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ABSTRACT
Previous works have shown that for characters with obvious
articulation, animations comprising the blending of skeletal
bone transformations, significantly reduce the computation
and data requirements, permitting much greater visual de-
tail. However increasingly, animators and engine designers
must produce animations that can run on platforms with
quite different run-time capabilities. They may simply au-
thor multiple skeletons and sets of animations, or reduce the
temporal or spatial detail to achieve acceptable frame rates.

In this paper we show how these skeletal skinning methods
can be extended to support a continuous level of animation
detail. We show that by manipulating the skeletal hierarchy
and skinning parameters we can throttle the computational
load of a character model in real-time according to its posi-
tion in a scene and any hardware constraints. Our method
is compatible with additional geometric level of detail meth-
ods.
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1. INTRODUCTION
Accurate, efficient character animation is vital for modern
real-time computer graphics applications. Domains such as
video games and film production rely on methods such as
skeletal blend skinning and vertex blending to permit the
efficient authoring and playback of a wide variety of anima-
tions. Blend skinning is very commonly used due to the ease
with which it reproduces rigid motion; it can easily be re-
targeted to a variety of character models; is mathematically
simple; and is ideal for the SIMD transformation of vertex
geometries on CPU or GPU based hardware.

However, even with recent graphics hardware, the num-
ber of vertices that can be processed in a complex scene
is severely limited. Thus, important visual details are often

Figure 1: A picture showing the concept of progres-
sive skinning. On the left is the original skeleton
rig and the character skin. To the right are a se-
quence of reduced skeletons, which can be used to
animate the same skin on less powerful hardware,
or within an LOD mechanism. Progressive skinning
allows smooth blends between these reduced skele-
tons.

lost. Generally, the simplification necessary on each charac-
ter is achieved either by reducing the number of vertices and
polygons in the model or by creating a simpler skeleton ‘rig’
with fewer bones and the relevant animations re-authored
until a balance of quality and performance is found. When
a character model appears in a scene at different positions,
each instance requires a higher or lower level of detail (LoD)
to be created. Furthermore, simplification of a character
mesh is not related to motion structure and when several
instances are created it is difficult to define congruent ani-
mation data. Whatever the method, every additional LoD
represents additional costs to production and requires the
storage of extra data.

This paper introduces an evolution of blend skinning, that
we call progressive skinning. In an offline, automatic conver-
sion process, we replace the authored, (anatomic) skeleton
hierarchy with a progressive hierarchy that re-orders and re-
parents the bones to minimize the total vertex error. At run-
time this allows each character skeleton to be progressively
animated, with the most important bones being computed
first. Based upon the resources available to interpolate and
prepare the bone transformation data, we ensure that for
a given resource allocation, each character may be drawn
with minimal error. Furthermore, by gradually blending



the lower priority bones in or out of the active hierarchy,
we introduce a continuous LoD mechanism to the skeletal
animation system. As well as prioritizing the skeletal data,
we also demonstrate that the blend skinning weight data can
also be prioritized to increase fidelity or reduce computation
time. This technique not only permits animation data to be
used as an effective LoD runtime component but can reduce
the costs of production by allowing better reuse of existing
high detail skeleton data. Additionally, by being orthogo-
nal to any geometric LoD mechanism, both methods can be
used in parallel based upon the LoD requirements of each
scene. Our work primarily concerns character animation for
video games systems, typically with CPU and GPU hard-
ware; however there is nothing in this method that prevents
it being used for other character animation applications.

The rest of this paper is organized as follows. In Section
2 we briefly review related work. In Section 3 we describe
a modern playback system for video game character anima-
tions. We identify the potential bottlenecks for computation
and data flow, the reasons for the bottlenecks and their rel-
ative effect on the overall system performance. Section 4
then describes the features of progressive skinning, and how
they may be used to alleviate each of the bottlenecks. We
show how this method may be used with existing blend skin-
ning systems with little or no alteration. Section 5 presents
a typical example of a character animation and the effect
of manipulating the skeletal and skinning parameters. We
conclude with some directions for future work.

2. PREVIOUS WORK
Working particularly well for rigid, articulated character
animations, skeletal blend skinning (notably Linear Blend
Skinning[15]) is widely used in video games systems due to
its ease of use and high performance on modern SIMD hard-
ware. A complex vertex geometry may be animated with
relatively few skeletal bones. Matrix Palette Skinning [3] is
a simpler version of blend skinning where the vertices are
each transformed by a single pre-blended matrix. This de-
creases the per-vertex computation cost in exchange for a
smaller increase in data storage requirements for the matri-
ces. Alternative blend skinning methods such as Quaternion
[5], Spherical [9] and Dual Quaternion Skinning [8] work in
a similar fashion, but replace the linear blend with various
methods to improve rigid rotation blending in exchange for
a small performance penalty. Methods to convert vertex an-
imations to skinning representations [14, 10, 7] have demon-
strated notable improvements in performance, but can not
easily optimize existing skinning data.

In more complex scenes it is necessary to utilize a LoD
method to maintain performance in frame rate and hard-
ware resource allocation. [2] introduced LoD as part of a
visibility, culling and clipping scheme based upon maintain-
ing a hierarchy of the geometric data in a scene and also
demonstrated the drawing of each model at a specific LoD
depending upon its projected size. [4] developed the concept
of maintaining a consistent rendering frame rate through the
manipulation of each objects’ geometric complexity based
upon a cost-benefit scheme. [1] demonstrated the idea of
clustering bone animation data to determine common pos-
tures. Only the clusters that have significantly altered since
the previous frame are reanimated, the remainder keep their

previous values. Such an approach requires careful scrutiny
of the bone rotation clusters to prevent notable rotation in-
terpolation errors and does not allow for limitations in the
skinning methods resulting in non-minimal errors in the ver-
tices. Our method minimizes the squared vertex errors, thus
avoids introducing bone and skinning errors.

To reduce the computational load for precomputed anima-
tions, most methods only consider simplifying the underly-
ing mesh geometry. They include techniques that have ex-
tended progressive meshes [6, 12] and techniques that have
obtained simplified representations based on vertex trans-
formations [13] and principal component analysis [11]. Un-
fortunately, the high data and computation costs of progres-
sive meshes [6] hinder their use in current gaming systems.
Typically a game is limited to choosing from a number of
pre-computed character meshes LoDs. Thus, performance
is highly dependent on the animation and skinning with the
bone matrices. By manipulating the high computational
cost of the animation data (instead of the high data cost of
the geometry) our method is more suited to modern hard-
ware which are dominated by CPU (not GPU) bottlenecks.

3. CHARACTER ANIMATION PIPELINE

Figure 2: A picture showing a textured video game
character model and its skeletal rig in the bind pose.

Linear blend skinning derives the position of vertex vi,f in
animation frame f from the normalized weighted sum wi,b of
each bone b inverse bind pose M−1

b,bind and frame Mb,f matri-

ces and the vertex’s bind pose vi (Equation (1)). Typically,
each vertex in a video games character will have no more
than four non-zero weight values, permitting the blend ma-
trix weights and IDs data to each fit into one SIMD vector4
type. The vertex normals are similarly transformed using
the blended inverse-transpose of the bones’ upper 3x3 sub
matrices.

vi,f = vi

BX
b=1

wi,bM
−1
b,bindMb,f (1)

BX
b=1

wi,b = 1 0 ≤ wi,b ≤ 1 (2)

Each bone matrix is derived from the forward kinematic
calculation of the bone’s local transformation (typically re-
stricted to Scale-Rotation-Translation (SRT) components)
with its parent’s bone matrix Mp,f (Equation (3)), recur-
sively calculated from the root bone transformation. A



bone’s transformation for a given frame is determined from
an interpolation of keyframes.

Mb,f = (Sb,fRb,fTb,f ) Mp,f (3)

In most video game systems, the bone preparation is per-
formed on the CPU before being uploaded to the GPU ver-
tex shader where the vertex blend skinning then occurs. The
main performance bottlenecks during skinning playback are
therefore: the interpolation and preparation of the bone
matrices, the transfer of the bone matrices to the GPU,
the blending of the bone matrices and the complexity of
the mesh geometry. Additional bottlenecks such as texture
fetch, pixel fill rate and rasterization are almost indepen-
dent of the skinning method and are not investigated in this
paper.

3.1 CPU Bottlenecks
Processing on the CPU represents the most common bot-
tleneck in the character animation pipeline. Although much
processing can be transfered to the SIMD based GPU, the
CPU is still necessary for the (non-parallel) bone calcula-
tions.

Keyframe Interpolation. represents the biggest potential
bottleneck in the calculation of the bone matrix data (Table
1). The linear interpolations of the scale and translation vec-
tor3 data are relatively low cost SIMD operations. However
the rotation data is typically linearly or spherically inter-
polated using quaternions. Both methods involve complex
(costly) operations such as trig or sqrt functions, which do
not apply well to SIMD data and require many cycles to
complete.

Typical methods of reducing the cost of rotation interpo-
lations include storing the rotation values for every frame
(which increases the data access and storage costs), ignor-
ing quaternion normalization errors (which reduces quality)
and trigonometric approximations (which reduces quality).

Matrix Preparation. concerns the conversion of the SRT
components into the bone’s 4x3 local transformation matrix
(Equation (4)). Again the major limitation is the conversion
of the quaternion rotation data into a 3x3 rotation matrix
and then its multiplication with the scale data; a typical
implementation requires 21 ADD + 9 MUL scalar operations
per bone. The translation data merely requires a direct copy

Transform Operations
Scale 1 SUB, 1 MADD
Translate 1 SUB, 1 MADD
Rotation-Slerp 4 TRIG, 1 DOT, 2 MADD
Rotation-Lerp 1 SUB, 2 MADD, 1 RSQRT

Table 1: A table of the typical (scalar or vector) op-
erations necessary for the interpolation of the SRT
transformation components of each bone.

into a matrix row or column.

Sb,fRb,fTb,f =

0
BB@

SxR11 SxR12 SxR13

SyR21 SyR22 SyR23

SzR31 SzR32 SzR33

Tx Ty Tz

1
CCA (4)

Forward Kinematics. calculation of the bone world ma-
trix requires a minimum of (NBones − 1) matrix multiplies
(12 MADD vector operations each) through traversing the
hierarchy and storing all bone matrices upon calculation, ei-
ther in an allocated matrix cache or on the program stack
using a recursive calculation method. The resulting bone
matrices must then be multiplied with their bind pose values
(these are static and maybe pre-computed), which requires
an additional matrix multiply per bone (12 MADD vector
operations each).

Total Computation Cost. of calculating each bone is there-
fore approximately 60 ‘simple’ operations (MADD, DOT,
etc.) and up to 4 ‘complex’ operations (RSQRT, TRIG).

Matrix Transfer. performance from the CPU to the GPU
vertex shader constant table is difficult to predict as memory
block transfers can only take so many matrices at a time, and
the underlying hardware drivers will often multiplex various
graphics data to/from the GPU in irregular combinations.
It is necessary to accept that this is a known performance
cost, as all the matrix data must be transfered.

Matrix Palette Creation. is an alternative step that must
be performed on the CPU when Matrix Palette skinning
is being used, typically for older GPU systems with limited
vertex shader programmability. Each palette entry is the re-
sult of the matrix blend calculation in Equation (1) (without
the vertex transformation). It is these entries that are then
transfered to the GPU vertex shader constant table, with
each vertex transformation only needing to reference one
entry. CPU performance is therefore directly related to the
number of entries and the number of blend weights per entry,
with each entry requiring approximately 4 MADD vector op-
erations per blend weight. It is these blended matrices that
are then transfered to the GPU. As the vertex shader does
not perform any blending, its performance should then be
considered a fixed cost per vertex.

3.2 GPU Vertex Shader Bottlenecks
The performance of the GPU vertex shader will (obviously)
have a direct correlation with the number of vertices in the
character model. As most SIMD hardware performs best
without any branching, we should focus all optimizations on
ensuring that each vertex takes a similar, minimal number
of cycles to complete its transformation.

Matrix Blending. requires approximately 4 MUL + 4 ADD
vector operations per blend weight (Table 2). Most GPU



implementations permit no more than four blends and de-
pending upon the implementation it maybe more efficient to
blend the bones matrices or blend the transformed vertices.

Number of Polygons. and their layout has a notable effect
on skinning performance, not only due to the number of ver-
tices referenced but poor use of the GPU vertex cache may
require many recalculations of the vertices. This is a hard-
ware specific limitation; tools exist to optimize polygonal
meshes for target hardware and greatly assist with general
vertex shader performance.

4. PROGRESSIVE SKINNING
We present an extension to the blend skinning method that
provides a continuous LoD playback for bone-based anima-
tions. The aim is to maintain the computational load of
a given character in proportion to its visual priority in the
scene. The method can be used with existing (highly opti-
mized) skinning algorithms for either CPU or GPU compu-
tation. An existing LoD control system should be used to
determine the priority of each character in each frame and
specify their LoD according to available resources.

As explained in Section 3, the bottlenecks due to character
animation fall into two categories: the cost of calculating
the bone matrices in each frame; and the cost of blending
the bone matrices and transforming each vertex from its
bind to frame position. Progressive Skinning provides the
ability to alter the computational load of both. A charac-
ter’s progressive bone hierarchy is pre-computed so that each
additional bone calculation in the hierarchy minimizes the
outstanding vertex error in the animation. The character
need only animate the bones the LoD system has allocated
it, the remaining bones in the hierarchy copy their parents’
bone matrices. Similarly on the GPU, each vertex’s bone
blending is reordered so that when fewer blends are used,
the weight data is correctly redistributed to minimize error.
The LoD control system sends a value representing the %
of maximum computation that the character is permitted,
which progressive skinning uses to determine the % of bones
and blend weights to calculate.

4.1 CPU Progressive Bone Hierarchy
The principal aim of progressive skinning is to only calculate
the bones there is time for. On a per-animation basis, the
bones are ordered in terms of contribution to the animation
error, and the parentage set so that bones may inherit opti-
mal transformation data from their new parent bone. There
is a minute increase in data storage from storing the extra
parentage data of one integer value per bone per animation.
During the playback of each frame, the LoD control system
will indicate the number of active bone matrices that should

Blends 1 2 3 4
GPU Operations 20 35 43 50

Table 2: A table of the typical GPU operations re-
quired for linear blend skinning with one to four ac-
tive blend weights (n.b. with one weight no blending
is necessary).
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Figure 3: Diagrams showing a simple progressive
bone hierarchy for a walking animation, with only
resources to animate four key leg bones. The upper
diagram shows the anatomical hierarchy. The active
bones are shown in bold. The lower diagram shows
the actual matrices used by each bone, showing in-
heritance. In this example the bones have not been
re-parented.

be calculated, which will be at the top of the progressive hi-
erarchy. The remaining inactive bones in the hierarchy can
copy their matrix values from their active parent bone (Fig-
ure 3) or use a default value for the bone depending upon
the situation. As our method does not rely on any specific
feature of the linear blend skinning method it will work with
more recent blend skinning methods [5, 9, 8].

This method is simple to implement in a runtime system
and works to overcome all of the CPU bone preparation
bottlenecks identified in Section 3:

Keyframe Interpolation. calculations are only performed
on the active bones in the frame. As many animations only
actively use a fraction of their bones (e.g. a walking anima-
tion mainly concerns the leg bones), a large proportion of
the bones can be deactivated and only introduce marginal



errors.

Matrix Preparation. must be performed on all the active
bones. The inactive bones however may either be treated as
a direct copy of their parent (equivalent to setting their local
transformation to the Identity) or may use a per-animation
default, pre-computed transformation (bind pose or other)
and reduce the computation to a direct matrix copy.

Forward Kinematics. requires the active bones to be cor-
rectly computed by traversing the bone hierarchy. However,
the progressive hierarchy ensures that no inactive bones will
be included, minimizing the number of necessary matrix
multiplies. Building on the matrix preparation stage, the
inactive bones may directly copy their matrix from their
parent or will need to be included at the end of the forward
kinematic multiplication if they use a default transforma-
tion matrix value. Whether inactive bones use their default
transformations or copy their parent’s matrix should be de-
termined based upon the cost of matrix multiplication, and
could possibly be an extra runtime decision based upon the
character’s current LoD status.

Matrix Transfer. is a fixed cost however we derive the
value for each bone matrix - it must still be transfered to
the GPU for vertex skinning.

4.1.1 Bind Pose Optimization
The bones’ default transformations can be viewed as a fixed
alteration to the character’s mesh bind pose for that ani-
mation. It follows therefore that should a majority of the
animations share similar values for a bone’s default trans-
formation, the mesh bind pose should be altered directly in
the offline conversion process. This avoids having to include
the default value for that bone in many of the animations.

4.1.2 Continuous LoD
The activation and deactivation of bones in the skinning
skeleton may cause notable LoD ’popping’ effects. However,
as the deactivation of a bone is equivalent to setting its local
transformation to the Identity, it follows therefore that we
can continuously blend on or off by interpolating with the
Identity (or default value). This does require an additional
(simplified) interpolation for the duration of the LoD tran-
sition, and means that the rate of change of each character’s
LoD is limited but avoids any notable visual errors.

4.2 GPU Progressive Bone Blending
In a similar fashion to the bone hierarchy, progressive skin-
ning can vary the number of blend weights being used for
vertex skinning. It is assumed that each model has a maxi-
mum of four blend weights and that the values sum to one
(Equation (2)). The number of blends can be reduced by
transferring the later blend weights to earlier blends. Figure
4 defines a fixed blend hierarchy used by progressive skin-
ning for the redistribution of blend weights as the number of
blend bones varies between one and four. A continuous LoD
of matrix blending is possible by linearly interpolating be-
tween the four blend levels, requiring one additional MADD

Figure 4: A diagram showing the hierarchy of how
the blend weights are redistributed as the number
of blend bones varies between one and four.

operation in the vertex shader.

Matrix Palette Creation. on the CPU can operate in an
identical fashion to the GPU implementation, but with the
extra ability to directly copy those palette entries that re-
duce to the same values with fewer active blend weights,
avoiding repeated computations.

4.3 Data Preparation
After each skeleton animation has been authored, an offline
conversion is used to convert the bone hierarchy to the pro-
gressive skinning format for playback. A complete search is
performed to determine the progressive hierarchy that re-
sults in the minimal squared error in the vertex positions of
the skinned character mesh with each additional active bone.
As video games skeletons are typically quite small, contain-
ing less than 64 bones, we found that a more efficient search
method was not necessary for this one off calculation. Any
bones not being referenced by the character are removed.
We found that a bone’s default transformation calculated
from its average value across all frames of the animation
was sufficient. The mesh bind pose was updated if enough
animations used a similar default bone value and the hier-
archy reordered as necessary. Finally, the blend weights and
IDs are sorted to minimize vertex error across all the ani-
mations, either for a specific number of progressive bones or
for all progressive bone counts.

A basic version of the converter merely reorders the bones,
without altering their parentage. This is necessary if the
animation is non-rigid - as complex use of the scale trans-
formation requires the original parentage.

An advanced version of the converter transforms all the bone
transformations to character world space, determines a min-
imal error root bone and then reorders and re-parents the
bones to minimize the error with each additional bone. The
bones are then transformed back to local space based upon
their new parentage.

4.4 Additional Factors



Figure 5: A picture showing the crowd animation
playback demo of sixteen separate instances of the
soldier model.

Geometric LoD. methods can generally be used in paral-
lel to progressive skinning’s animation LoD method. The
geometry LoD determines which polygons and vertices are
drawn and possibly manipulates the vertex bind positions
[12] in the vertex shader. Progressive skinning then ani-
mates each vertex as described above. Continuous geometric
LoD methods sometimes increase the number of vertices or
GPU operations performed during transition between LoDs
and it would be necessary for the LoD control system to be
aware of this to avoid it trying to over compensate.

Animation Blending. is a costly procedure, requiring the
interpolation of two separate animations and then interpo-
lating the results to get the actual bone matrices. Progres-
sive Skinning will reduce the costs, by only interpolating
a proportion of the bones for each animation. However it
will still often be necessary to interpolate a large number of
bones. In most games only a few, principal characters ever
use animation blending, with the remainder merely concate-
nating separate animations together.

5. RESULTS & DISCUSSION
Figures 1 and 2 showed an example of a video game ‘soldier’
character model. The model contains 5703 vertices, 11000
triangles and a 44 bone skeleton; although highly detailed for
a current generation video game character, this is expected
to be a typical level of quality for next generation titles.
All calculations were performed on a Xeon 3.0 GHz with
1Gb RAM and a 6800 Ultra AGP graphics card at XGA
resolution.

The soldier character includes a variety of animations, in-
cluding running, kneeling down, crawling and firing a gun.
For each animation the skeleton rig was converted to a pro-
gressive skin hierarchy. Sixteen separate instances of the
soldier were placed in a basic DirectX crowd scene (Figure
5). For each test the frame rate and total squared vertex
error was determined. A basic LoD system was used to
maintain frame rate based upon each character’s distance
from the camera and the average drawing time of the last
five frames.

Figure 6 shows the effect on the frame rate of varying the
number of progressive bones and blend weights. For high
bone counts, the performance is totally CPU bound due,
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Figure 6: A graph showing the frame rate (fps) of
the crowd demo for various numbers of active bones
and blend weights
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Figure 7: A graph showing the % of maximum
squared vertex error of the soldier animation crowd
demo for various numbers of active bones.

with bone blending showing more of an effect as more bones
are deactivated.

Figure 7 shows the error as a % of the maximum across all
the animations and blend weight LoDs. It is very clear that
each animation animates only a small portion of the skeleton
bones and the remainder are well suited to being set to a
default value (or a mesh bind pose adjustment).

6. CONCLUSIONS
This paper has demonstrated a method of extending skele-
tal skinning character animation to incorporate a continu-
ous animation LoD with a progressive bone hierarchy. This
enables the CPU and GPU computational load of a given
animation to be altered at runtime based upon the char-
acter’s priority in the scene. We have described how to
pre-compute a progressive skinning hierarchy as an offline
operation and shown there is a discernible improvement in
runtime frame rate performance for an insignificant increase
in vertex error. Finally, we have explained how this method
is simple to implement and compatible with existing skin-
ning and geometric LoD methods that may already be in
use.



Progressive skinning is well suited to video games systems,
and we would like to investigate other character anima-
tion applications. Potential future work includes using the
method with more advanced LoD control systems for com-
plex crowd systems; demonstrating it in use with recent skin-
ning methods and investigating better integration between
geometric and animation based LoD representations.
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