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Abstract

A sampled object representation (SOR) debnes a graphical model using data obtained from a sampling process,
which takes a collection of samples at discrete positions in space in order to capture certain geometrical and physical
properties of one or more objects of interest. Examples of SORs include images, videos, volume datasets and point
datasets. Unlike many commonly used data representations in computer graphics, SORs lack in geometrical,
topological and semantic information, which is much needed for controlling deformation and animation. Hence it
poses a signibcant scientibc and technical challenge to develop deformation and animation methods that operate
upon SORs. Such methods can enable computer graphics and computer animation to benebt enormously from the
advances of digital imaging technology.

In this state of the art report, we survey a wide range of techniques that have been developed for manipulating,
deforming and animating SORs. We consider a collection of elementary operations for manipulating SORs, which
can serve as building blocks of deformation and animation techniques. We examine a collection of techniques that
are designed to transform the geometry shape of deformable objects in sampled representations and pay particular
attention to their deployment in surgical simulation. We review a collection of techniques for animating digital
characters in SORs, focusing on recent developments in volume animation.

Keywords: sampled object representations, volume datasets, point clouds, images, manipulation, deformation,
animation, volume visualization, surgical simulation

ACM CCS: 1.3.5 [Computer Graphics]: Computational Geometry and Object Modeling; I.3.6 [Computer Graph-
ics]: Methodology and Techniques - Graphics data structures and data types, Interaction techniques; 1.3.7 [Computer
Graphics]: 3D Graphics and Realism - Animation

1. Introduction enables direct rendering of three-dimensional (3D) volume

) . ) L ) data captured by 3D scanning devices such as computed to-
With technical advances and cost reduction, digital imaging mography scansmage-based renderinghe95, LH6] en-
technology is rapidly becoming one of the most effective 504 girect rendering of graphical models and scenes that
ways of collecting data and information. In computer grgph- are specibed with a set of photographic imageint-based
ics, many of the m_ost recent developmer_lts hav_e gravna_\ted rendering[PZvBGO00, ZPBGO01] enables direct rendering of
towards the handling of sampled data directly in graphics  arqe collection of sampling points representing a surface

pipelines. For instancejolume renderindLeves, Wes90]  ,poct (e g., a sampled dataset acquired using laser-scanning).
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Figure 1: The main scope of this survey and related topics.

technical areas of manipulating, deforming and animating
SORs, which will be discussed in detail in Sections 4, 5 and
6, respectively. Traditional deformation and animation is not
the focus of this survey, but will be outlined in 2.2 and 2.3 as
the technical backdrop of this survey.

A sampled object representation (SOR) defines a graphical
model using data obtained from a sampling process, which
takes a collection of samples at discrete positions in space in
order to capture certain geometrical and physical properties
of one or more objects of interest.

At the other end of the spectrum, many object representa-
tions are specified in an analytical manner, for instance, using
a mathematical function to define the shape of an object, or
using a user interface to define a set of interconnected geo-
metric entities. Here, such a representation is referred to as
an analytical object representation (AOR).

Colloquially, an object modelled in a SOR is often referred
toasa ‘discrete object’, whilstone inan AOR as a ‘continuous
object’. This can be rather misleading. Though an object in

a SOR may contain disjoint components, each component
is continuous from the perspectives of both modelling and
rendering (see the detailed definition in Section 3). Hence,
in terms of continuity, there is no fundamental distinction
between objects specified in a SOR and an AOR.

The top two boxes in Figure 1 do not correspond exactly to
the taxonomy and dataflow of volume visualization proposed
by [KCY93] because the latter placed its focus on one partic-
ular SOR, that is, regular volume grid or volume buffer. This
survey considers a much broader taxonomy in terms of the
types of representations as well as the methods for handling
these representations.

There is a rich collection of data manipulation techniques
for processing and altering SORs, perhaps far more than
those for AORs. Most of these techniques may introduce,
often unintentionally, minor geometrical changes in SORs.
Some are designed to extract analytical information (e.g.,
connectivity) from a SOR. The information is then used
to construct a corresponding AOR, or to create a hybrid
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SORs and other schemes for representing graphical objects
and scenes.

[ Limited geometrical information—Most SORs do not
contain any explicit geometrical description of the ob-
jects represented, while some contain partial geometric
information (e.g., ina point set). Itis common to translate
sampled physical information (e.g., X-ray attenuation)
to geometrical information (e.g., an isosurface of a tu-
mour). In addition, SORs are particularly suited for mod-
elling amorphous objects, such as fire, dust and smoke,
for which a precise geometrical description is difficult to
obtain.

Limited topological information—The only topological
information available in a SOR is the spatial or tempo-
ral order in which samples were captured. Such infor-
mation does not imply a definite topological relationship
between any two data points in the object space, although
itis often used to derive, analytically or statistically, more
meaningful topological information, such as the possible
connectivity between two sampling points in the context
of 3D model acquisition and the association of a set of
voxels to the same object in the context of segmentation.

Little semantic information—Although a SOR, such as
a photographic image and a computed tomography scan,
may capture a collection of objects in a scene, it does
not normally contain any semantic information, about
the objects of interest, such as object identification and
object hierarchy.

Multiple data channels—Many SORs capture data from
a complex signal source (e.g., reflectance) or multiple
signal sources (e.g., a combination of density, sonic, tem-
perature and imagery logging in seismic measurements).

Multi-valued data channels—Many SORs contain data
sampled in an integer or floating-point real domain. In
some situations, this facilitates a high level of accuracy
(e.g., the texture of a piece of textile in an image), but in
others, this brings about a degree of uncertainty (e.g., the
boundary of a piece of textile in an image).

The development of techniques for manipulating, deform-
ing and animating SORs can be built upon theoretic advances
in areas of signals and sampling [PM96], point-set [Mor90],
discrete topology [CK95] and level-set [Tsi95, Set96], as well
as technological advances in areas of deformable object mod-
elling, computer animation, scientific visualization, volume
graphics, point-based graphics, image-based modelling and
rendering, image processing, computer vision and medical
imaging. Meanwhile, such development will also have a pro-
found scientific impact in these areas and the field of computer
graphics in general. It will deliver a collection of usable and
effective techniques and tools to a wide range of applications
in science, engineering, medicine and industries including
manufacturing, media and entertainment.

4. Manipulating Sampled Object Representations

In this survey, we consider manipulation as the application
of elementary operations that alter the sampled properties
of SORs, or convert a SOR to an AOR or HOR. There is
not an agreeable term for encapsulating these operations.
The term ‘manipulation’ captures the essence of ‘data ma-
nipulation’ as this is what is concerned here. Although one
may use the term ‘transformation’, it does not capture the
same scope due to its traditional use in graphics for geometric
transformation.

As discussed above, most SORs contain limited geometri-
cal, topological and semantic information, and the traditional
notion of ‘geometry’ is usually constructed from sampled
physical information. Hence, any operation of a SOR that
leads to changes of sampled physical properties may result
in alterations to geometrical, topological and semantic at-
tributes derived from the SOR. Such alterations are in effect
‘minor deformations’. For instance, varying intensity values
of some voxels in a CT dataset may lead to a different isosur-
face in surface extraction, and modifying confidence level of
some points in a laser scan may result in different topological
connectivity of these points in surface reconstruction.

In this section, we examine a range of methods for al-
tering and converting the raw physical properties of SORs.
We first consider three sets of algorithms, namely surface ex-
traction from volume data, surface reconstruction from point
data, and skeletonization, all of which are used for construct-
ing ‘geometry’, in a traditional sense, from SORs. We then
describe a collection of basic operators for altering data el-
ements in a single 2D or 3D imagery dataset, and discuss
more complex SOR manipulation in the context of image
and volume morphing. This is followed by a brief review of
segmentation techniques and registration techniques where
surface-based deformation algorithms are often deployed. Fi-
nally we mention a few interactive systems for manipulating
SORs. As many of these topics, such as surface extraction
and segmentation, cover a large domain of the literature, we
only give a brief overview of each topic in order to outline
the overall scope of SOR manipulation, and prepare for the
further discussions on SOR deformation in Section 5 and
animation in Section 6.

4.1 Extracting geometry from SORs

There are 2D algorithms for extracting contours and skele-
ton from images, and for constructing contours from points.
Because they are relatively trivial in comparison with 3D al-
gorithms, they do not attract the same level of attention in the
literature. Here, we concentrate on algorithms for 3D geom-
etry extraction. We also assume that the sampled values in
SORs do not suffer from sampling errors or regional variance,
which will be considered in 4.3.
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4.1.1 Surface extraction from volume data

One common approach for handling 3D volume datasets is to
approximate an interested object in the volume by a polygonal
mesh that can then be rendered using a surface-based graphics
system. Such approximation is usually in the form of an iso-
surface (also called a level surface), which is the set of all
points in a scalar field with a specific scalar value 7 (i.e.,
iso-value). The most well-known method for extracting an
iso-surface from a regular volume dataset is the marching
cubes algorithm [LC87]. A more complicated algorithmic
problem is extracting an interval volume and approximating
the extraction, for example, by a tetrahedral mesh [NS97].

What complicates surface extraction algorithms is the fact
that many basic cases are ambiguous. A similar but much
simpler ambiguity problem also exists in a class of 2D con-
touring algorithms that extract contour lines from 2D SORs,
such as an image. [NH91] provided a computational solu-
tion, called asymptotic decider, to resolve the 2D and 3D
ambiguity problems.

Some methods were proposed to accelerate the process
of marching cubes by reducing the search space of an iso-
surface. A family of indexing structures were used for iso-
surfacing, including active list [GH90], octree [Wv92], MIN-
MAX cell index [Jon95, CMPS96], extrema graph [1K95],
span space [LSJ96] and interval tree [CMM 97]. Another
approach is to track an iso-surface from a known seed point
or seed cube [HL78, BPS96]. More recently, algorithms were
developed specifically for surface extraction from very large
volume datasets [CS97, BS03b].

The number of triangles generated by the marching cubes
algorithm can be excessively large, often leading to ineffi-
ciency in storing and rendering the extracted iso-surface. A
noticeable amount of effort has been made to reduce the num-
ber of triangles or to replace triangles with other geometric
primitives. There are two categories of algorithms:

O During marching cubes—Examples of such algorithms
include producing surfaces adaptively [MS93], extract-
ing points instead [CLL 88], replacing triangles with
polygonal volume primitives [YP92].

After marching cubes—Examples of such algorithms
include removing vertices followed by local re-
triangulation [SZL92], dispersion of new vertices on top
of the original mesh, followed by global re-triangulation
[Tur92] and edge manipulation [HDD 93]. A large col-
lection of further development in this area can be found
in the context of both multi-resolution surface modelling
(e.g., [Hop96, Gar99]) and surface reconstruction from
point data (see 4.1.2).

Recent advances in surface extraction include the recon-
struction of a dual iso-surface in the form of quad patches
[Nie04], high-dimensional isosurfacing [BWCO00], feature-

sensitive isosurfacing [VKKMO03] and topology-controlled
isosurfacing [vKvOB 97, GP00, TFT04, CSv04],

4.1.2 Surface reconstruction from point data

Many data acquisition techniques (e.g., laser range scanning
[LPC 00] and alpha matte acquisition [MBR 00]) generate
output in the form of an arbitrary set of points in space Where
the properties of these points cannot be discerned directly,
they must be inferred algorithmically. While there is a class
of algorithms for direct rendering of point datasets (e.g., sur-
fels [PZvBGO00] and QSplat [LPC 00]), there have also been
a collection of algorithms for reconstructing continuous sur-
faces from point datasets. Because of noise and imperfections
introduced in the acquisition stage, such algorithms must list
noise tolerance as a priority. Most algorithms available can
be classified as:

O] Primitive list—A polygonal mesh is constructed by
adding topological connectivities (i.e., analytical com-
ponents) to points. For example, Turk and Levoy [TL94]
used triangulation to fit a triangular mesh to the point
data and performed weighted averaging in overlapped
areas. Amenta et al. [ABK98] used a Voronoi-based ap-
proach to reconstruct a triangular mesh. Bernardini et al.
[BMR 99] developed a method for reconstructing a tri-
angular mesh by connecting neighboring points with a
ball pivoted around a seed point.

Functional and parametric surface—A functional para-
metric surface is found to approximate the surface. For
example, Hoppe et al. [HDD 92] devised a reconstruc-
tion method based on determining the zero set of an
estimated distance function. Distance fields were also
used by Curless and Levoy [CL96] and Wheeler et al.
[WSI98] for reconstructing an implicit representation
from point datasets. Lei et al. [LBC96] fitted high de-
gree implicit polynomials to point data. Krishnamurthy
and Levoy [KL96] proposed to fit smooth surfaces to the
reconstructed polygonal meshes. Pratt [Pra87] developed
a least-square fitting algorithm for defining an algebraic
surface over a point dataset. Lee [Lee00], Alexa et al.
[ABCO 01], Mederos et al. [MVdF03] Amenta and Kil
[AKO4] used a moving least squares method to fit a con-
tinuous surface to a set of points. Carr et al. [CBCO01]
used radial basis functions for their reconstruction.

4.1.3 Skeletonization

A skeleton is a useful shape abstraction that captures the
essential topology of an object in both two and three dimen-
sions. It is used extensively in commercial computer anima-
tion packages, and is therefore of interest for volume manip-
ulation and animation. It refers to a thinned version of the
original object but still retains the shape properties of the
original object. In 2D, the skeleton is also referred to as
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In voxel similarity, mutual information or relative entropy
methods [SHH96], a 2D histogram is created where each
point (i, j) has the number of voxels that occur with value i
at a position in the first volume and value j at the same po-
sition in the second. Maximizing the values in the histogram
is equivalent to registering the two volumes. Studholme et
al. [SHH96] performed this optimization by using a multi-
resolution method to iterate through various translational and
rotational values. Fei et al. [BF03] optimized feature corre-
spondence based on the volumetric information around the
features, and modelled the local transform using thin-plate
splines. Rueckert et al. [RSH*99] used a similar method to
find the global transform, and modelled the local transform
using B-splines.

In general, the best approach (in terms of speed and ac-
curacy) is to determine the global rigid transform hierarchi-
cally using optimization. For the local elastic transform, a
parametric model (such as, B-splines or thin-plate splines) is
used, and then optimized until the approximating transform
is found.

4.5 Interactive manipulation

A small number of software systems have been developed
for interactive modelling of volume objects using procedural
tools and operators [WK95, GH91, AS96]. In particular, the
metaphor of sculpting and painting has been employed to ma-
nipulate volume objects, including both solids (e.g., marble
and wood) and soft objects (e.g., clay or wax-like sculptures).
For example, a sawing tool may be used to remove a large
piece of material from an object, while a heat gun may be
used to melt away soft materials on the object.

The use of sculpting metaphor for surface-based geomet-
ric modelling has been studied extensively (e.g., [Coq90,
Nay90, SPE 90, SP86]). Galyean and Hughes [GH91] first
introduced this concept to interactive volume modelling. A
number of tools, which are also discretized, were developed,
including ‘toothpaste’ for adding voxels, ‘heat gun’ for melt-
ing away voxels, ‘sandpaper’ for smoothing an object by
wearing away the ridges and filling the valleys. [WK95] ex-
tended this approach to include ‘carving’ and ‘sawing’ tools.
Particular attention was paid to prevent the aliasing caused
by the sculpting process. [AS96] used a force feedback ar-
ticulated arm to command volume sculpting tools, including
“paint’, ‘melt’ ‘construct’, ‘burn’, ‘squirt’, ‘stamp’ and ‘air-
brush’. [Bar98] proposed an octree-based approach to accel-
erate volume sculpting.

Recently, [RE0O] proposed a hierarchical approach based
on the scalar tensor product uniform trivariate B-spline func-
tion. The sculpted object is evaluated as zero set of the sum
of the collection of the trivariate functions defined over a
3D working space, resulting in multi resolution control capa-
bilities. The continuity of the sculpted object was governed
by the continuity of the trivariates. A collection of B-spline

patches with arbitrary position, orientation and size was used
to represent the scalar filed. To sculpt the volume, user selects
the patch in which object is defined using a tool to modify the
scalar coefficients. More recently, [BC02] showed that using
level sets is beneficial for real-time manipulation of object.

5. Deforming Sampled Object Representations

In this survey, the term deformation refers to intended change
of geometric shape of an object under the control of some ex-
ternal influence such as a force. To facilitate the computation
of geometric changes, a deformable model normally has two
primary components, a data representation and an algorithm
based on a physical or mathematical concept. Applications of
deformation techniques include computer animation, object
modelling, computer-aided illustration, surgical simulation
and scientific visualization.

While deformation of SORs is our main focus here, we also
consider some techniques designed for AORs and HORs but
potentially applicable to SORs, in addition to those operat-
ing directly on SORs. The reason for including the former
category is to draw our attention to the need for technical
developments in the latter category, especially in areas of
physically-based deformation. Tables 2 and 3 list some of
the previous developments in this area (including those for
AORs and HORs), and their main technical characteristics.
After a summary of empirical deformable models (Table 2),
we briefly examine several major physically-based models
(Table 3). We then consider techniques for rendering defor-
mation directly. Finally, we give an overview of deformation
techniques in the context of a particular application, namely
surgical simulation, where SOR deformation could poten-
tially play a major role.

As shown in Table 3, physically-based models are usually
defined on mesh-based data representations. In some applica-
tions, such as surgical simulation, it has been common to add
analytical information (e.g., connectivity) to sampled data,
prior to the application of physically-based models. However,
recent research has demonstrated that meshless physically-
based models can also be used for deformation, and they
are particularly effective in coping with fracturing, liquid or
granular effects. In order to give a complete perspective of
SOR deformation, we have included many mesh-based de-
formation models used in a context that is strongly relevant
to SORs.

5.1 Empirical deformable models

Empirical deformable models are non-physically-based de-
formable models, which are designed to imitate physical be-
haviours of deformable objects with little or very limited
physics in their computation algorithms.

Since SORs contain limited geometrical and topological
information, one common approach is to associate a SOR
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Table 2: Summary of a collection of empirical deformable models.

Reference Data Representation Computational Model Application Context
[Bar84] Generic solid models Global/local deformation

[Bar86] Parametric/implicit surfaces Space warp

[CBS96] Implicit surface Swept objects

[Coq90] Polygonal mesh Free-form deformation

[CR94] Polygonal mesh Free-form deformation

[CSW 03] \olume Spatial transfer function Volume visualization/animation
[CCCO6a] Volume Displacement map Illustrative deformation/visualization
[FLW93] Superquadrics Parametric model

[Gib97] Volume grid Chainmail

[GS00] \olume Skeleton subspace deformation Volume animation

[HHK92] Rectangular mesh b-spline-based FFD

[IDSC04] \olume Spatial transfer function Splitting and explosion
[KY95] Volume Ray deflectors Volume visualization
[LKHWO03] Polygonal mesh Level set

[LW94] Curve, surface, solid NURBS-based FFD

[MTBO03] \olume Procedural models Volume visualization
[NC99] Rectangular mesh NURBS-based FFD

[PKKGO03] Point-based Free-form deformation

[RSSSGO01] \Volume Gradient deformation Hardware-assisted rendering
[SP86] Generic solid Free-form deformation

[SP91] Implicit surface Deformation map

[SS04] Texture Skeleton subspace deformation Volume animation

[TMO1] Superquadrics Parametric model

[WMW86] Implicit surface Procedural model

[WGG99] Implicit surface Procedural model

[WS01] Texture Free-form deformation

[Ww92b] b-spline surface Parametric model

with a geometry-based control structure, which deforms upon
the input of a deformation specification and then transfers its
geometric changes to the SOR concerned.

Several traditional functional and parametric models men-
tioned in 2.2 have been applied to SOR deformation, which
include:

O applying global and local deformation [Bar84, Bar86] to

volume datasets through ray deflectors [KY95], spatial
transfer functions [CSW 03] and more recently, displace-
ment maps [CCCO06a];

applying free-form deformation [SP86] to volume
datasets through volume bounding boxes [CSW 03],
and controlling skeleton-based volume deformation us-
ing parametric curves [WJO06];

employing a collection of pre-defined procedural defor-
mation specifications to segmented volume datasets in
interactive data exploration [MTBO3];

transforming a volume dataset to an implicit model,

which is then used to facilitate parametric control for
deforming the volume dataset [HQO4];

applying splitting operations to volume datasets and hy-
pertexture in a combinational manner using spatial trans-

fer functions [IDSCO04, 1SC07], and applying force to
move segments of a volume object apart [BG06].

applying feature-sensitive operations involving cuts,
peels and dissections to volume datasets in interactive
illustrative deformation [CCCO06b].

On the other hand, SORs are sometimes superimposed
upon surface or solid models to assist in deformation compu-
tation. For example, level sets were employed for deforming
surface-based objects [Whi04, LKHWO03], and deformable
distance fields were used to estimate penetration depth for
elastic bodies [FLO1].

An interesting development of empirical deformable mod-
els is the chain-mail algorithm [Gib97], which utilizes the
grid topology in a volume dataset to propagate displacement
as ‘messages’.

In recent years, empirical deformable models have been
applied to point-based representations. These include free-
form deformation [PKKGO03], and haptic-texturing [HBS99].

5.2 Physically-based models

Although empirical models can be implemented in real-time
for very large datasets, accurate deformations cannot always

¢ 2007 The Authors

Journal compilation ¢ 2007 The Eurographics Association and Blackwell Publishing Ltd.



840 M. Chen et al./ Sampled Object Representations

Figure 2: 2D SORs can be deformed and animated using a
2.5D rendering and composition system.

and composition system for animating image-based digital
character. Basically, their method is based on image com-
positing using either 2D geometric shapes or raster images
as input primitives. The resolution of the final image is vir-
tually unlimited.

Traditional interpolation methods will blur the sharpness
of edges and degrade the quality of texture features, espe-
cially the tiny texture features under warping and morphing
operations. That is, visual flaws can become noticeable when
part of an image that represents a digital character is under de-
formation. Thus, they develop a continuous model for such
image-based characters, which maintains the sharpness of
edges and the smoothness of flat areas. As demonstrated by
Froumentin et al. in [FLWO00], snakes can be used to define
edges independently of the pixel resolution. Their snakes in
fact pass ‘through’ pixels and precisely where is determined
by the image data itself. As photographic images seldom have
areas of constant color (unlike cartoons), they segment the
image on texture. It is these areas of constant texture which
are then bounded by closed snake curves.

As shown in Figure 2, this representation of the goose
maintains the edge information well and thus the composition
quality is maintained, even when the required output is at
much higher resolution than the raw image data (right).

The previous method requires some user-intervention to
identify the areas of constant texture. In an alternative ap-
proach, Su and Willis [SWO04] have investigated using image
interpolation techniques to represent an image at any resolu-
tion, independent of the original sampling rate. They again
note that edges are important visually and so these should
be retained when resampling an image. Each group of four
pixels is tested, on the assumption that an edge passes be-
tween them. If so, one pixel value will be an outlier and the

edge can be presumed to pass between it and its companions.
Rather than examine the edge further, they use a single extra
bit to indicate which diagonal is closest to the direction of
this edge. As this is a very local test, they then run over these
bits and complement any bit which is not in the majority of
those around it, in effect extending the edge determination to
an area of four by four pixels. These diagonals, in conjunc-
tion with the four surrounding pixels, create a triangulation
of the entire image. Simple bilinear interpolation within any
triangle gives the value at any required point. To resample
an image, the new sampling grid is logically placed over the
triangulated image and the point values calculated. As this
is equivalent to Gouraud shading, this can be done in real-
time on proprietary graphics cards but is in any case simple
enough to be fast in any implementation. The samples can
of course be rotated if the image required is a rotated one;
or be non-uniformly placed, if a warped image is wanted.
The resulting images are visually as good as more complex
methods.

The above image interpolation method was also used in the
Quasi-3D animation system of Qi and Willis [QWO03], which
builds on the mentioned work from Labrosse, Froumentin in
their earlier work with Willis. Traditional cartoon animation
uses a stack of painted cels, with the layer ordering deter-
mining visibility. Each sack is photographed to make one
frame of animation, then one or more elements are changed
and a new frame photographed. Qi and Willis extended this
approach for computer use. In their system, every cell is a
digital image. They retain the layering but permit the cels to
be anywhere in 3D. This includes intersecting cels. Each cel
can be animated, independently lit from front and behind, and
moved around in 3D. As aresult of this freedom of layout, the
user has more scope to construct the animated world. Conven-
tional pixel images are supported, when the system has some
parallel with imposters in virtual reality. However, they can
also use the interpolated images of Su and Willis, meaning
that the rendering quality is automatically adjusted to that of
the final image. Moreover, the ability to light each cel from
front and back extends the visual effects possible. Finally,
they use the beta channel color model [Odd91], which per-
mits multi-layer transparency, color blending and front and
back lighting, of a realism not possible with alpha channel.

In-between frames are calculated semi-automatically in
traditional animation productions. However, in motion cap-
ture systems [BLCDO2], undesirable visual artefacts can be
introduced by in-between frames.

The main idea in a motion capture cartoon system is to
parameterize cartoon motion with a combination of affine-
transformations and key-weight vectors. Thus, the solution
to the problem of inconsistent in-between frames is to con-
struct the extended linear space for every combination of
hand-picked key-shapes and then generate mean-shapes in
between key-shapes, by solving the affine matrix and weight
coefficients.
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6.2 Block-based volume animation

The work in volume animation is focused on repositioning
an acquired volumetric model into a new pose, for exam-
ple, making the visible man dataset sit or walk. Most of the
techniques below do not model deformations, that is, only
the voxels are moving and the muscles are not deforming.
Clearly, for large movements, breakage could occur at joints.
Furthermore, since now a volume is available, the issue of
how and which internal structures of the volume move about
aparticular jointis a difficult problem. Below is a summary of
the methods which utilized block-like bounds to group parts
of the volume together for manipulation:

[ Wu and Prakash [WPO0O0] first proposed a block-based
approach for controlling the motion of the visible man
dataset. The volumetric representation is first dissected
into blocks of voxels, each representing a major segment
of the digital character. For each movement, the defor-
mation of the block structure is computed using the fi-
nite element method. Each deformed block is then re-
voxelized using 3D texture mapping. The combination
of these re-voxelized blocks represents the motion of the
digital character at each time step.

[ Chen, Silver and others [CSW 03] employed the con-
cepts of spatial transfer function and constructive volume
geometry to achieve the block-based animation without
the need for re-voxelization at each time step.

[ Singh and Silver [SSC03, SS04] also decomposed a vol-
ume into blocks in order to animate a digital characters in
volume datasets. The blocks were used in conjunction to
a skeleton. This enabled real-time manipulations along
the IK-skeleton since each block could be transformed
and rendered using the texture memory. The blocks were
stretched about the joints to prevent breaking.

Islam et al. [IDSC04] further developed this approach
by incorporating volume splitting into the deformation,
facilitating an animation series with motion and explo-
sion They have also studied the scalability of animation
modeling and rendering in terms of the number of blocks
used.

6.3 Skeleton-based volume animation

In conventional 3D computer animation, digital characters
are animated using a “‘skeleton’, which is a stick figure repre-
sentation of the object. The animator first creates a skeleton
of the model (called IK skeleton) and then binds the polygons
to the skeleton. The skeleton can then be manipulated or an-
imated to cause the corresponding movement in the model
using key framing, inverse kinematics or motion capture. This
process is adopted by many commercial animation packages.

Gagvani and Silver [GS99, GS00, GS01] developed a
methodology for animating volumetric models similar to the

process used for surface polygonal models. This process in-
cludes three steps:

1. skeletonization and attachment of volume to skeleton,
2. modification or manipulation of the skeleton and
3. reconstruction of the volume and rendering.

In this process, a new volume is created for each manip-
ulation of the skeleton, similar to a key-frame process. The
first step is to skeletonize a volumetric representation of an
object to be animated and to choose bones/joints to form
the IK skeleton. The IK skeleton can be computed using a
skeletonization algorithm (described in 4.1.3). In [GS00] a
thinning procedure is used to first thin the volume based upon
the distance field and then the animator chooses joints and
bones. While the joints and bones (IK skeleton) are used for
animation, the ‘thinned volume’ is used to reconstruct the
volume in the final step. Because a volume is available, the
IK-skeleton can either be ‘centered’ within the volume as
in traditional computer graphics, or can lie along the actual
skeleton of the volume if one is available (as in the case of a
human, or an animal).

The IK-skeleton is then manipulated. This can be done
in any animation package such as Character Studio [Dis02],
or Maya [Ali02] by applying standard animation techniques
such as key-framing, inverse kinematics or even motion cap-
ture. Transformations are applied to the IK-skeleton, which
in turn specifies the transformation on the ‘thinned volume’.
Each of the voxels in the thin volume has an associated dis-
tance field, which specifies a solid sphere of texture centered
at that voxel. The volumetric object is reconstructed by scan-
filling the solid spheres about the transformed joint while
inversely mapping into the original volume for correct sam-
ple values. The deformation about the joints is an empirical
solution based upon kinematics. The spheres act as uncou-
pled volume particles. When a sufficient number of spheres
are placed about the joints, breakage at joints will not occur
and a smooth deformation can be achieved [GS01].

An example of the visible man jumping rope is shown in
Figure 3. Each frame is created by mapping motion-capture
data (a jump-rope sequence) to an IK-skeleton of the visible
man and reconstructing a volume around each key frame.
Thus each frame is a new 3D volume in the new pose. Once
the volume is created, it can be rendered with standard volume
rendering algorithms. Because a new volume is created, it is
available to be used in any application that takes a 3D volume
as input.

7. Conclusions

In this state-of-the-art report, we have examined a techni-
cal challenge for deforming and animating SORs. We have
outlined the overall scope for this challenge and examined
a family of methods and techniques that have been devel-
oped for manipulating, deforming and animating SORs. In
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Figure 3: Animating the Visible Man dataset with complex movements using a skeleton-based approach [GS 01].
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