ࢏࢈ is bone strength that influence the energy attenuation. Hence, a particle's 

energy is then computed as: 

 

࢏࢖ࢋ = ෍ ࢑࢖ࢋ(࢑࢖,࢏࢖)࢝ࢋ
࢏࢖ࡺ∋࢑࢖

 

(7) 
The diffusion runs repeatedly until the completion of diffusion process. To obtain the 

particle weights, we compare the energy from all heat sources for each particle and 

then normalize them to ensure the weights are convex. 

 

  

Figure 7: An example of undirected graph with cost in 2D case. 

 

After the heat diffusion done, we partition all particles into several deformable parts 

based on the energy distribution as in Figure 8. i.e., if particle p receives the most 

energy from bone j, then particle p belongs to bone-dependent deformable part 

࢐ࢋ࢔࢕࢈ࡼࡰ . For each bone-dependent deformable part ࢐ࢋ࢔࢕࢈ࡼࡰ , we divide the particles 

equally based on two joints of bone j to build joint-dependent deformable parts like 

Figure 9: 
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Figure 8: Red parts are sets of particles called bone-dependent deformable parts. 
 

 
Figure 9: Red parts are sets of particles called joint-dependent deformable parts. 

 

The joint deformable parts are basic units for hierarchical volume preservation 

(describe later). Since deformable parts may contain undesired particles, users can 

modify undesired particles from one deformable part to another. 

 

Most prior automatic skinning weight algorithms such as bone heat apply heat 

diffusion on surface mesh instead of volumetric mesh. However, heat diffusion 

usually leads to inaccurate results while diffusing on surface only. Our approach runs 

heat diffusion on a volumetric mesh through a graph and generates more accurate 

and more reasonable skinning weights. In fact, our automatic skinning weights 

computation requires almost no user interventions. Figure 10 presents a skinned 

human model using our lattice-based smooth skinning method. Since the concept of 

our lattice-based skinning approach is similar to the basic linear blend skinning, the 

performance of our method is almost as efficient as linear blend skinning since the 
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number of particles is less than vertices. 

 

 

 
Figure 10: Lattice-based smooth skinning. 
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3.3.4 Volume preservation 
Traditional linear blend skinning has some deformation artifacts such as 

"candy-wrapper" effect since it does not address the unnatural volume change. 

Volume preservation is an important aspect in many application areas, especially in 

the context of shape deformation. We present a hierarchical approach extended from 

the method proposed by Takamatsu and Kanai [TK09]. First, we define: 

 

࢖ࢌࢌ࢏ࢊ = ቄ૚
૛

൫࢞ࢗ
૙ − ࢖࢞

૙൯ቚࢗ ∈ ቅ࢖࢐ࢊܣ = ൛࢖ࢊ
࢞ା, ࢖ࢊ

࢞ି, ࢖ࢊ
࢟ା, ࢖ࢊ

࢟ି, ࢖ࢊ
,ାࢠ ࢖ࢊ

      ൟିࢠ
 

, where ࢖ࢌࢌ࢏ࢊ denotes the set of half distance from ࢖ to its six adjacencies. Then 

we could define the volume of each particle p: 

 

(࢖)࢒࢕ࢂ = ࢖ࢊ
࢞ା ∙ ൫࢖ࢊ

࢟ା × ࢖ࢊ
ା൯ࢠ + ࢖ࢊ

࢞ା ∙ ൫࢖ࢊ
࢟ି × ࢖ࢊ

            ൯ିࢠ

࢖ࢊ+
࢞ି ∙ ൫࢖ࢊ

࢟ା × ࢖ࢊ
൯ିࢠ + ࢖ࢊ

࢞ି ∙ ൫࢖ࢊ
࢟ି × ࢖ࢊ

 ା൯ࢠ

࢖ࢊ+
ାࢠ ∙ ൫࢖ࢊ

࢟ା × ࢖ࢊ
࢞ି൯ + ࢖ࢊ

ାࢠ ∙ ൫࢖ࢊ
࢟ି × ࢖ࢊ

࢞ା൯ 

࢖ࢊ+
ିࢠ ∙ ൫࢖ࢊ

࢟ା × ࢖ࢊ
࢞ା൯ + ࢖݀

ିࢠ ∙ ൫࢖ࢊ
࢟ି × ࢖ࢊ

࢞ି൯ 

(8) 
The operator ∙ means dot product and the × means cross product. We re-write 

Equation (8) as (࢖)࢒࢕ࢂ = ∑ ࢖ࢊ
࢞ ∙ ൫࢖ࢊ

࢟ × ࢖ࢊ
ࢠ ൯࢖  for convenience. The volume of mesh 

is then computed as: 

 

(ࡼ)࢒࢕ࢂ = ෍ (࢖)࢒࢕ࢂ
ࡼ∋࢖

 

(9) 

After mesh deformation, all particles ࡼ transform to their new positions. Let ࡼ′ be 

the deformed particles. We define the particle displacement field ࢂ෡: 

 

෡ࢂ = ൛ෝ࢜૚, . . . , ෝ࢜|ࡼ|ൟ = ൛࢙૚࢛૚ࡾ૚, . . . ,  ൟ|ࡼ|ࡾ|ࡼ|࢛|ࡼ|࢙
        

where ൛ࡾ૚, . . . , ,ൟ is a set of particle's rotation. ൛࢙૚|ࡼ|ࡾ . . . ,  ൟ is a set of particle's|ࡼ|࢙
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volume correction scale. For each particle ࢖, we define distance to boundary ࢖࢚࢙࢏ࢊ. 

A boundary particle ࢖  means that ห࢖ࡺห < ૛૟  and ࢖࢚࢙࢏ࢊ = ૚ . For each 

non-boundary particle ࢗ, the distance to boundary is computed by: 

 

࢚࢙ࢗ࢏ࢊ = ,࢏࢚࢙࢏ࢊ൛࢔࢏࢓ ࢏ ∈ ൟࢗ࢐ࢊ࡭ + ૚ 

(10) 
The maximum distance to boundary is defined as ࢞ࢇ࢓࢚࢙࢏ࢊ = ,࢏࢚࢙࢏ࢊ}࢞ࢇ࢓ ࢏ ∈  .{ࡼ

Since the deformation usually changes largely on surface than in internal region, we 

determine a volume correction scale factor ࢙࢖ for each particle ࢖ by the distance to 

boundary from Equation (10): 

 

࢖࢙ = ૚ −
૚

࢞ࢇ࢓࢚࢙࢏ࢊ
൫࢖࢚࢙࢏ࢊ − ૚൯ 

(11) 

൛࢛૚, . . . ,  ൟ is a set of particles’ outward vectors. Takamatsu and Kanai [TK09]|ࡼ|࢛

shows eight patterns for computing outward vectors, which is determined by the 

existence of adjacent particles as Figure 11: 

 

 
Figure 11: Eight patterns of outward vectors (Green arrows). 

 

Figure 11 shows how to define outward vectors for boundary particles. For the 
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non-boundary particles and the boundary particles with zero outward vectors, we 

propagate the known outward vectors outside-in through 

"small-distance-to-boundary-first" ordering. The outward vector of non-boundary 

particle ࢗ is the average of adjacencies' which have equal or smaller distance to 

boundary. 

 

With the displacement field calculated, now we can compute the desired mesh 

volume by the deformed mesh volume (′ࡼ)࢒࢕ࢂ. Since the volume should be 

preserved, we can calculate per-particle volume correction vector through a equation: 

 

(ࡼ)࢒࢕ࢂ = ′ࡼ൫࢒࢕ࢂ +  ෡൯ࢂࣅ

(12) 

where ࢂࣅ෡ is a set of per-particle volume correction vectors. To solve ࣅ, we define 

 :according to Equation (12) ࢖ࢌࢌ࢏ࢊ࢔ and ࢖ࢌࢌ࢏ࢊ࢓

 

࢖ࢌࢌ࢏ࢊ࢓ = ൜
૚
૛

൫࢞ࢗ
′ − ࢖࢞

′ ൯ฬࢗ ∈ ൠ࢖࢐ࢊ࡭ = ൛࢖࢓
࢞ା, ࢖࢓

࢞ି, ࢖࢓
࢟ା, ࢖࢓

࢟ି, ࢖࢓
,ାࢠ ࢖࢓

 ൟିࢠ

࢖ࢌࢌ࢏ࢊ࢔   = ൜
૚
૛

൫ෝ࢜ࢗ − ෝ࢜࢖൯ฬࢗ ∈ ൠ࢖࢐ࢊ࡭  = ൛࢖࢔
࢞ା, ࢖࢔

࢞ି, ࢖࢔
࢟ା, ࢖࢔

࢟ି, ࢖࢔
,ାࢠ ࢖࢔

 ൟିࢠ

 

and then we can re-write ࢖ࢌࢌ࢏ࢊ to: 

 

࢖ࢌࢌ࢏ࢊ  = ൞
࢖࢓

࢞ା + ࢖࢔ࣅ
࢞ା, ࢖࢓

࢞ି + ࢖࢔ࣅ
࢞ି,

࢖࢓
࢟ା + ࢖࢔ࣅ

࢟ା, ࢖࢓
࢟ି + ࢖࢔ࣅ

࢟ି,
࢖࢓

ାࢠ + ࢖࢔ࣅ
,ାࢠ ࢖࢓

ିࢠ + ࢖࢔ࣅ
ିࢠ

ൢ 

(13) 
Now we use Equation (13) to unfold Equation (12) as following: 

 

′ࡼ൫࢒࢕ࢂ + ෡൯ࢂࣅ = ෍ ′࢖൫࢒࢕ࢂ + ൯࢖ෝ࢜ࣅ
′ࡼ∋࢖

= ෍ ൫࢖ࢇ
૙ + ࢖ࢇ

૚ࣅ + ࢖ࢇ
૛ࣅ૛ + ࢖ࢇ

૜ࣅ૜൯
′ࡼ∋࢖

 

(14) 
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where 

࢖ࢇ                 
૙ = ෍ ࢖࢓

࢞ ∙ ൫࢖࢓
࢟ × ࢖࢓

ࢠ ൯
࢖

 

࢖ࢇ                 
૚ = ෍ ࢖࢔

࢞ ∙ ൫࢖࢓
࢟ × ࢖࢓

ࢠ ൯
࢖

+ ෍ ࢖࢓
࢞ ∙ ൫࢖࢔

࢟ × ࢖࢓
ࢠ ൯

࢖

+ ෍ ࢖࢓
࢞ ∙ ൫࢖࢓

࢟ × ࢖࢔
ࢠ ൯

࢖

 

࢖ࢇ                 
૛ = ෍ ࢖࢓

࢞ ∙ ൫࢖࢔
࢟ × ࢖࢔

ࢠ ൯
࢖

+ ෍ ࢖࢔
࢞ ∙ ൫࢖࢓

࢟ × ࢖࢔
ࢠ ൯

࢖

+ ෍ ࢖࢔
࢞ ∙ ൫࢖࢔

࢟ × ࢖݉
ࢠ ൯

࢖

 

࢖ࢇ                 
૜ = ෍ ࢖࢔

࢞ ∙ ൫࢖࢔
࢟ × ࢖࢔

ࢠ ൯
࢖

 

(15) 
Finally, we obtain a cubic equation with coefficients like: 

࢖ࢉ
૙ = ቌ෍ ࢖ࢇ

૙

ࡼ∋࢖

ቍ −  (ࡼ)࢒࢕ࢂ

࢖ࢉ
૚ = ෍ ࢖ࢇ

૚

ࡼ∋࢖

 

࢖ࢉ
૛ = ෍ ࢖ࢇ

૛

ࡼ∋࢖

 

࢖ࢉ
૜ = ෍ ࢖ࢇ

૜

ࡼ∋࢖

 

(16) 
and then we can solve ࣅ to obtain the per-particle volume correction vectors. Since 

we expect that the variation of mesh volume should be as small as possible, we 

choose the real solution with the minimum absolute value as our solution. 

 

Once we determined how the particles correct their positions, we apply volume 

preservation on each joint-dependent deformable part instead of the whole mesh. The 

volume preservation method [TK09] is a global volume preservation technique. Our 
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approach provides a hierarchical version by applying this method from root 

joint-dependent deformable part to its all sub-parts. The part hierarchy is built from 

joint hierarchy of the applied skeleton. Applying this method hierarchically will let it 

become a local volume preservation method. 

 

 
Figure 12: A mesh pushed by a downward external force. (left) without volume 

preservation. (right) with volume preservation. 

 

3.4 Skinning with Secondary Deformation 
In this section, we introduce how we combine our lattice-based skinning method 

and the lattice shape matching. We apply lattice shape matching to generate 

secondary deformation and lead the body part to be soft and smooth if there is no 

skeleton binding. 

 

3.4.1 Lattice shape matching 
In section 3.3.1, we construct a lattice of cubic cells containing the mesh and 

create the neighbors ௣ܰ for each particle p. Now we define shape matching region 

for each particle. Each particle p is associated with a shape matching region 

comprised of a set of shape matching particles, ࢖࢔࢕࢏ࢍࢋࡾ, which for half-width ෝ࢝  

contains p and all particles reachable by traversing not more than ෝ࢝  neighbors from 

particle p; e.g., if ෝ࢝ = ૚ then ࢖࢔࢕࢏ࢍࢋࡾ = Here ෝ࢝ .࢖ࡺ  is the region half-width 

that is given as input to the system. This definition of ࢖࢔࢕࢏ࢍࢋࡾ allows irregular 

shape matching region size. In the common case where particles are maximally 

connected, regions will be cubes with length ૛ෝ࢝ + ૚. Note that shape matching sets 

need not be unique, and ࢖࢔࢕࢏ࢍࢋࡾ = ࢗ࢔࢕࢏ࢍࢋࡾ  for ࢖ ≠ ࢗ  is common at 

boundaries. Finally, for each particle p, the set of indices of all shape matching 
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regions to which p belongs is equivalent to ࢖࢔࢕࢏ࢍࢋࡾ. Figure 13 shows an 2D 

example for shape matching regions with width ෝ࢝ = ૛. 

 

 
Figure 13: Each colored square means a region width ෝ࢝ = ૛. 

 

The main lattice shape matching algorithm is proposed by Rivers and James [RJ07]. 

At each time step, each ࢘࢔࢕࢏ࢍࢋࡾ finds the best rigid transformation to match the 

initial particle positions ࢞࢖
૙, ࢘࢔࢕࢏ࢍࢋࡾࣕ࢖  to their deformed positions 

,࢖࢞  ෡࢘ andࡾ and then we determine a per-region least-squares rotation ,࢘࢔࢕࢏ࢍࢋࡾࣕ࢖

translation ො࢚࢘ of the rest positions, ࢀ෩࢘ =  ෡࢘   �ො࢚࢘]�. Now we describe calculations forࡾൣ

each ࢘࢔࢕࢏ࢍࢋࡾ ’s center of mass ࢘࡯  and least-squares rotation ࡾ෡࢘ , which 

determines the optimal rigid transformation ࢀ෩࢘, and each particle p’s goal position 

 :as follows ࢘࢔࢕࢏ࢍࢋࡾ We obtain the deformed center of mass for each .࢖ࢍ

 

࢘࡯ =
૚

࢘ࡹ
෍ ෥࢓ ࢖࢞࢖

࢘࢔࢕࢏ࢍࢋࡾ∋࢖

 

(17) 
where 

 

࢘ࡹ = ෍ ෥࢓ ࢖
࢘࢔࢕࢏ࢍࢋࡾ∋࢖

 

(18) 
is the precomputed effective region mass and 

ෝݓ = 2 
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෥࢓ ࢖ =
࢖࢓

ห࢖࢔࢕࢏ࢍࢋࡾห
 

(19) 
is the modified mass of particle p which ensures that particles belonging to many 

regions are not weighted more than others. We estimate the least squares rotation ࡾ෡࢘ 

using the rotational part of 

 

࢘࡭ ≡ ෍ ෥࢓ ࢖
࢘࢔࢕࢏ࢍࢋࡾ∋࢖

൫࢞௣ − ࢖൯൫࢞࢘࡯
૙ − ࢘࡯

૙൯
܂

 

(20) 

, where ࢘࡯
૙ is computed as Equation (17) by replacing ࢞࢖ by ࢞࢖

૙. We obtain the 

rotational component ࡾ෡࢘ via polar decomposition that is similar to Equation (3). 

Finally, each region’s least square transformation from the rest position ࢞࢖
૙ is a 

rotation by ࡾ෡࢘  and a translation that moves the rotated ࢘࡯
૙  to ࢘࡯ . The 

transformation is stored as 

 

෩࢘ࢀ = ࢘࡯)�      ෡࢘ࡾൣ − ࢘࡯෡࢘ࡾ
૙)൧� 

(21) 
Each particle p’s goal position ࢖ࢍ  can be calculated as average regional rigid 

transformation of the particle’s rest position, ࢞࢖
૙ : 

 

࢖ࢍ =
૚

ห࢖࢔࢕࢏ࢍࢋࡾห
 ቌ ෍ ෩࢘ࢀ

࢖࢔࢕࢏ࢍࢋࡾ∋࢘

ቍ ࢖࢞
૙  

(22) 

The particle position ࢞࢖ and velocities ࢜࢖ are updated using the goal position ࢖ࢍ 

and the total external force ࢖ࢌ: 
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࢚)࢖࢜ + (ࢎ = (࢚)࢖࢜ + ࢻ
(࢚)࢖ࢍ − (࢚)࢖࢞

૛ࢎ + ࢎ
(࢚)࢖ࢌ

࢖࢓
 

(23) 

 

࢚)࢖࢞ + (ࢎ = (࢚)࢖࢞ + ࢚)࢖࢜ࢎ +  (ࢎ

(24) 
, where ࢎ is the simulation time step. The results of pure lattice shape matching are 

shown in Figure 14: 

 

 
Figure 14: Deformation by lattice shape matching. 
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3.4.2 Combination of Skinning and Lattice Shape Matching 
Both the lattice-based skinning and the lattice shape matching update particle 

positions. In order to generate secondary deformation by lattice shape matching, we 

use the result of Equation (4) and particle ࢖’s dynamic position ࢞࢖ to obtain 

 

ෝ࢞࢖ = ࢖࢞ࢾ + (૚ −  ࢖ഥ࢞(ࢾ

(25) 
where ࢾ is the scale of secondary deformation and ૙ ≤ ࢾ ≤ ૚. If ࢾ = ૙, then the 

result is same as lattice-based smooth skinning. The larger the ࢾ grows, the more 

obvious the secondary deformation appears. Moreover, users can freely adjust ࢾ or 

even switch different ࢾ profiles during simulation to obtain more realistic effects. 

The result of Equation (25), ෝ࢞࢖, is then applied to the lattice shape matching process. 

It means that the Equation (20) could be re-wrote as: 

 

௥ܣ ≡ ෍ ෥݉௣
௣∈ோ௘௚௜௢௡ೝ

൫ݔො௣ − ௣ݔ௥൯൫ܥ
଴ − ௥ܥ

଴൯
୘

 

(26) 
At last, we compute the transformation as described in section 3.4.1. At each time 

step, each particle ݌ will vibrate between ݔ௣ and ̅ݔ௣. Since the goal position ݃௣ 

will be more and more close to ̅ݔ௣, ݔ௣ will converge toward ̅ݔ௣ finally. The speed 

of convergence depends on the damping force of the mesh. The damping force was 

introduced as an extensive technique in [RJ07]. The original method is proposed by 

Muller et al. [MHHR06]. As an alternative to global damping of non-rigid motion, 

this method applies damping on a per-region basis. The estimate of each ܴ݁݃݅݊݋௥'s 

rigid-body velocity is: 

௥ݒ
ௗ௔௠௣௘ௗ =

1
௥ܯ

෍ ൫ ෥݉௣ݒ௣൯
௣∈ோ௘௚௜௢௡ೝ

 

௥ܫ = ෍ ෥݉௣̃ݎ௣̃ݎ௣
୘

௣∈ோ௘௚௜௢௡ೝ
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௥ܮ = ෍ ൫ݎ௣ × ෥݉௣ݒ௣൯
௣∈ோ௘௚௜௢௡ೝ

 

(27) 

where ݎ௣ = ௣ݔ − ௥ܥ , ݌ ∈  ௣ is the 3 by 3 matrix with the propertyݎ̃ ௥ and݊݋ܴ݅݃݁

௣ݒ௣ݎ̃ = ௣ݎ ×  :is ݌ ௣. Finally, the damped velocity of particleݒ

 

௣ݒ
ௗ௔௠௣௘ௗ = ௣ݒ + ݇ௗ௔௠௣௜௡௚൫ݒ௥

ௗ௔௠௣௘ௗ + ൫ܫ௥
ିଵܮ௥൯ × ௣ݎ −  ௣൯ݒ

(28) 
where ݇ௗ௔௠௣௜௡௚  is the damping coefficient. 

 

3.4.3 GPU-accelerated Rendering 
 For the sake of rendering performance, we use vertex buffer object and a 

trilinear lattice deformer based on GLSL. The interpolation weight of vertices are 

considered as vertex attributes and could be store at GPU memory during 

pre-processing stage. The positions of all particles are stored in a texture and will be 

updated at each frame. See Figure 15: 

 

 
Figure 15: GPU Rendering concept. 
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4 Experiment and Result 

  

 Our approach is flexible since we provide an interactive environment and many 

adjustable mesh parameters for users. We test many parameters such as voxelization 

resolution, ߙ in Equation (23), ߜ in Equation (25), and etc. 

 

 Figure 16 shows our test mesh, skeleton, and mesh-skeleton mapping. All 

skeleton-driven animations we used come from CMU's BVH motion database.  

 

 

Figure 16: Our mesh, skeleton and mesh-skeleton mapping. 
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 Figure 17 and Figure 18 show the results of voxelization resolution test. The 

voxelization resolution is mainly determined by original surface mesh resolution. 

Figure 17 chooses an improper resolution (1092 particles) and results in skinning 

artifacts. For our test surface mesh (28059 vertices), we choose the resolution in 

Figure 18 (about 1900 particles) to get balance between skinning quality and 

performance.  

 

  
Figure 17: Skinning artifacts with smaller voxelization resolution (1072 particles). 

 

 
Figure 18: Less skinning artifacts with larger voxelization resolution (1906 

particles). 
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Figure 19 shows the character driven by animation with secondary deformation.  

 

 

Figure 19: Character Animation with secondary deformation. 
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Now we test the influence of ߙ in Equation (23): 

 

Figure 20: (left top) ߙ = 0.25, (right top) ߙ = 0.5, (left bottom) ߙ = 0.75, (right 
bottom) ߙ = 1.0. 
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Figure 21 uses higher voxelization resolution than Figure 20 for the test of ߙ: 
 

 
Figure 21: (left top) ߙ = 0.25, (right top) ߙ = 0.5, (left bottom) ߙ = 0.75, (right 

bottom) ߙ = 1.0. 
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Figure 22 uses a larger shape matching region size for the test of ߙ: 
 

 
Figure 22: (left top) ߙ = 0.25, (right top) ߙ = 0.5, (left bottom) ߙ = 0.75, (right 

bottom) ߙ = 1.0.  
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As section 3.4.1 mentioned, the shape matching region size influence the smoothness 

of our mesh since the lattice shape matching method is a regional approach. 

 

Now we show the results of our hierarchical volume preservation method: 

 

 

Figure 23: (left) without hierarchical volume preservation, (right) with hierarchical 
volume preservation. 
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Figure 24: (top) without hierarchical volume preservation, (bottom) with 

hierarchical volume preservation. 

 

Figure 23 and Figure 24 show the results of volume correction. The volume 

preservation method is capable of reducing the "candy-wrapper" effect resulted from 

linear blend skinning. 

 

 Table 1 and Table 2 show performance tests for different voxelization resolution 

on different platforms. Our implementation is a CPU-bounded multi-threaded 

version. We run the test with a fully simulation, including skeleton-driven animation, 

lattice shape matching (including regional damping) and hierarchical volume 

preservation. 
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    Property # of cells # of particles Average Frame Per Second 

 

524 1072 148.572 

 

976 1906 92.717 

 

1241 2451 61.684 

 

1902 3058 42.376 

Triangle Mesh: 28059 vertices, 55888 

triangles 

 in Equation (29): 0.25 ߙ

 in Equation (31): 1.00 ߜ

Time step: 16ms 

Number of joints: 38 

Region size: 2 

CPU: Intel Core 2 Duo P8600 

RAM: DDR3-1066 4GB 

Display: Nvidia GeForce G105M 

Number of threads: 2 

OS: Windows 7 x64 Ultimate 

Table 1: Performance test on laptop. 
  

Mesh 
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    Property # of cells # of particles Average Frame Per Second 

 

524 1072 215.294 

 

976 1906 134.181 

 

1241 2451 99.436 

 

1902 3058 81.633 

Triangle Mesh: 28059 vertices, 55888 

triangles 

 in Equation (29): 0.25 ߙ

 in Equation (31): 1.00 ߜ

Time step: 16ms 

Number of joints: 38 

Region size: 2 

CPU: Intel Core 2 Quad Q6600 

RAM: DDR2-800 8GB 

Display: Nvidia GeForce 8800GT 

Number of threads: 4 

OS: Windows 7 x64 Ultimate 

Table 2: Performance test on desktop computer. 
  

Mesh 
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5 Conclusion and Future Works 

 

 We have presented lattice-based smooth skinning and its combination with 

lattice shape matching. The lattice shape matching method enhances the original 

skeleton-driven animations with physically-realistic secondary deformation. We 

provide an interactive environment for users to manipulate the mesh online. Users 

can change all adjustable mesh parameters during simulation to obtain desirable 

results. Shi et al. [SZTD* 08] proposed an example-based approach that generates 

excellent secondary deformation effects. However, it needs volumetric physics-based 

training examples and results in expensive cost. Our approach requires only 

skeleton-driven animation and triangle mesh as input data, and then constructs 

skinned mesh with little user intervention. 

 

 For the skeleton-to-mesh binding, we also provide an automatic and reasonable 

skinning weights computation process for users. Several automatic skinning weight 

computation methods use the concept of heat diffusion. However, such methods 

apply heat diffusion with an unreasonable way since the energy diffuse only on 

surface mesh. About the artifact "candy-wrapper" effect of linear blend skinning, we 

apply a hierarchical volume preservation method to reduce it. Moreover, our 

approach has excellent performance even on laptop computer. 

  

 The most critical issue in our future works is irregular sampling of voxelization. 

We can use an octree-based approach to achieve irregular sampling. Reducing the 

resolution of particles or regions in the object interior could speed performance 

without seriously altering the visual behavior. This method can improve lattice-based 

skinning quality and performance drastically. Another critical issue in our future 

works is skinning weight computation. Since our automatic skinning weight 

computation process only supports positive skinning weight, this restricts the 

appearance of several advanced deformation effects.  
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