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ABSTRACT

Skeleton is at the main interest of 3D character animation. The most common techniques for
skeleton computing are based on the Reeb graph and the shortest path finding. Using only the shortest
path algorithms for extracting the critical points and constructing the Reeb graph over the surface of
the model may generate unwanted skeleton joints. This dissertation is concerned with the
development of a new approach to compute the skeleton of the 3D meshed model, based on Blum’s
Medial Axis and geodesic distance algorithm. This study gains the benefit of geodesic distance
functions and parameterization that allow for efficient handling of topological changes of dynamics
curves and surfaces. Thus, the new approach can provide the robustness against any changes of a
rotation and/or a translation of the 3D meshed model. This study also introduces further
improvements in order to adjust the location of consecutive joints along the skeleton, by using Han
and Poston’s Chord-to-point Distance Accumulation. Consequently, all skeleton joints are
regenerated corresponding to the structure of the model, while preserving the essential shape
characteristics in a compact form. To motivate this work, the major application based on these novel

approaches is presented showing the 3D character animation.

Keywords : Skeleton; Skeleton smoothing; Geodesic distance; Medial axis transform; Chord-to-point
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1.1 Problem Statement

A skeleton is an articulated figure composed of the joints and the segments linking them, used to
define and drive the animation of a virtual figure such as a human, a creature, and a made-up monster.
A skeleton of a 3D model can be either created manually by the professional artists or automatically

calculated by a computer programming.

In the case of the realistic animation of a character, the first technique seems to be the most popular
option chosen by artists, even though it needs a skilled user and this is a time-consuming task.
Actually, a skeleton mock-up can be initially created by artists relatively quickly, but often need to
make many adjustments during the rigging process since the skin is very sensitive to the exact
location of the skeleton’s joints [2]. Therefore, they often have to go back and forth several times
between skeleton skinning and testing animation before getting it right. The well-known methods
have been developed to generate a skeleton in a graph-like or a curve-like form [1], [3], (4], [S], [6].
Unfortunately, these approaches do not suit for producing a skeleton for use in a character animation
because they need the additional processes to eliminate the redundant skeleton branches that may be

generated during the skeleton extraction process [7].

Recent work on semi-automatic skeleton extraction is introduced by [2], [8]. This system allows users
to select the starting point on the character model, and then it generates a skeleton to match the ones
that are created by hand by professionals in most biped and quadruped cases. A method for fully
automatic generation of a control skeleton is proposed by [8]. The main task of the system involves
discretizing the figure, computing its discrete medial surface, and then using the discrete medial
surface both to create the skeleton and to attach the vertices of the model to that structure. However, a
major drawback of [8] is only features with a size greater than the voxel size can be taken into

account. This often leads to computationally expensive algorithms.



1.2 Aim

In particular this thesis introduces efficient solution to the problems associated with the medial axis
according to [7], [9], [10], [11] which produced the smoothed skeleton of 3D objects that are not
affected by geometrical transformations (rotation, translation and scaling), and the topology
information can be preserved through deformations, twisting, and stretching. Moreover, the proposed
algorithm can generate a one-voxel thick skeleton in a graph-like form, which is useful for animation

purpose (the implementation will be shown later on in chapter 5).

This work also shows the application of this theory to produce the realistic animation of biped and
quadruped models and other objects in general, and to determine if the proposed algorithm has any
skeleton, which most often requires some manual intervention from the artists. It is possible,
however, to automatically produce such skeletons by using traditional image processing techniques
(such as the medial axis transform) which can be extended to 3D. But these techniques require
expensive computational time, and they do not suit to use in a character animation since they produce

the spurious skeleton joints.

The most significant contribution of this thesis on skeleton research is the use of the medial axis
together with the geodesic distance functions. By using the geodesic approximation algorithm
proposed by [12] to compute the “single source, all destination™ shortest path on a surface of the
model, any changes of a rotation and/or a translation do not affect the value of the function. Thus, this
becomes the major property of the function of geodesic distance that gives the advantage of being

invariant to a rotation and a translation.

The basic idea of this approach is to iteratively snip off the spurious skeleton joints that have been
produced from the step of the branch region determination. Applying the function of geodesic
distance can guarantee that the new approach is invariant to a rotation and a translation, and it is also
robust against the changes in the connectivity on the 3D shapes. Unfortunately, this raises the

problem of producing meaningless joints since the location of skeleton joints does not match the real



bone structure of the model. Thus, the additional filtering process is needed; the smoothed skeleton
can be obtained. Chord-to-point distance accumulation [13] then be applied in order to split the
smoothed skeleton into the segments, and then the new joints are located correspond to chord-to-point

distance accumulation values.

This thesis attempts to test an implementation of the smoothed 3D skeleton for practical applications
in a character animation and how it compares with more recent advances in the area. As far as the
skeletonization algorithm is concerned, some improvements have been implemented and others
introduced, that reduce the overall running time of the skeletonization process and perhaps the overall

quality of the end result.

1.3 Contents and structure

This thesis is organized into six chapters. Chapter 2 reviews the relevant literature on the subject of
skeletonization, together with any relevant background information. More specifically, the geometric
concepts of the medial axis, medial surface, and the geodesic distance function, and the theory behind
the smoothed 3D skeleton is more thoroughly investigated. In addition, state of the art, alternative

skeletonization methods and their potential uses in modeling and animation are reviewed.

Chapter 3 goes a step further and describes the algorithm behind the smoothed 3D skeleton theory,
presented in the previous chapter. The problems and limitations of the original algorithm are

explained together with the methods proposed for their solutions and improvements to the algorithm.

In chapter 4 contains testing and the running times. Furthermore, this chapter compares the different
choices for algorithms and their impact on the running time, complexity and the overall quality of

results.

Chapter 5, design and implementation are mentioned. The smoothed skeletons are then used to

produce a character animation and appropriate conclusions are drawn.



Chapter 6 summarizes the research and presents the overall conclusions. Suggestions for further
research together with theoretical and algorithmic improvements to this specific approach are

discussed.



Chapter 2

Literature Review

This chapter provides a briefly detail of both traditionally used and recently developed skeletonization
methods, their theoretical concepts, advantages and problems, citing relevant publications as
necessary. A special type of skeleton, the smoothed geodesic skeleton, is more closely examined and
the theory behind the algorithm used in this thesis is presented. Advances in the area of skeleton
applications, especially since the implementation of this thesis are also included as an alternative to

the chosen algorithm.

As described earlier in chapter 1, the skeleton is one-dimensional (1D) abstraction of a three-
dimensional (3D) object (or a two-dimensional (2D) shape). The simplest result of a skeleton
computation process is one where discrete sample points are gradually removed from the object or
shape, while preserving its continuity and connectivity, in order to generate a more simple
representation of the object or shape [9]. The most common technique to compute a skeleton, that has
been the standard for many years, is the medial axis in 2D and medial surface in 3D. The algorithm
for computing the skeleton in term of the medial axis is often refers to as the “grassfire” algorithm.
The main idea of the “grassfire” algorithm is lighting a fire, started from the border of the object, and
let it burn into the object at a constant speed; it will then meet in the medial axis. One starts on the
border of the object and strips away one layer of pixels after another until one reaches points that fire
reaches from two directions [14]. The medial axis transform of the region is the set of points reached

by more than one fire at the same time.

The medial axis [15] of a 2D shape is defined as the locus of points which are equidistant from at
least two points on the boundary of the object [16]. In the 3D case, the corresponding representation
is called the medial surface [17] because it can also contain surface patches. Figure 2.1 shows the

medial axis for a 2D shape and the medial surface of a 3D object.
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(a) (b)
Figure 2.1 Medial axis of a 2D shape (a), medial surface of a 3D object (b) and their inscribed

disks and spheres respectively.

Although the medial axis/surface and the skeleton are closely related, they are not exactly the same.
The other approaches to construct skeleton are Voronoi skeletons and distance transforms. Voronoi
skeletons are based on a special property of the Voronoi diagram. More specifically, it has been
shown [18] that, under appropriately chosen smoothness conditions and as the sampling rate
increases, the vertices of the Voronoi diagram of a set of boundary points will converge to the exact
skeleton. This idea has been used successfully [19] in developing skeletonization algorithms in 2D
and 3D. This method can preserve the topology and accurately localize skeletal points but only if the
boundary is sampled densely enough. Unfortunately, however, the practical results of Voronoi
skeletonization methods are not invariant under Euclidean transformations and can require an

additional optimization step, which in 3D can have a high computational complexity.

In distance transform method, the distance functions are based on the fact that the locus of the skeletal
points is coincidental with the singularities (creases or curvature discontinuities, also known as
shocks) of a distance function to the boundary. An appropriate distance metric (Euclidean distance) is
first used to calculate the distance transform of the object. The local maxima of this distance function
or the corresponding discontinuities in its derivatives are then detected, each of which indicates a
skeleton point. The numerical detection of these singularities, however, is in itself a nontrivial
problem. Whereas it may be possible to have good localization of the skeleton points, ensuring

homotopy with the original object is difficult.
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points on the skeleton are computed via maximum inscribed circles, and also the medial surface in 3D

(solid lines).
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Figure 2.8 Left: Maximal circles interior to the rectangle with their centers. The centers are

points on the medial axis. Right: 3D medial surface of a box.

Together with the medial axis, the radius of the maximal disks (or spheres) is stored. The idea behind
this, is that the extra information is used to reconstruct the original object. The medial axis in
conjunction with this distance function defines the medial axis transform (MAT). The object's
boundary and its MAT are equivalent, and one can be computed from the other. Usually, a two
dimensional shape will be transformed into a one dimensional structure, while a three dimensional

object will be transformed into a 2D surface.

The medial axis has been studied extensively, especially as a means for shape representation [26],
[27], object decomposition for mesh generation [28], shape morphing and animation [29] and motion
planning [30]. This will be briefly shown in the next paragraph, how the MAT produced undesirable
skeleton branches when the curvature of the object surface varies everywhere (noisy surface). Since
this is a morphologically meaningless property of the MAT, some studies have focused on the

simplification of a noisy MAT by means of pruning [31], [32].
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To illustrate this, considering the medial axis of the rectangle from Figure 2.1(aj above and a small
bump is added in the boundary of the shape. The resulting skeleton can be seen in Figure 2.9(a). It is
obvious that the medial axis can be very sensitive to small changes in the shape. The medial axis is
also very sensitive to noise. To illustrate this “salt and pepper” noise was added to the original
rectangle and its skeleton was computed. As can be seen in Figure 2.9(b), the skeleton attempts to

connect each noise point to the skeleton obtained from the noise-free image.

-

Figure 2.9 (2) Rectangle with small bump and its skeleton.

Figure 2.9 (b) Noisy rectangle and its corresponding skeleton.

However, this is not the only problem with the medial axis. The medial axis is not invariant under
translation and rotation transformations (i.e. the medial axis of a transformed shape is not the same as
that obtained by applying the same transformation to the original medial axis). This is best illustrated
in Figure 2.10, where the medial axis of an elliptical pie shape is shown. When the shape is
transformed, the calculated medial axis has additional branches. Clearly, it does not correspond to the

original axis. More detail of this problem will be revisited again, later in the next chapter.
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Figure 2.10 A concave curve and its medial axis, and after transformation.

Voronoi diagram

Exact computation of the medial axis is difficult in general. [33] and {34] have created algorithms for
computing the exact medial axis for some special classes of shapes but even these algorithms had to
deal with the numerical instabilities associated with the medial axis computation. An alternative
method for the exact computation of the medial axis is the creation of the Voronoi diagram from the
shape boundary points, and then the approximation of the MAT from that. The Voronoi diagram is
the partition of n points in a plane into n convex polygons such that each polygon contains exactly
one point and every point in a given polygon is closer to the point in that polygon than to any other
point (Figure 2.11). The generated polygons are known as Voronoi polygons, as illustrated in Figure
2.11, the points where the boundaries of these polygons meet, form an approximation to the medial

axis.

Voronoi diagrams have been widely adopted in the construction of 2D and 3D skeletons [35]. More
recently, [22] have proposed the “Power Crust” algorithm for MAT approximation and surface
reconstruction, based on the idea of (-shapes (a generalization of the convex hull). The algorithm
first computes the Voronoi diagram of the scattered data points, and then retrieves a set of polar balls
by selecting candidates from the Voronoi balls that have maximal distance to the sampled surface.
After labeling these polar balls, the object described by the data points is transformed into a polar ball

representation. Connecting the polar ball centers gives a good approximation to the MAT. Although

15



this algorithm works well on dense data sets, it faces some difficulties when the data is under sampled

by producing holes or other artifacts in the vicinity of the under-sampling.

Wl

[k it

Figure 2.11 On the left a convex curve and its medial axis, and on the right the Voronoi

diagram of the curve, together with its approximated medial axis.

Reeb Graph

A relatively up-to-date direct computation method is to use the Reeb graph. This graph was
introduced by [5], based on Morse theory. Given an object surface M and a smooth valued function f
defined on it, Morse theory provides the relationship between the critical points of f (points where the
tangent plane is horizontal) and the global topology of M. Morse theory states that the shape of the
pair (M, f) is represented by the sequence of the homology groups of the level sets (i.e. the set of
points x from M such that f(x)<k, KER. The critical points of f determine the homology groups of
M. The homology groups contain the original shape's properties encoded as the number of connected
components, holes and cavities of the shape. It is possible to fully describe the surface of the shape by
a finite collection of level-sets, and also get a more complete description rather than simply knowing
the global homology. By varying %, it can be introduced topological changes on the level-sets and
obtained a discrete representation of the shape. This can be then encoded into a topological graph

called the Reeb graph.

The Reeb graph can be represented as a one dimensional skeleton, provided by a continuous scalar

function on the surface M. Although the global homology of the surface M does not change as f

16
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Figure 2.15 shows an overview of the skeleton pruning method. The first step of the method is to
compute the degree of each point from the 26-neighborhood structure, and determine which point are
the end points, the middle points, the connection points, and the branched connection points. By the
assumption that the pruned skeleton is one-voxel thick, the skeleton end point is a point that has a
degree one. The middle point is a point that has a degree two. The connection point is a point that has
a degree three or higher and all the other neighbors are either the end points or the middle points. The
branched connection point is a point that has a degree three or higher and at least one of its neighbors
is neither an end point nor a middle point. The 26-connected branched connection points will form
the branched region. The second step is to determine the centroids based on Blum and Nagel’s
definition of a skeleton, and find the terminator points in each branched region (the terminator points
are all the end points and the middle points that are 26-adjacent to the branched region). The next step
is the computation of the geodesic distance from the particular centroids to all the terminator points.
The Dijkstra’s algorithm is applied in this step in order to find the shortest paths between the
centroids and the terminator points. The branched connection points that are not on any of the shortest

paths have been removed, and the pruned skeleton can be generated from the remaining points.

In the next chapter, the detail and the algorithms of the recent method will be presented later on.

Where possible, the developed algorithms which provide a one-voxel thick in a graph-like form will

be illustrated.
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Chapter 3

The Skeleton Pruning-Smoothing algorithm

The previous chapter attempted to provide an overview of many applications involving skeletons
from various scientific fields, such as object recognition and tracking, animation control, shape
abstraction and others. It also discussed the theory behind the skeletonization methods, and contrasted
the drawbacks of each method. In this chapter, the study will show the algorithms together with the
mathematical concept of the proposed algorithms. It begins with the distance function for measuring
the distance of each skeleton point, and then it will describe the method for extracting the skeleton.
Finally, the skeleton adjusting and the locating of the smoothed joints by using the cord-to-point

distance accumulation will be illustrated at the end of this chapter.

3.1 The Geodesic Distance Function

A Riemannian space is a mathematical geometry concept that studies curves and surfaces in higher
dimensions, giving a precise meaning to concepts like angle, length, area, volume and curvature. On a
Riemannian system, the geodesic distance is the distance between two points on the surface of the
model, computed by using the Dijkstra’s algorithm to find the shortest path between the two points on
the surface made up by n points [11]. The following definitions characterize the geodesics based on

[12].

Definition 1. Given R’ be a surface in a Riemannian space G, and source vertex v, € G, an explicit
representation of the geodesic distance function D: G - R’ For any point p € G, this function D(p)
returns the length of the geodesic path from p back to the source v,. The approximation of D(p) can be

given by

|1xi = x; || ® D(xs, X;) when X;j = X; (3.1)
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Consider the length of a curve S, represented in R by equations
S:xt = x'(t),t; St <ty (3.2)
Definition 2. The distance s between two points ¢, and ¢, on a curve x¥ = x¥(t) in R’is given by

S—J;tz ’gmﬁx xPdt, (B =1,..,n). (3.3)

The minimum of eq. (3.3) will be yielded a geodesic of the space, by using Euler’s or Lagrange’s

equations:
w3t G (34
with
F= fgmﬁxmxﬁ (3.5)
Thus,
oF _ ag (3.6)
— By-1/2 _Z 0B o0,
dxk (g“l’x Y G X
JoF 1
axk (gooﬁx xﬁ) 1/2 2000 kx (37)
since

ds |——=3
hatd - 00 : B (3.8)
= X X
dt ! eop
Euler’s equations can be written in the form
i(gwfx )- 1 99p wip (3.9)
dt\ s 25 oxk
and, carrying out the indicated differentiation, which obtain
09 1 09c wkX*8 3.10
i s 29k g 10008 o GontTS (310)

oxF * X T 2 oxk 3



by writing

09w 1 (0o @
ook peoih = E( ok | —%) x° %P (3.11)

dxB oxB dx®
Thus,
ok X*8
JookX® + [00B, k] 2P = g"T— (3.12)

if the curve length is used as parameter, S = 1,8 = 0, then the equation becomes
Gook X% + [0, k] %P =0 (3.13)
multiplying by g"¥, then the equation becomes
%Y + [00f, 7] x®x8 =0 (3.14)

These are the desired equations of geodesics. In eq. (3.14), dots denote the differentiation with respect
to the length parameter of the curve S. According to [41], the geodesic distance function given by eq.

(3.14) is rotation and translation invariant.

3.2 Extracting the skeleton

According to [7], the following definitions are used to formally define the skeleton in the proposed

method:

Definition 3. The degree of a point is defined as a finite number of points in its 26-neighborhood

(figure 3.1 shows the 26-neighborhood structure).

L A
v j/ A
1O

N .
>~ 1/

Figure 3.1 The 26-neighborhood structure.
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Definition 4. By the assumption that the skeleton is one-voxel thick, the skeleton end point is a point
that has a degree one. The middle point is a point that has a degree two. The connection point is a
point that has a degree three or higher and all the other neighbors are either the end points or the
middle points. The branched connection point is a point that has a degree three or higher and at least
one of its neighbors is neither an end point nor a middle point. The 26-connected branched

connection points form the branched region.

Figure 3.2 shows the steps of pruning the skeleton, the original 3D object. The method involves of
nine different steps:

(1) Compute the degree of each point.

(2) Determine which point are the end points, the middle points, the connection points, and the
branched connection points. If there are no branched connection points, exit the program.

(3) Organize the branched connection points into the branched regions. Each branched region consists
of 26-adjacent branched connection points.

(4) In each branched region, find all the end points and the middle points that are 26-adjacent to this
branched region, and mark each as “terminator”.

(5) Determine the centroids, based on Blum’s definition of a skeleton; the skeleton points must be the
centers of the maximal disks contained in the curve C.

(6) Compute the geodesic distance from the particular centroids to all points in step 4.

(7) Apply the Dijkstra’s algorithm, in order to find the shortest paths between the centroids and their
“terminator”.

(8) Remove the branched connection points that are not on any of the shortest paths.

(9) Generate the pruned skeleton from the remaining points.

Input: A set of points on the surface of model, P = {p,, p5, ..., Pn}.
Output: The pruned skeleton of the given model.
// Read P and determine which p is an endpoint, a middle point, a connection point, and a branched connection
point.
for all p € surface

compute degree of p

if degreeof p=1
p € endpoint
if degree of p=2
p € middle point
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if degree of p 2 3 and all the other neighbors are either the end points or the middle points
p € connection point
if degree of p 2 3 and at least one of its neighbors is neither an end point nor a middle
point
p € branched connection point
store p in ListOfBranchedConnectionPoint
end if
end if
end if
end if
end for
// Construct a branched region from p in ListOfBranchedConnectionPoint.
for all p € ListOfBranchedConnectionPoint
if NumberOfNeighbours(p) = 26
construct BranchedRegion(p)
end if
end for
// Find the end points and the middle points that are 26-adjacent to this branched region, and mark each as
“terminator”.
for all p € BranchedRegion
if degreeof p=1
p € endpoint
p € terminator
if degreeof p=2

p € middle point
p € terminator
end if
end if
end for

// Determine the centroids in each branched region.
// Compute the geodesic distance and find the shortest path correspond to each centroid.

for all p € BranchedRegion

M o OV v OM o

CentroidOfBranchedRegion = (z TV-'Z —J,z )
i=1 i=1

=1V
if p = CentroidOfBranchedRegion
p € centroid
geod_dist ({p, p)  // compute the geodesic distance from centroid to all p;, where p; = terminator
Dijkstra’s_shortest_path (p, p)) // apply the Dijkstra’s algorithm
// to find the shortest path from centroid to all p;
construct ShortestPath(P) where P = (p, p;)
end if
end for
// Remove the branched connection points that are not on any of the shortest paths.
// Construct the pruned skeleton.
for all p € BranchedRegion
for all p e ListOfBranchedConnectionPoint
if p ¢ ShortestPath
remove p
update ListOfBranchedConnectionPoint
construct PrunedSkeleton(p)  // construct the pruned skeleton from the remaining points in the list
end if
end for
end for

Figure 3.2 The algorithm of the skeleton pruning method.
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3.3 Adjusting the skeleton

Although the skeleton pruning method described in figure 3.2 can eliminate a large number of
spurious skeleton joints, the next problem is raised that is the meaningless points which align
unreasonably along a skeleton. These points can affect on the later creation of segments and joints,
therefore the pruned skeleton is subjected to a smoothing operation. The smoothing process involves
calculating the average position of consecutive points along the pruned skeleton, reassigning the new

joints by splitting a skeleton into the segments [9].

Once, the pruned skeleton has been originated with a one-voxel thick, in a graph-like form as shown
in figure 3.3(a), it is ready to be used as a skeleton. Before applying the chord-to-point distance
accumulation to the pruned skeleton, the skeleton is needed to be smoothened in a curve form. This
can be accomplished by using the average filtering over a sliding window consisting of five

consecutive points to adjust the positions of consecutive points along the skeleton.

Let C= {p,=(x,y,2), i = l,..., N} be the set of coordinate of points on the skeleton. The ith point in
the set is denoted by p,and p,,, is its neighboring point. To calculate the average at the point p,, the
method makes an approximation of the change in the positions of two consecutive points before p,
and two consecutive points after p, then divide them by 5 (the number of points between p,,, ..., P
..y Pny)- Thus, the average position (v) over the point p, can be defined as equation (3.15). The
filtering process is illustrated in figure 3.3.

i+2

Zpi

=i 3.15
y = (3.15)
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Let L be a fixed integer value defines a line L, from each point p; to p,,,, where i+L is taken modulo
N. The perpendicular distance D,, is computed from L, to the point p,. The distance is positive if p; is
on the left-hand side of the vector (p,,,- p,), negative otherwise. Chord-to-point distance accumulation

for a point p, and a chord length L is the sum 4, of the D, as i moves from &-L to k. That is,

k
=YD, (3.16)
i-k—-L
Since D,,= 0, Thus,
k
hy (k)= Dy
i-k-L

= SDM (3.17)

i~k-L+1

Figure 3.4 illustrates chord-to-point distance accumulation, and shows an example in the case of D, is

positive and D, is negative.

Figure 3.4 Chord-to-point distance accumulation.

The basic idea of locating the new joints depends on chord-to-point distance accumulation value.
After the smoothed skeleton is formed, the points that align along the smoothed skeleton can be
classified into three classes. The end point is a point that has only one adjacent neighbor. The junction
point is a point that has three or more adjacent neighbors. The intermediate point is a point that has
exactly two adjacent neighbors. The end points and the junction points split the smoothed skeleton

into a set of connected segments or bones.
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The study used the end points and the junction points to form the initial joints of the skeleton. In each
segment of the skeleton (see figure 3.3 (b)), this work iteratively selects the point from v, to v, , and
computes chord-to-point distance accumulation correspond to each selected point. The selected point
becomes the splitting point if ||D/|| = [D,| e.g. v is the splitting point since chord-to-point distance
accumulation value at v, equals to chord-to-point distance accumulation value at v,. Then two bones
can be formed from the corresponding segment, the first bone whose joints are located on v, and v,
another bone whose joints are located on v, and v,, respectively. In the case of more than one splitting
point is created, the sub segment will be formed (this sub segment becomes a bone later on), and
more joints may be created from the corresponding sub segment. Figure 3.3 (c) shows the final result

of the smoothed skeleton generated from the method. The algorithm for smoothing the skeleton is

also shown.
//Given skeleton V consists of N points places in a queue Q.
Smoothen(V, N}
IfNSO
Return V
Repeat
Q¢v
N&1
Repeat while Q = ¢
v € POP(Q)
Compute h,(k)
If 11011 = 1104l |
V& Vy
N&EN+1
Returnv

Figure 3.5 The algorithm of the iterative smoothing.

As shown in the algorithm, to compute chord-to-point distance accumulation value for all chordal
points in the skeleton curve is not practical. The solution of this drawback is using the appropriate
threshold for eliminating this computation time. This study used the simplest threshold based on the
mean curvature [42]. Computing the mean curvature of the surfaces is troublesome. Fortunately, the
mean curvature is the divergence of the vector field of the optimal normals, and the divergence can be

approximated by finite differences. Figure 3.6 shows the vector field of the surface and its normal.
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4 normal; n(x)

Figure 3.6 A vector field on a surface and its normal.

The mean curvature and its normal are denoted by H(x) and n(x), respectively. The finite difference is
the discrete analogue of the derivative (an infinitesimal change in the function with respect to

whatever parameter it may have). The divergence computed by finite differences is:
H(x) = V.n(x) (3.18)
where in 3 dimensions, the divergence is, in Cartesian form:

an, on, on, (3.19)

V) =5y oz

Each of the partial derivatives may then be approximated by finite differences in the usual way.
According to [42], the easiest and fastest way to calculate them is to use the intermediate difference
operator. With this operator, for each axis the method looks at the neighbor and the optimal normal of

the current voxel, thus a total of two voxels can be computed. So, for the x-axis the operator is:

N, ny(x + Ax) — ny (x) (3.20)
dx Ax -
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and can be extended in the y and z axes as follows.

on, _ ny(y+4y) —ny(9) (3.21)
dy Ay

on, ny(z+ Az) —n,(2) (3.22)
0z Az

According to [42], the appropriate values of the mean curvature, H(x) are 0.4-0.6, the study used these
values as the threshold where the chordal points (joints on the skeleton) will be selected if their
absolute mean curvature values are greater than the threshold:

V.n(x) > |H(x)j; where |H(x)| € [0.4,0.6] (3.23)

In the next chapter, the evaluation of the proposed algorithms will be presented, and compared with
the well-known skeletonization algorithm. In the rest of this work, the study will use the smoothed 3D
skeleton in a character animation, the analysis and design, together with implementations will be

shown in chapter 5.
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Chapter 4

Testing and the running times

This chapter will provide the evaluation results by comparing the results of the proposed algorithms
(pruning and smoothing algorithms) with [3]. The proposed algorithms and [3] were tested on the
Princeton Shape Benchmark database [43], and a standard handmade model (from Autodesk’s Maya
software). A brief comparison between the results of the proposed methods and their original

skeleton, extracted by using the Multi-Resolution Reeb Graph (MRG), proposed by [3] is provided.

The pruning method can reduce the number of the branched connection points, which is similar to the
number of critical points in the original Dijkstra’s algorithm therefore the spurious skeleton joints
can be removed. These joints will not influence the structure of the skeleton because they are not on
any of the shortest paths computed by Dijkstra’s algorithm. The pruned skeleton can then be
generated in the sense that it can capture the essential shape of a 3D object while preserving a

compact form of its data structure. Table 4.1 shows the experimental results.

Table 4.1 compares the number of joints after applying the pruning algorithm with the number of
joints extracted by [3]. The pruning method can reduce the number of critical points in the graph’s
nodes, the branched connection points in a skeleton graph. Therefore, the numbers of the spurious
skeleton joints are reduced comparable to the number of unnecessary joints generated by the MRG

method.

The study also demonstrated the smoothing algorithm on several pruned skeletons generated from
pruning algorithm (see figure 3.2), as shown in Table 4.1. A brief comparison between the results of
the smoothing algorithm and their pruned skeletons is provided. The smoothing algorithm can
produce a useful control skeleton which will be used for animating purpose in the next chapter, the
number of joints can be significant reduced in the sense that it is still enough for use in animation.
Most of the control skeletons produced from the proposed algorithm are centralized, and run along to

the ends of the main branches of the models.
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In the next chapter, the study will implement the result skeletons to produce the realistic 3D character

animations.
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Chapter §

Design and Implementation

This chapter describes the introductory phases of the software engineering process, in which the
requirements for the software are established and specified in detail for further development.
The chapter starts with the requirements definition, which is an abstract description of the
services the software should provide and the constraints under which it must operate. The
chapter concludes with the design of the software, followed by a brief discussion of why the
particular design was chosen over competing methodologies, and any problems this study had to

overcome.

5.1 Requirements definition and specification

This section will start with the general description of the software, followed by the definition of the
requirements. These requirements have been divided into functional, which are just statements of the
system services, and how the system should react to particular inputs, and to nonfunctional, which are

constraints imposed on the functionality of the system and the development process.

5.1.1 Functional requirements

The system has the ability of loading Mesh formats like OFF and objects files from the user and also
creates a new text based formats. It also stores the OFF file in computer memory in such a way that it
can be processed later by other parts of the system. The system also has the ability of saving the
deformed mesh and creating a unique format for handling key frames based animation with full
options to control and edit animation. The system also provides the enhanced features such as adding
frames, removing frames, loading animation, and recording to AVI video file with any codec installed

in the system.
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The abilities of reading files formats of the system are shown below:

1. Reading OFF format option

The OFF format (.off) includes the data as follows:

The name of the format, the numbers of vertex, faces and texture.

OFF 8145 6564 24088

0.49167 1.53549 0.28482
0.52069 1.47633 0.26981
0.50562 1.47848 0.28101
0.48597 1.52223 0.29346
0.54712 1.39891 0.27045
0.53161 1.40082 0.28174

Figure 5.1 The OFF file format.

2. Text format option: After dealing with the reading of the OFF format, the study has started to

create two different text format for the skeleton and the weights, which were in a text format. An

example of the skeleton file is shown below.

The joint name

SKELETON 28 «— The number of the joints in the skeleton

E?‘IJ"E:UUUU 0.000000 0.000000 0.000000 0.000000 0.000000-1 1 1

E'.ISETUDUU 8.012779 0.000000 0.000000 0.000000 0.000000-1 32712
;?0%000 0.019169-0.077172-14.999987 90.000000 0.000000-11 3
thUZD_JDUU -0.000000 0.000000 -0.000000 9.854877 -89.415588-1 24 6
??5#383 0.000000 0.000000 0.000000 5.385803 3.300535-115

4 A A A \ The joint

A A

childrens

Trans X,Y,Z Rot X,Y,Z

Figure 5.2 The skeleton text format.
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WEIGHTS 1170
l Joint Name F >g|gs
0.0

0.0 .
//0.0 Number of vertices '
0.0
0.0

0.0

Weight number for each

vertex of the skeleton

Figure 5.3 The weight text format.

5.1.2 Nonfunctional requirements

1. Usability: Because of the system requires no user interaction and supervision, apart from the initial

data and parameter input, users should be able to use all the system functions with minimal training.

2. Portability: The system should be implemented in a language where it would be possible to

compile it for different platforms. The obvious choice would be STD C++, and if possible ISO C++.

3. Reliability: The system can be deal with the 3D object file with medium to high level of detail. It
also saves a full package of animation, skeleton, mesh, weights linked to a project file and exports the

animation to AVI movie file format without failure.

4. Robustness: There must be zero probability that the original data might be corrupted and low

probability of corruption of the produced data, after failure.
5. Speed and cost: The design and implementation of the system (together with choice of language)

should not considerably increase the estimated execution time of the algorithm. The size of the

executable program is ~272 Kbytes.
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5.2 System design

At the beginning of the design process, the study chose a procedural design for the software.
However, it was obvious in that stage, that many parts of the system required input and functionality
from other parts, and this proved to be quite complicated for a procedural design to handle.
Furthermore, as the scale of the design increased, and many portions of the system were constantly
reused, therefore it would has been better to use an object-oriented methodology to capture this
complexity, the communication needs and code reuse requirements. In addition to that, this study is
largely based on computational geometry, which itself is built from simple components such as
points, lines, angles, and so on, which are combined in order to build a more complex structure.
Object-oriented design can capture this behavior easily because of its special characteristics, such as

inheritance, aggregation, data abstraction and so on. The class diagram of the system is shown below.

Figure 5.4 Class diagram.
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5.3 Animating the skeleton

5.3.1 The key frames idea

Once a frame has been created, the system can animate the image using the key frame method of
animation. This method uses two frames which depict the start and end frames, then creates an
animation sequence by adding frames (a series of views) between the two existing frames (key

frames). The following steps illustrate how to create the frames between the two key frames:

1. Calculating the frame gap between two key frames.
2. Finding the relative index between the frame to set to, and the current key frame.
3. Calculating the motion percent between the relative index divided to the frame gap.

4. Assigning each key frame multiply by the motion percent into the translation, rotation, and scaling.

Then automatically adds the required number of frames between these key frames to produce an

animated smooth sequence.

| Key frames the user defines J

e ermtr sy

S—

L A A A SR B B R

l Interpolated Frames Added by the Key frames Interpolation I

Figure 5.5 The Key Frames with the interpolation frames.
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5.3.2 GUI General description

The system consists of 5 panels; the layout of the system is shown below

Menu Bar will include: File, View, animation, skeleton options and other complex features that will come later

Tool Bar will include at the left side, the animation buttons, and at the right side some complex features like

slider, edit box

Hierarchy Window OGLView Window
In this window the user can see In this window the user could see all the animation effects of the 3D
the skeleton tree of the 3D object, the user could translate and rotate it in a convenient configuration
object and by choosing a with the mouse and keyboard

specific bone, move it.

Status Bar will include all the information about the frame number, time and the current position of the bone

Figure 5.5 The GUI of the system.
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5.3.3 The animation file format

The animation file format includes the key frames number on the left side of the frame, and the name

of the format is Animate3D2. The animation format with some explains is shown in figure 5.6.

This is the number of
The numbers of frames

The joints in the skeleton
The Time Of

ANIMATE3D2 28 100 0.033333 Each Frame

null1 1
.. 0.000000 -7.000000 -40.000000 0.000000 0.000000 8.000000-1 1 1
The joint Hips 1 In Sec
0.000000 8.012779 0.000000 0.000000 0.000000 0.000000-132712
name LLeg 4

0.500000 0.019169-0.077172-14.999987 90.000000 0.000000-1 1 3
50 0.500000 0.019169-0.077172-14.999987 86.000000 11.000000
70 0.500000 0.019169-0.077172-14.999987 86.156860 10.568627
99 0.500000 0.019169-0.077172 -14.993987 90.000000 0.000000

jnt2_15 The
The 0.000000 -0.000000 0.000000 -0.000000 9.854877 -89.415588-12 4 6
25 0.000000 -0.000000 0.000000 -2.000000 10.854877 -126.415588 children's
number of 50 0.000000 -0.000000 0.000000 -5.846154 23.777954 -84.560435

70 0.000000 -0.000000 0.000000 -8.550296 18.783871 -91.788368
99 0.000000 -0.000000 0.000000 -0.000000 9.854877 -89.415588

[N R

joints
key frame

Trans X,Y,Z RotX,Y,Z

Figure 5.6 The animation file format.

5.4 Implementation and results

This section described the implementation of the result skeletons extracted from the proposed method
(referred to chapter 4) to generate the 3D character animation. The GUI of the animation software is
shown in figure 5.7. The implementation of the animation is fulfilling both functional requirements
and non-functional requirements. The final software provides the abilities such as loading the OFF

files, saving deformed objects in two formats (.obj) and (.off), loading skeleton and weights files in
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Geodesic-based Skeleton Smoothing

Porawat Visutsak and Korakot Prachumrak

Abstract— Skeleton is at the main interest of 3D character
animation. The most common techniques for skeleton computing are
based on the Reeb graph and the shortest path finding. Using only the
shortest path algorithms for extracting the critical points and
constructing the Reeb graph over the surface of the model may
generate unwanted skeleton joints. In this paper, we present a new
approach to compute the skeleton of the 3D meshed model in a
Riemannian space, based on Blum’'s Medial Axis Transform and
geodesic distance algorithm. We gain the benefit of geodesic distance
functions and parameterization that allow for efficient handling of
topological changes of dynamics curves and surfaces. Thus, our
approach can provide the robustness against any changes of a rotation
and/or a translation of the 3D mesh model. We are able to generate
one-voxel thick, graph-like skeleton. Han and Poston’s Chord-to-
point Distance Accumulation then be applied for adjusting the
locations of consecutive points along the skeleton. The smoothed
skeleton is split in order to create segments and joints corresponding
to its shape. The new skeleton can be regenerated later on. Therefore,
the new skeleton produced from our method can capture the essential
shape characteristics in a compact form, while preserving the
meaningful anatomical information of the 3D character models. The
demonstration of the approach with several examples is also
provided.

Keywords— Skeleton; Skeleton smoothing; Geodesic distance;
Medial axis transform; Riemannian space; Chord-to-point distance
accumulation.

1. INTRODUCTION

HE skeleton is a basic structure of representing the 3D

objects, frequently used in computer graphics, especially
in the areas of character animation and 3D modeling. Using a
skeleton as an abstraction of an object has two major benefits.
First, it can contain both shape features and topological
structures of an original object. Another benefit depends on its
characteristic to capture the essential shape of a 3D object in a
low-dimension form. Numerous algorithms have been
developed to generate the skeleton in graph-like or a curve-
like form [7], [8], [10], [11], [12]. Unfortunately, these
approaches do not suit for producing a skeleton for use in
animation since they need the additional processes to
eliminate the redundant skeleton branches that may generate
during the skeleton extraction process. The most common
technique to represent the 3D objects, that has been the
standard for many years, is the Reeb graph [11], originally
defined by Reeb. The Reeb graph is obtained by applying the
continuous function, usually a height function, to encode the
topological structure. Using a height function to build a Reeb
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graph does not guarantee that the graph is invariant to the
affine transformations, which is an essential feature of the
skeletal structure of the model [12]. The extended version of
the Reeb graph, called the Multi-Resolution Reeb graph
(MRG) [7] has been proposed. To construct the MRG, the
topological characteristics of the shape must be defined in
terms of the critical points of a function on the manifold; this
function is called a mapping function. The mapping function
maps the points from the manifold of the shape to the domain
of the function, and the configuration of the critical points of
the mapping function can represent the topology of the shape
[14]. This configuration can be embedded by the Reeb graph,
and becomes an essential property of the shapes later on.
When the mapping function is defined, the model is then
partitioned into regions that correspond to equal intervals of
the mapping function [15]. Each partition of the model is
represented as a node in the Reeb graph, and adjacent nodes
are linked by an edge that connects the corresponding nodes.

To apply skeleton for use in character animation and 3D
modeling, skeleton animation is a common technique for
animating a 3D model. Controlling the movement of a
skeleton in a way that is designed to appear naturally is
accomplished using a control skeleton (sometimes called an
Inverse Kinematics or IK skeleton). IK skeleton is an
articulated structure of segments and joints combined with
information detailing how the surface geometry of the figure is
anchored to that structure. Recent work on semi-automatic
skeleton extraction is introduced by Aujay et al. [2]. This
system allows users select the starting point on the character
model, and then it generates a skeleton to match the ones that
are created by hand by professionals in most biped and
quadruped cases. A method for fully automatic generation of a
control skeleton is proposed by Wade and Parent [18]. The
main task of the system involves discretizing the figure,
computing its discrete medial surface (DMS), and then using
the discrete medial surface both to create the skeleton and to
attach the vertices of the model to that structure. However, a
major drawback of Wade and Parent’s method is only features
with a size greater than the voxel size can be taken into
account. This often leads to computationally expensive
algorithms.

In this paper, we present a novel approach to compute the
skeleton of 3D mesh model based on Blum’s Medial Axis
Transform and geodesic distance algorithm. Blum et al. [4]
propose to use the medial axis to define the skeleton. The
algorithm for computing the skeleton in terms of the medial
axis is often refers to as the “grassfire” algorithm. The main
idea of the “grassfire” algorithm is lighting a fire, started from
the border of the object, and let it burn into the object at a
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constant speed; it will then meet in the medial axis. One starts
on the border of the object and strips away one layer of pixels
after another until one reaches points that fire reaches from
two directions [1]. The medial axis transform of the region is
the set of points reached by more than one fire at the same
time. Unfortunately, the medial axis transform does not
provide robustness against a rotation and a translation of the
objects. Therefore, a more sophisticated algorithm is needed in
order to solve this problem, and that algorithm is the geodesic
distance functions. By using the geodesic approximation
algorithm proposed by [9] to compute the “single source, all
destination™ shortest path on a surface of the model, any
changes of a rotation and/or a translation do not affect the
value of the function. Thus, this becomes the major property
of the function of geodesic distance that gives the advantage
of being invariant to a rotation and a translation. The basic
idea of our approach is to iteratively snip off the spurious
skeleton joints that have been produced from the step of the
branch region determination. Applying the function of
geodesic distance can guarantee that the new approach is
invariant to a rotation and a translation, and it is also robust
against the changes in the connectivity on the 3D shapes.
Unfortunately, this raises the problem of producing
meaningless joints since the location of skeleton joints does
not match the real bone structure of the model. Thus, the
additional operation is needed, by using the filtering process
we can obtain the smoothed skeleton. Chord-to-point distance
accumulation [6] then be applied in order to split the smoothed
skeleton into the segments, and then the new joints are located
correspond to chord-to-point distance accumulation values. A
brief review of the medial axis transform and the geodesic
distance function are illustrated in sections 2. The skeleton
smoothing method based on Chord-to-point is outlined in
section 3; we also demonstrate the usability of the smoothed
3D skeleton with several figures, and the experimental results
are shown in section 4. Finally, the conclusion and the
evaluation of our approach are also provided.

II. GEODESIC-BASED SKELETON SMOOTHING
A. The Medial Axis Transform

The idea of using a skeleton as an abstraction of the
shape goes back to [4]. Blum et al. define a skeleton in
terms of the medial axis (MA), which is a set of curves that
roughly run along the middle of an object, as shown in
figure 1. According to [4], the medial axis of a curve S is
the locus of the centers of the maximal disks contained in S.
Let R” be a symmetry set (where »n is a number of
dimensional space) which is defined similarly to the medial
axis, except that it also includes the circles not contained in
S and thus the medial axis is a subset of the symmetry set.
The medial axis can then be defined as follows:

Definition 1. Let S be an arbitrary curved surface; Let
D'(p, r) be a closed disk with a radius  centered at a point
p, where S(p, ¥) € R". A maximal disk in S is a closed disk
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D"(p, r) contained in S.

Property 1. If X is a maximal disk in S, then S is not
properly contained in any other closed disk in S.

Definition 2. Let S(p, ) & R". The medial axis (MA) of §
is the locus of the centers of the maximal disks contained in
S. The medial axis of a 3D object denoted R’ is sometimes
called the medial surface. The continuous function of a
real-value that assigns to each center of a maximal disk in §
is called the radius function of that medial axis.

The medial axis together with the associated radius
function of the maximal disks is called the medial axis
transform (MAT). Then, the medial axis can be defined:

Definition 3. The medial axis transform (MAT) of an object
consists of its medial axis together with the associated radius
function.

o
o : R
:==:=‘=%é\ E' ‘

Figure 1. The medial axis of an object.
B. The Geodesic Distance Function

A Riemannian space is a mathematical geometry concept
that studies curves and surfaces in higher dimensions, giving a
precise meaning to concepts like angle, length, area, volume
and curvature. On a Riemannian system, the geodesic distance
is the distance between two points on the surface of the model,
computed by using the Dijkstra’s algorithm to find the shortest
path between the two points on the surface made up by n
points [14]. The following definitions characterize the
geodesics based on [9].

Definition 4. Given R’ be a surface in a Riemannian space G,
and source vertex vs; € G, an explicit representation of the
geodesic distance function D: G - R’. For any point p € G,
this function D(p) returns the length of the geodesic path from
p back to the source v,. The approximation of D(p) can be
given by

lles = x; [l = Dixs, x;) when x; = x;

Consider the length of a curve S, represented in R’ by

714
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equations
S:xt =xi(t),t; <t <t,,

Definition 5. The distance s between two points #; and 7, on a
curve x¥ = x"(t) in R’is given by

t2
T f ngpfc“fc" t, (B
i1

The minimum of (1) will be yielded a geodesic of the space,
by using Euler’s or Lagrange’s equations:

1,..,n).

1

oF d (BF) ~ 0
dxk  dt\axk/
with
F= }gmpi”iﬂ
we have
oF 1 oo fre1/2 0908 .o
5E = 7 Gep X" R
aF 1 ton s B .
5= 5 (Gupx 2812 29,0 %%
since
ds o
5 = I k7 2F

Euler’s equations can be written in the form

(5)-

and, carrying out the indicated differentiation, we obtain

d

dt

FoorX®

1 99c
: _gﬂ'oox-',ﬂ
S

25 Oxk

=0,

agmk i‘mi'p _ 1 agmp oo B =g°°k:x"-°°§

- 1
Goor X~ + axh 2 dxk $
by writing
a.gmk 0 1 agook agﬂk
. g — _ 00 B
axf * Y T2\ oxF Tax> )X
we obtain

x®5

if we use curve length as parameter, § = 1,§ = 0, then the
equation becomes
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JeokX® + [00B, k] x°%f =0
multiplying by g¥*, we obtain

¥ + [00f, 7] x%%F =0 (2)

These are the desired equations of geodesics. In equation
(2), dots denote the differentiation with respect to the length
parameter of the curve S. According to [3], the geodesic
distance function given by Eq. (2) is rotation and translation
invariant.

III. IMPLEMENTATION DETAILS
A. Pruning the skeleton

According to [16], the following definitions are used to
formally define the skeleton in our approach:

Definition 6. The degree of a point is defined as a finite
number of points in its 26-neighborhood (figure 2 shows the
26-neighborhood structure).

)

Figure 2. The 26-neighborhood structure.

Definition 7. By the assumption that the skeleton is one-voxel
thick, the skeleton end point is a point that has a degree one.
The middle point is a point that has a degree two. The
connection point is a point that has a degree three or higher
and all the other neighbors are either the end points or the
middle points. The branched connection point is a point that
has a degree three or higher and at least one of its neighbors is
neither an end point nor a middle point. The 26-connected
branched connection points form the branched region.

Algorithm 1 shows the steps of pruning the skeleton, the
original 3D object, and the result of pruning are shown in
figure 3. The method involves of nine different steps:

(1) Compute the degree of each point.

(2) Determine which point are the end points, the middle
points, the connection points, and the branched connection
points. If there are no branched connection points, exit the
program.

(3) Organize the branched connection points into the branched
regions. Each branched region consists of 26-adjacent
branched connection points.

(4) In each branched region, find all the end points and the
middle points that are 26-adjacent to this branched region, and
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Input: A set of points on the surface of model, P = {py, ps, ..., Pn}-
Output: The pruned skeleton of the given model.
// Read P and determine which p is an endpoint, a middle point, a connection point, and a branched connection point.
for all p € surface
compute degree of p
ifdegree of p=1
p € endpoint
if degree of p=2
p € middle point
if degree of p > 3 and all the other neighbors are either the end points.or the middle points
p € connection point
if degree of p > 3 and at least one of its neighbors is neither an end point nor a middle point
p € branched connection point
store p in ListOfBranchedConnectionPoint
end if
end if
end if
end if
end for
// Construct a branched region from p in ListOfBranchedConnectionPoint.
for all p € ListOfBranchedConnectionPoint
if NumberOfNeighbours(p) = 26
construct BranchedRegion(p)
end if
end for
// Find the end points and the middle points that are 26-adjacent to this branched region, and mark each as “terminator”.
for all p € BranchedRegion
if degree of p=1
p € endpoint
p € terminator
if degree of p=2
p € middle point
p € terminator
end if
end if
end for
// Determine the centroids in each branched region.
// Compute the geodesic distance and find the shortest path correspond to each centroid.
for all p € BranchedRegion N
CentroidOfBranchedRegion = (L xi/N, z,y,/N Zz,/N)

if p = CentroidOfBranchedRegion
p € centroid
geod_dist (p, p;) // compute the geodesic distance from centroid to all p;, where p; = terminator
Dijkstra’s_shortest_path (p, p;) !/ apply the Dijkstra’s algorithm
// to find the shortest path from centroid to all p;
construct ShortestPath(P) where P = (p, p)
end if
end for
// Remove the branched connection points that are not on any of the shortest paths.
// Construct the pruned skeleton.
for all p € BranchedRegion
for all p e ListOfBranchedConnectionPoint
if p & ShortestPath
remove p
update ListOfBranchedConnectionPoint
construct PrunedSkeleton(p) 1/ construct the pruned skeleton from the remaining points in the list
end if
end for
end for

Algorithm 1 Skeleton pruning method.
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A 3D skeleton is a one-voxel thick, graph-like structure widely used
in the area of a character animation. In this paper, we propose a
novel method for computing the skeleton of the 3D character models
based on a-priori knowledge. We present several algorithms for
computing the skeleton based on Blum'’s Medial Axis Transform and
geodesic distance algorithm. We show that the algorithm can
generate the smoothed skeleton in a compact form, while providing
the essential joints of the skeletal structure. Since most of skeletons
of biped and quadruped character models have the same global
features (spine and joints), the notion of similarity is crucial
importance in comparing the unknown character models with the
others stored in the database. We extend the algorithm with an
approach of content-based analysis for automatic and efficient
retrieval, classification, and annotation of the 3D character models.
The method has several steps. First, the octree of the input model is
calculated and used to compare with the octrees of the 3D models
stored in the octrees database. By comparing the octrees similarity,
if the result is exact match, the corresponding skeleton will be
retrieved from the skeletons database. Otherwise, the method finds
the list of the close match (the octree similarity ratio which the value
is greater than 0.8) in order to use to estimate the new skeleton. In
the worst case, if the input octree does not match with any case in
the octrees database, the method computes the skeleton and stores
it in the skeletons database. The method is fast and efficient
because it is not necessary to compute the skeleton from every input
model. Thus, the computational time of our method depends only on
the time of the octrees similarity calculation, and the time of
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searching the similar octrees in the octrees database. Several
examples show the results obtained with our approach.

Fuzzy Interpolation Ratlonal Bezier Curve
Wahab, Abd Fatah; Zakaria, Rozaimi; Md Ali, Jamaluddin

Recently, interpolation methods especially in curves design are
widely used for modeling data points. In this paper a new
interpolation method for modeling fuzzy data using fuzzy
interpolation rational Bezier curves is introduced based on fuzzy set
theory. This method is able to model uncertainty data with definition
of fuzzy data via fuzzy number concept. The fuzzy interpolation
method is modeled using fuzzy interpolation rational cubic Bezler
curve (in further will be referred as FIRCBC). For fuzzy n-data cases,
segments curve constructed in order to interpolate fuzzy data
piecewisely. For the illustration as hypothetical example, FIRCBC
has been applied in verification of offine handwriting signature
where the signatures become fuzzy cases.

Low C lexit; g Two-Bit T forms Based Multiple
o d Motion Estimati ploiting the R dant Comp

Choi, Changryoul; Jeong, Jechang

A low complexity weighted two-bit transforms (2BT) based multiple
candidates motion estimation algorithm is proposed in this paper. By
exploiting almost the identical operations in two different matching
error criteria, we can efficiently determine two best motion vectors
according to the respective matching criteria and can enhance the
overall motion estimation accuracy. Experimental resuits show that
the proposed algorithm achieves peak-to-peak signal-to-noise ratio
(PSNR) gains sbout 0.47dB on average compared with the
conventional 2BT-based motion estimation,

Motion Compensated Frame interpolation using Adaptive Adjacency
Plxef information

Oh, Hyeongchul: Lee, Joohyun; Min, Changki; Jeong, Jechang

We propose an adaptive motion compensated frame interpotation
scheme to develop the frame rate from a lower number into a higher
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ABSTRACT

Skeleton is at the core of shape representation of the 3D
objects, usually can be formed in a graph-like structure with
a one voxel-thick. In this paper, we present a new algorithm
to compute the skeleton of the 3D meshed model in a
Riemannian space, based on Blum’s Medial Axis Transform
and geodesic distance algorithm. We gain the benefit of
geodesic distance functions and parameterization that allow
for efficient handling of topological changes of dynamics
curves and surfaces. Thus, our algorithm can provide the
robustness against any changes of a rotation and/or a
translation of the 3D meshed model which are the major
characteristics of the 3D objects understanding.
Consequently, the generated skeleton can capture in a
simple and meaningful way the essential shape of the 3D
objects in a compact form.

Index Terms— Skeleton, Geodesic distance, Medial
axis transform, Riemannian space

1. INTRODUCTION

We present a new method for generating a skeleton in the
Riemannian space, based on the medial axis transform and
the geodesic distance function associated with a 3D meshed
object. The skeleton, generated by the new method captures
the overall shape as well as the topology of an object. The
skeleton is a basic structure of representing the 3D objects,
frequently used in computer graphics, especially in the areas
of 3D modeling. There are many approaches to represent 3D
models in graph-like or a curve-like form as a fundamental
data structure of the shapes the current method aims at
reducing the 3D objects into a lower dimensional form that
captures their shape characteristics (topology and/or
geometry). The most common technique to represent the 3D
shapes, that has been the standard for many years, is the
Reeb graph [8], originally defined by Reeb.

The Reeb graph is obtained by applying the continuous
function, usually a height function, to encode the topological
structure. Using a height function to build a Reeb graph
does not guarantee that the graph is invariant to the affine
transformations, which is an essential feature of the skeletal
structure of the model [9]. To overcome this drawback, the

height function is replaced with the geodesic distance
function [6]. By providing the invariance against a rotation
and a translation [9], the geodesic distance function allows
to construct the rotation and the translation invariant Reeb
graph.

The extended version of the Reeb graph, called the
Multi-Resolution Reeb graph (MRG) [5] has been proposed.
To construct the MRG, the topological characteristics of the
shape must be defined in terms of the critical points of a
function on the manifold; this function is called a mapping
function. The mapping function maps the points from the
manifold of the shape to the domain of the function, and the
configuration of the critical points of the mapping function
can represent the topology of the shape. This configuration
can be embedded by the Reeb graph, and becomes an
essential property of the shapes. When the mapping function
is defined, the model is then partitioned into regions that
correspond to equal intervals of the mapping function. Each
partition of the model is represented as a node in the Reeb
graph, and adjacent nodes are linked by an edge that
connects the corresponding nodes.

Blum et al. [3] propose to use the medial axis to define
the skeleton. The algorithm for computing the skeleton in
terms of the medial axis is often refers to as the “grassfire”
algorithm. The main idea of the “grassfire” algorithm is
lighting a fire, started from the border of the object, and let
it burn into the object at a constant speed; it will then meet
in the medial axis. One starts on the border of the object and
strips away one layer of pixels after another until one
reaches points that fire reaches from two directions [1]. The
medial axis transform of the region is the set of points
reached by more than one fire at the same time.
Unfortunately, the medial axis transform does not provide
robustness against a rotation and a translation of the objects.
Therefore, a more sophisticated algorithm is needed in order
to solve this problem, and that algorithm is the geodesic
distance function. By using the geodesic approximation
algorithm proposed by [7] to compute the “single source, all
destination” shortest path on a surface of the model, any
changes of a rotation and/or a translation do not affect the
value of a function. Thus, this becomes the major property
of the function of geodesic distance that gives the advantage
of being invariant to a rotation and a translation.



Numerous Reeb graph applications have already been
proposed for the freeform 3D models unfortunately, they are
sensitive to the connectivity of the boundary representation,
which is often violated and they cannot capture the
geometry of the shapes, which is an important feature in
shape analysis [9]. This paper introduces the geodesic
distance function together with the medial axis transform for
generating the skeleton based on the Dijkstra’s shortest path.
The basic idea of the new method is to iteratively snip off
the spurious skeleton joints that have been produced from
the step of the branch region determination (see the
proposed algorithm for detail). Applying the function of
geodesic distance can guarantee that the new method is
invariant to a rotation and a translation, and it is also robust
against the changes in the connectivity on the 3D shapes. A
brief review of the geodesic distance function and the
medial axis transform are illustrated in sections 2 and 3. The
proposed method is outlined in section 4. Finally, the
experimental results and the conclusion are given in sections
5 and 6, respectively.

2. GEODESIC DISTANCE FUNCTION

The geodesic distance can be defined as the distance
between two points on the surface of the model, computed
by using the Dijkstra’s algorithm to find the shortest path
between the two points on the surface made up by » points.
The following definitions characterize the geodesics based
on [7].

Definition 1. Given R’ be a surface in a Riemannian space
G, and source vertex v; € G, an explicit representation of the
geodesic distance function D: G = R’. For any point p € G,
this function D(p) returns the length of the geodesic path
from p back to the source v,. The approximation of D(p) can
be given by

[be; — x; [| = D(x;, x;) when x; = x;

Consider the length of a curve S, representéd in R’ by
equations

S:xl =xi(t),t; <t <t,,

Definition 2. The distance s between two points £, and #, on
acurve x¥ = x"(t) in R’ is given by

t2
s = f fgw,;fcmfcﬂdt, (0,8 = 1,..,n). (1)
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The minimum of (1) will be yielded a geodesic of the space,
by using Euler’s or Lagrange’s equations:
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if we use curve length as parameter, s = 1,§ = 0, then the
equation becomes

FookX® + [00f, k] °%F =0

multiplying by g*¥, we obtain

X + [o0f, 1] °%F =0 (2)

These are the desired equations of geodesics. In
equation (2), dots denote the differentiation with respect to
the length parameter of the curve S. According to [2], the
geodesic distance function given by Eq. (2) is rotation and
translation invariant.

3. THE MEDIAL AXIS TRANSFORM

The idea of using a skeleton of an object as an abstraction of
the shape goes back to [3]. Blum et al. define a skeleton in
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terms of the medial axis (MA), which is a set of curves that
roughly run along the middle of an object, as shown in
figure 1. According to [3], the medial axis of a curve S is the
locus of the centers of the maximal disks contained in S. Let
R" be a symmetry set (where n is a number of dimensional
space) which is defined similarly to the medial axis, except
that it also includes the circles not contained in S and thus
the medial axis is a subset of the symmetry set. The medial
axis can then be defined as follows:

Definition 3. Let S be an arbitrary curve; Let D(p, r) be a
closed disk with a radius r centered at a point p, where S(p,
r) € R". A maximal disk in S is a closed disk D"(p, r)
contained in S.

Property 1. If X is a maximal disk in S, then S is not
properly contained in any other closed disk in S.

Definition 4. Let S(p, ) € R". The medial axis (MA) of S is
the locus of the centers of the maximal disks contained in S.
The medial axis of a 3D object denoted R’ is sometimes
called the medial surface. The continuous function of a real-
value that assigns to each center of a maximal disk in S is
called the radius function of that medial axis.

The medial axis together with the associated radius function
of the maximal disks is called the medial axis transform
(MAT). Then, the medial axis can be defined:

Definition 5. The medial axis transform (MAT) of an object
consists of its medial axis together with the associated
radius function.

Figure 1. The medial axis of an object
4. SKELETON COMPUTATION

The following definitions are used to formally define the
skeleton in our algorithm:

Definition 6. The degree of a point is defined as a finite
number of points in its 26-neighborhood (figure 2 shows the
26-neighborhood structure).

Definition 7. By the assumption that the skeleton is one-
voxel thick, the skeleton end point is a point that has a
degree one. The middle point is a point that has a degree
two. The connection point is a point that has a degree three
or higher and all the other neighbors are either the end
points or the middle points. The branched connection point
is a point that has a degree three or higher and at least one of
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its neighbors is neither an end point nor a middle point. The
26-connected branched connection points form the branched
region.

Figure 2. The 26-neighborhood structure

Algorithm: Compute Skeleton

Input: A set of points on the surface of model, P = {p;, ps, ...,
Pa)-
Output: The skeleton of the given model.
step 1. Compute the degree of each point.
step 2. Determine which point are the end points, the middle
points, the connection points, and the branched connection points.
If there are no branched connection points, exit the program.
step 3. Organize the branched connection points into the branched
regions. Each branched region consists of 26-adjacent branched
connection points.
step 4. In each branched region, find all the end points and the
middle points that are 26-adjacent to this branched region, and
mark each as “terminator”.
step 5. Determine the centroids, based on Blum’s definition of a
skeleton; the skeleton points must be the centers of the maximal
disks contained in the curve S.
step 6. Compute the geodesic distance from the particular centroids
to all points in step 4.
step 7. Apply the Dijkstra’s algorithm, in order to find the shortest
paths between the centroids and their “terminator”.
step 8. Remove the branched connection points that are not on any
of the shortest paths.
step 9. Generate the skeleton from the remaining points.

5. EXPERIMENTAL RESULTS

We tested the proposed algorithm on the Princeton Shape
Benchmark database [10]. A brief comparison between the
results of our algorithm and their original skeleton, extracted
by using the Reeb graph is provided. The proposed
algorithm can reduce the number of the branched connection
points, which is similar to the number of critical points in
the original Dijkstra’s algorithm therefore the spurious
skeleton joints can be removed. These joints will not
influence the structure of the skeleton because they are not
on any of the shortest paths computed by Dijkstra’s
algorithm. The skeleton can then be generated in the sense
that it can capture the essential shape of a 3D object while
preserving a compact form of its data structure. Figure 3
shows the experimental results.

Table 1 compares the number of points after applying
the proposed algorithm with the number of points of the
original 3D objects. Our algorithm can reduce the number of
critical points in the graph’s nodes, the branched connection
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