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Abstract 

A new area-based mesh simplification algorithm is described. The proposed al

gorithm removes the center vertex of a polygon which consists of n ~ 3 faces 

and represents that polygon with n - 2 faces. A global search method is adapted 

that iteratively determines which vertex is to be removed using the proposed area

based distortion measurement. Although the global search method requires more 

computations compared to a local search method, it guarantees better quality of 

approximation. Various re-triangulations are also considered to improve the per

ceptual quality of the final approximation. 

From multiple re-triangulations, one with minimum distortion is selected to 

represent the original mesh. Experimental results demonstrate the performance 

of the proposed algorithm for data reduction while maintaining the quality of the 

rendered objects. The performance of multiple description decoder when not all 

descriptions are available depends on the decoding strategy. By approximating 

lost description the distortion can be reduced. When decoder reconstructs input 

source without having all descriptions different methods exist to approximate the 

lost description. We proposed two side decoding algorithms. The proposed side 

decoders are based on diagonal element and the probability of input source. When 

low bit-rate and complicated index assignment matrix are used the side decoder 
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based on probability of input source is recommendable. To approximate the lost 

description we compare the performance of standard decoding method with the 

performance of proposed methods. A trade-off between the performance of de

coder and computational complexity exists. 

An error concealment algorithm is proposed based on flow of facial expression 

to improve communication of animated facial data over a limited bandwidth chan

nel with error. Facial expression flow is tracked using dominant muscles which are 

those with maximum change between two successive frames. By comparing the 

dominant muscle data with the predetermined expression information table, facial 

expression flow is determined. The receiver uses linear interpolation and the in

formation on facial expression flow to interpolate the erroneous facial animation 

data. For objective comparison, a distortion measurement tool, which compares 

two 3D objects based on point-to-point difference, is introduced. Experimental re

sults are provided to show that the proposed error concealment method improves 

the quality of an animated face communications. 
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Chapter 1 

Introduction 

1.1 Background 

Representing 3 dimensional (3D) objects using computer graphic models and their 

applications have received considerable interest in various application areas. Data 

acquisition tools and range scanners for 3D easily generate millions of polygons 

for a simple object and require substantial storage. It may be redundant to repre

sent a simple object in too much detail with excess data. Also communication of 

3D graphic model is essential in many multimedia applications such as videocon

ferencing, distance learning and virtual reality. All of these applications demand 

rendering of a realistic and comfortable 3D graphic model. 

In (3D) representation, 3D data consists of two data sets: (1) geometrical data 

describing information of each vertex and (2) topological data which is a set of ver

tex members of every polygon. The structure of 3D object (S) can be expressed as 

S = (V, '1') where V = {vl, Vz, V3, · · · Vn} is n geometrical data (vn = {xn, 1Jn, Zn}) and 
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Figure 1.1: Degree of vertices 

'¥ = {ljJ,, t!J2, ljJ3, · · ·t!Jm} is m topological data ( t!Ji = {v,, V2, v3, · · · vk}). If ith poly

gon (t!Jd consist of k vertices we call ith polygon as k-gon. Each topological data 

consists of more than 3 geometrical data elements. Since triangle is the elementary 

unit of a polygon we assume that 3D objects are represented by a set of triangles. 

The degree of a vertex is defined as the number of edges which touch the vertex. 

Since all polygons consist of triangles, the degree of the center vertex of a polygon 

represent how many faces the polygon has. Figure 1.1 illustrates the degree of 

vertices in a polygon. If the function p(v) denote the degree of a vertex v then the 

total number of edges (e(S)) of a 3D object (S) is 

1 n 

e(S) = 2 L p(vd 
i=l 

(1.1) 

where n is the total number of vertices forming the 3D object. 

A boundary vertex is a vertex located on the boundary of the object. Verifying 

boundary vertex is enough with checking whether all faces formed by that vertex 

or not. If all these faces are connected to each other, the vertex is not a boundary 

vertex. Otherwise the vertex is a boundary vertex. The concept of boundary vertex 
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is important in mesh simplification. If a boundary vertex is removed without care, 

the shape of object can be easily lost. 

Three major methods for mesh simplification are vertex removal, vertex clus

tering and edge collapse. Schroeder [1] introduced mesh simplification based on 

vertex removal. The vertex removal method chooses one vertex for removal, re

moves all of the adjacent faces which contain the vertex being removed and re

triangulates the polygon. Thus, in every iteration one vertex and two faces are re

moved from original mesh. In vertex clustering algorithms, a bounding box is em

ployed to merge some vertices [2]. All of the vertices included in the same bound

ing box are represented with one vertex. Edge collapse methods delete one edge 

and merge two vertices to one vertex in every iteration. Kobbelt [3] developed 

mesh decimation using half-edge collapse. In some mesh simplification methods, 

an edge swap function is adopted to improve the approximation [4]. 

The common issue of these methods is which candidate vertex or edge must be 

removed at each iteration. If we remove an element of a polygon from the original 

geometrical data or change the topological structure, there will be distortion. Thus, 

when we remove geometrical data or change topological structure, we must con

sider that distortion. The first candidate must be a vertex or an edge that introduce 

minimum distortion. 

After representing 3D graphic model with simplified data set, communication 

3D graphic model over error prone channel is another issue. 3D graphic model 

without motion can be transmitted via different physical channel for error con

cealment. Also the motion information of moving 3D graphic model can be inves

tigated to reduce the effect of channel error. 
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1.2 Contribution 

In this thesis, we investigated 3D object in two different points. 3D mesh simpli

fication is a classic issue to reduce data size for 3D object. Whenever we reduce a 

data distortion exist. The objective of 3D mesh simplification is reducing the data 

requiring to represent a 3D object with small distortion. 

After reduce the data of 3D object, communication over error prone channel is 

another issue. For communication of 3D object we deal with both moving 3D object 

and 3D object without motion. We propose error concealment method based on 

linear interpolation for 3D object with motion. Also multiple description, which is 

investigated for random signal and image, is applied for 3D object without motion. 

The contents of Chapter 2, 3 and 4 are based on published journal and confer

ence papers. The earlier works of mesh simplification is published in [5]. More 

works of mesh simplification based on surface are is in [6]. Our mesh simplifica

tion algorithm is explained in journal paper in detail [7]. The error concealment 

method using motion information of human face model is published in [8]. 

1.3 Structure of Thesis 

We describe some different methods for quantifying this difference in Chapter 2. 

Chapter 3 deals with 3D mesh simplification. The area based error criterion is 

studied in this Chapter. The issue of communication of 3D object over error prone 

channel is studied in Chapter 4. In this Chapter we introduce multiple description 

coding and linear interpolation for error concealment tool. This thesis finalized 

with conclusion in Chapter 5 
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Chapter 2 

Difference of two 3D models 

2.1 Distortion measure tool 

Since the visible shape of 3D object depends on the view point it is not easy to 

define the difference between two 3D objects. Simple approach for this problem 

is calculating some difference values based on different view point and sum those 

difference values. This approach consider 3D object as the sum of 2~D models. Let 

us consider the appearance of a model S under viewing conditions {, is determined 

by the image Il.(S). Then we can say the two models 51 and 52 appear identical in 

the view point {, if their corresponding 2D images I l.( S 1) and I l.( S z) are identical. If 

Il.(Sl) and Il.(S2) are not same, the difference between two 3D objects under view

ing condition {,, f)l.(S 1, 52 ) can be considered with the difference between them 

using the sum of squared difference: 

:Dl.(Sl, Sz) = IIIl.(Sl)- Il.(Sz)ll 2 

(2.1) 
= Lx L

11 
II Il.(Sl; X, 1J) - Il.(Sz; X, 1J) 11 2. 

5 



M.A.Sc. Thesis - I. Park McMaster - Electrical Engineering 

Using this difference function the total difference of two 3D objects 51 and 52 is 

defined by summing 1)(,(5,, Sz): 

Q:(S,,Sz) = L1}(,(S,,Sz). 
(, 

(2.2) 

There are other approaches calculating the difference of tow 3D objects directly. 

Metro is a distortion measurement tool that can quantify the difference between 

two 3D objects. Metro which is based on the Hausdorff distance was introduced 

by Cignoni [9]. Given a point set (r( S)) on the objectS the distance from one point 

v to Sis 

d(S, v) = min llv- wll, 
WEr(S) 

(2.3) 

where 11·11 denotes Euclidean distance. Then one-sided distance between two ob-

(2.4) 

Then, the Hausdorff distance between two 3D objects s, and S2 is 

(2.5) 

Also the average distance between two 3D objects S1 and S2 is 

(2.6) 
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where Ql(S) denotes the area of the objectS and sum of distance function'!'(.,.) is 

defined as 

'l'(Sh Sz) = J d(Sz, v)dv. 
r(S1) 

Since the computational complexity of ~Eavg is high usually surface 81 and S2 are 

sampled. Let consider two sets X1 c f(SJ) and X2 c f(S2 ) containing n 1 and n 2 

sample point, then ~Eavg can be expressed as [10] 

(2.7) 

The average distance can be extended to define the distance between two sur

faces S1 and S2 using root mean square error. The average distance based on root 

mean square error (rms) is 

1 

= m(s1)12l(S1) ('1'2( sl' S2) + '1'2( s2, sl) F (2.8) 
1 

= n1!n2 CL.vEX1 d2
(S2, v) + LvEXl d

2
(Sl' v)) 2 

. 

These three distortion measurement (~Emax, ~Eavg and ~Erms) are used later in this 

thesis to define PSNRmax1 PSNRavg and PSNRrms, respectively. Also, in terms of 

computation complexity, a more efficient algorithm was introduced by Aspert [11]. 
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2.2 Peak signal to noise ratio 

Thus, with the existence of channel errors and possible change in a 3D object due 

to simplification, the reconstructed 3D object ( S) can be different from the original 

(S). The distortion between (S) and (S) can be quantified by peak signal to noise 

ratio (PSNR). The PSNR of reconstructed 3D object is defined as [12]: 

PSNRmax 

PSNRavg 

PSNRrms 

_ 20 l ~mux(S, S) 
og £(S) 

_ 20 l ~avg(S, S) 
og £(S) 

_
20 

l ~rms(S, S) 
og £(S) 

where ~max, ~avg and ~rms are maximum, average and root mean square error de-

fined by Equations (2.5), (2.7) and (2.8), respectively. £(S) denote diagonal length 

of bounding box enclosing the objectS. 
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Chapter 3 

Mesh simplification of 3D models 

3.1 Introduction 

In recent years, representing 3D objects and their applications have received con

siderable interest in various areas. One approach in representation of 3D surfaces 

is by polygonal meshes. Data acquisition tools and range scanners for 3D easily 

generate millions of polygons for a simple object and require substantial storage. 

It may be redundant to represent a simple object in too much detail with excess 

data. Although graphic acceleration techniques have been developed, the speed 

of rendering and transmission of 3D objects depends primarily on the size of data 

set. 

Thus, for transmission and storage applications, it is necessary to reduce the 

size of the 3D data which is required to represent an object. This can be achieved 

with two different approaches. One is using traditional compression methods such 

as quantization, wavelet and statistical encoding [13]. Khodakovsky [14] used a 

wavelet transform and a zero tree coder to develop a progressive compression 

9 
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algorithm for semi-regular meshes. The other option is to employ a mesh simplifi

cation method. A mesh simplification method, using original mesh structures (ge

ometrical and topological data), generates a new mesh structure having less data 

than that of the original. Mesh simplifications were introduced to simplify mesh 

structures by eliminating elements of polygons (vertex, edge, face) or by changing 

the topological structure. When a very simple object is represented with a large 

amount of data, mesh simplification is more effective than traditional compression 

methods. 

Mesh simplification introduces distortion between the original and the approx

imation. When a mesh simplification algorithm is designed, an important issue 

is the selection of a vertex or face to be deleted. Choosing optimal vertices, (the 

vertices which produce minimum distortion) guarantees minimization of the dis

tortion between the original and final approximation. After a vertex is removed, 

the mesh must be re-triangulated. Since the distortion also depends on how re

triangulation is performed, re-triangulating the modified area is another important 

issue in mesh simplification. 

Choosing the optimal vertex depends on the distortion measure. Different dis

tortion measure can yield different vertices as the optimal vertex. In addressing 

this problem, we describe an area based distortion measure. In proposed method, 

a priority list of all vertices of a mesh which can be a candidate for removal is 

formed. The priority is based on the amount of distortion that the removal of a 

particular vertex will introduce. The priority list is employed to reduce compu

tational complexity. Since the required computation complexity is an exponential 

function of the number of vertices of the original mesh, it is time consuming to 

10 
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find the optimal solution in mesh simplification. The proposed area based mesh 

simplification uses a global search to find an optimal vertex and updates the ver

tices information at every iteration. Since the proposed algorithm tries to find the 

optimal vertex at every iteration, it is a greedy algorithm. 

3.2 Related previous works 

Mesh simplification methods can be categorized based on the kind of simplifica

tion function they employ [15, 16]. Heckbert [16] reviewed several different mesh 

simplification algorithms. Also Cignoni [17] investigated several simplification 

algorithms and gave a comparison between them. In this section, we classify pre

vious simplification methods based on their distortion measures such as Energy 

function, Volume, Distance, Quadric metric and Global error. 

3.2.1 Energy function based criterion 

Using a simple local operator, Hoppe [4, 18, 19] introduced an energy function con

sisting of distance, representation and spring energy. The energy function directly 

measures the distortion between the final approximation and the original. For 

mesh simplification Hoppe used edge collapse, edge split and edge swap func

tions together and employed a mesh simplification technique based on the energy 

function to develop progressive mesh representation. A progressive mesh gener

ates continuous sequence of level-of-detail approximations. Compared to other 

mesh simplification algorithms, Hoppe's algorithm requires more computations. 
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3.2.2 Volume based criterion 

For distortion measure, Eastlick [20] introduced error polyhedra which is deter

mined by the volume of a three simplex. Eastlick's algorithm is a combination of 

error polyhedra and dynamic triangulation algorithm. Eastlick also investigated 

a new neighborhood triangulation method which is based on the dynamic use of 

discrete differential operators. Eastlick's volume based error measure does not sig

nificantly increase the complexity needed for mesh simplification. Lindstrom [21] 

used edge collapse functions and volume of tetrahedra as a distortion measure. 

Alliez [22] introduced a mesh approximation algorithm using the volume between 

the simplified and the original mesh using a gradient-based optimized algorithm 

and edge collapse operator. 

3.2.3 Distance based criterion 

Mesh simplification methods based on distance are very simple. Schroeder [1] em

ployed vertex distance to average plane or vertex distance to edge. In Schroeder's 

algorithm, all of the vertices having distances less than a predefined distance are 

deleted. If the n-gon is not on the boundary, the distance from a candidate vertex 

to an average plane is used. If the n-gon is a boundary polygon, the distance from 

the candidate vertex to edge is used. 
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3.2.4 Quadric metrics based criterion 

Mesh simplification based on quadric error metrics (QEM) was introduced by Gar

land [10,23]. This mesh simplification algorithm is based on iterative edge contrac

tion. To assign a priority to vertex for removal, they associate a symmetric matrix 

with each vertex. Then the distortion error at each vertex is defined using quadric 

form. Whenever edge contraction occurs and two vertices are merged to one ver

tex the new quadric metric is calculated using a simple additive rule. Since this 

mesh simplification method does not require recalculating the quadric metric, it is 

very fast. Velho [24] modified mesh structure using edge swap and a degree 4 ver

tex removal function. Cohen [25] proposed an algorithm generating a hierarchy 

of level-of-detail approximation for 3D objects. Cohen's algorithm guarantees that 

all of the points of the approximation are within user-specified distance from the 

original model. QEM were also adopted for surface simplification in [23] and [10]. 

3.3 Proposed mesh simplification algorithm 

3.3.1 Area based error criterion 

An area based error criterion considers the change of surface between original and 

approximation 3D objects. This criterion assumes the change of surface without 

rendering the final approximation. Since the triangle is the elementary unit of a 

polygon, for this criterion, the area of a triangle is required. Let lj>(3) = {vi = 

(xi, 1.Ji, zi} E JR.3Ii = 1, 2, 3} represent a triangle in a mesh. The area of the triangle is 

half the norm of the cross product of two vectors (vz- V1) and (v3- V1 ): 

13 
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z ~· 

A B c 

Figure 3.1: Mesh change from 6 faces to 4 faces after removing vertex p 

Ql(ljJ) = 111(vz-vJ) x (v3-v1lll 

= 111aex + f3e1l +Yezll 

= 1Jaz+ f32+y2 

(3.1) 

where a= (yz-lJ1 )(z3-zz)-(zz-Z1 H1h-ll1 ), f3 = (zz-Z1 )(x3-x1 )-(xz-X1 )(z3-zz) 

andy = ( Xz- x1 )(y3 -y 1)- (yz -1}1 )(x3- x1 ), and ex, e>J and ez are unit vector of 

x, lJ and z direction, respectively. 

Using the area of triangle Ql( 1jJ) we define an area based distortion between 

two meshes. For example, in Figure 3.1, if the shape of the mesh is changed 

from the mesh of Figure 3.1(a) to the mesh of Figure 3.1(b) by removing vertex 

p, the distortion will be the absolute value of the difference between the total 

area of the mesh of Figure 3.1(a) and the total area of the mesh of Figure 3.1(b). 

We express the meshes of Figure 3.1(a) and 3.1(b) with topological function as 
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1JI A = {tVA1 , tVA2 , • • • , tVA6 } and 1Jis = {lf>s1 , ll>s2 , • • • , lf>sJ. Then the area based dis

tortion of vertex p is given by 

i)area(P) = l2t(1JIA)- 2l(1Jis)l 

= I.L~=l 2l(tVAi)- .L:=l 2l(lf>sJI· 
(3.2) 

If an object 51 is simplified to an approximation 52 using the area based distortion 

by removing n vertices, the total distortion between 51 and 52 is 

~area(51, 52) = JljJES
1 

2l(tlJ)d51- JljJES
2 

2l(tiJ)d52 

= L:1 i)area(vJ 

= .L~=l I.L~~~) 2l(tVik)- .L~~~ 1-2 2l(lf>ik)l 

(3.3) 

where tVik and lf>ik is the kth face related to vertex vi of an object and its approxi

mation respectively. 

3.3.2 Candidate vertices 

All vertices except boundary vertices (as defined in Section 2) and vertices which 

are center vertex to a non-convex polygon are initial candidate vertices for removal 

in proposed mesh simplification algorithm. Figure 3.2 shows the example of the 

distortion when boundary vertex is considered as candidate vertex. Figure 3.2(b) 

and 3.2(c) are the experimental results when the algorithm consider boundary ver

tex as non candidate vertex and candidate vertex, respectively. Although Figure 

3.2(c) represent one more face the distortion is more serious than the representa

tion of Figure 3.2(b ). In the initialization stage, for every candidate vertex we col

lect the information about coincidence faces and the degree of that vertex. Figure 
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(a) (b) (c) 

Figure 3.2: Polygon representation: (a) original polygon, (b) after simplification 
without considering boundary vertex as candidate vertex, (c) after simplification 
with considering boundary vertex as candidate vertex. 
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Figure 3.3: Coincidence face and degree of each candidate vertex. 
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3.3 shows an example of the initialization. Vertex V1 cannot be a candidate vertex 

because it is the center vertex to a non-convex polygon. v2 and v3 are valid candi

date vertices. The degree of each vertex is p(v2) = 4 and p(v3 ) = 6, respectively. 

The coincidence faces of vertex V2 are tV1, l)Jz, 1)J9 and tPlO· The coincidence faces of 

vertex V3 are 1!Js, tVG, 1)J7, 1!Js, tV9 and tPlO· 

When a candidate vertex is removed from a mesh, the mesh can be re-triangulated 

in different ways with different distortion. For example, Figures 3.1(b) and 3.1(c) 

show two different re-triangulations of mesh of Figure 3.1(a) after removing ver

tex p. The proposed algorithm, using area based distortion, finds the best re

triangulation type for each candidate vertex. The distortion between the original 

andre-triangulated mesh is stored to be compared with that of other candidate 

vertices. We will describe there-triangulation procedure in Section 3.3.3. Corre

sponding to each candidate vertex there are 6 information: (1) the degree of the 

vertex, (2) re-triangulation type, (3) the area of polygon (Ql('¥)), (4) the area of re

model type, (5) the distortion which is difference between the area of polygon and 

the area of remodel type and ( 6) the index number of the coincidence faces of the 

vertex. After sorted by distortion, all of the candidate vertices are stored in a prior

ity heap. At every iteration the candidate vertex located on the top of the priority 

list is removed. 

3.3.3 Simplification algorithm 

The structure of a mesh consists of different kinds of vertices in terms of degree. 

In our algorithm, all vertices with a degree greater than 3 which are not center 

vertex to a non-convex polygon and are not a boundary vertex are considered as a 
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candidate vertex. Let consider the mesh of Figure 3.1(a) and vertex pas a candidate 

vertex. In Figure 3.1(a) the mesh consists of six triangles, whereas mesh of Figure 

3.1(b) consists of four triangles. Since we reduce the number of vertices by deleting 

vertex point p, in terms of data, the mesh of Figure 3.1(b) require less data than the 

mesh of Figure 3.1(a). In every iteration, proposed mesh simplification algorithm 

removes 2 triangles and 1 vertex. In rendering the 3D mesh, the structure of the 

mesh of Figure 3.1(b) is simpler than that of the mesh of Figure 3.1(a). 

The proposed mesh simplification algorithm consists of three processes: (1) 

find an optimal vertex, (2) find a re-triangulation type and (3) update all vertices 

of the simplified polygon. To find an optimal vertex it is required to know the 

re-triangulation type of the polygon. 

Algorithm 1 Mesh Simplification 

1 Read geometrical and topological data of object S(V, \jl). 
2 Initialize mesh structure: 
(1) Calculate the area of each face (2t(tjJ )). 
(2) Build candidate vertices of object. 
(3) Choose there-triangulation type of each candidate vertex (use Optimum re
triangulate). 
(4) Build priority heap of candidate vertex based on :Dareu(V). 
repeat 

3 Remove the vertex located on top priority heap. 
(1)Delete all of the coincidence faces of optimal vertex from topological data 
set. 
(2)Delete vertex from geometrical data set. 
(3)Re-triangulate the polygon and add new faces to topological data set. 
3 Update the information of candidate neighbor vertices. 
4 Update there-triangulation type of each candidate neighbor vertex (use Op
timum re-triangulate). 
5 Update priority heap. 

until The number of faces is less than predefined the number of faces. 
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Finding an optimum vertex 

The proposed mesh simplification algorithm is represented in Algorithm 1. In the 

initialization step, the distortion of all candidate vertices are compared to each 

other to form a priority heap. The distortion of different re-triangulations are cal

culated and compared in optimum re-triangulate function. Then, the vertex which 

has minimum distortion is removed. The polygon corresponding to the removed 

vertex is re-triangulated with a fewer number of triangles. Then the priority heap 

and the information for candidate neighbor vertices are updated. Thus, this al

gorithm at each step chooses the vertex having minimum distortion. In the next 

subsection we describe how our algorithm chooses the triangulation having mini

mum distortion. 

Choose optimum re-triangulation 

Algorithm 2 Optimum re-triangulate 

1 Accept a candidate vertex v. 
2 Form a polygon using coincidence triangle of vertex v ('i'v)· 
2 Build n different re-triangulation types ('!' i i = 1, 2, 3, · · · n). 
3 Choose one re-triangulation type having minimum distortion ::Darea(v) 
mini lm('l'v)- m('l'dl. 
4 Return re-triangulation type and distortion to main function. 

The optimum re-triangulation function is described in Algorithm 2. The distortion of 

different re-triangulations are compared to each other. The function returns the op

timal re-triangulation and the distortion to the main function. There is a trade-off 

between the distortion and complexity. Considering more re-triangulation options 

guarantees less distortion, but there is more complexity to compare the distortion. 

19 



M.A.Sc. Thesis - I. Park McMaster - Electrical Engineering 

Table 3.1: The number of re-shape model 

degree of vertex 4 5 6 7 
No. of re-shape model 2 5 9 9 9 

(a) (b) (c) 

(d) (e) (f) 

Figure 3.4: Reshape model of pentagon: (a) original mesh structure, (b)-(f) candi
date reshape model 

Table 3.1 shows the number of re-triangulations as a function of the degree of 

the candidate vertex. As the degree of center vertex increases, the number of re

triangulations increases. To reduce computational complexity, we consider only 

9 re-triangulations if the degree of the center vertex is more than 6. Figure 3.4 

illustrates a pentagon shaped mesh structure and five possible re-triangulations. 

Remember that all of the re-triangulations have the same number of triangles and 

the same number of vertices. Thus, in terms of data rate, all of them are the same. 
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(a) (b) 

Figure 3.5: Mesh simplification with candidate vertex v1 and related candidate ver
tices must be updated (v2, v4): (a) before simplification and (b) after simplification 

Update information of neighboring vertices 

Whenever we remove a vertex, the information of its neighboring vertices changes. 

There are five candidate vertices in Figure 3.5(a) (v1, • • • v5). At the initial stage, the 

degree of vertices are: p(vl) = 5, p(vz) = 6, p(v3) = 4, p(v4) = 6 and p(vs) = 6. 

If we assume that vertex v1 is removed, then the polygonal area marked by thick 

edges can be re-triangulated as Figure 3.5(b ). Although the degree information of 

v2 and v4 are the same, the area of polygons 2l('l'vJ and 2l('l'v4 ) have changed ('l'v2 

and 'l'v4 represent the polygon with v2 and v4 as center vertex, respectively). Thus 

area based distortion :Dureu(Vz) and :Dureu(v4) need to be updated. 

Whenever the information of a vertex is changed, the calculation of distor

tion and resorting of the priority list is required. This increases the computa

tional complexity of the proposed algorithm. In order to reduce the computa

tional load, we first check to see whether a neighboring vertex needs to be up

dated. Figure 3.6 is an example of updating the information of neighbor vertices. 

Consider, in Figure 3.6(a), vertex v1 is the optimal vertex. All of the coincidence 

triangles (1j> 7 , 1j>8, 1j>9 , 11>10, tl>n, 11>12, 1j> 13) are removed andre-triangulated as Figure 
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3.6(b) with lf>7, lf>8, lf>9, 1f>10 and -tf>n. The neighbor vertices of the optimal vertex V1 

are Vz, v3, V4, Vs, v 6, V7 and Vg. As mentioned before, if we want to keep the shape of 

the object the boundary vertex must not be removed. Thus, only the information 

for vertex v7 and v8 are updated. In this case, we need to update two surface area 

'1' v7 and '1' v8 as 

and 

Ql('l'v7) = Ql('l'v7) 

Ql('Jl Vg ) = Ql('Jl Vg) 

-(Ql(lf>12) + Ql(lf>B)) 

+Ql(lf>lO) 

-(Ql( tV7) + Ql( tV B)) 

+(Ql(lf>7) +Ql(lf>s) +Ql(lf>9) +Ql(lf>lO) 

(3.4) 

(3.5) 

After updating the information of those two vertices (v7 and v8), we resort the 

priority list. 

3.4 Experimental results 

We use four 3D objects to verify the performance of the proposed mesh simplifi

cation algorithm. The 3D objects are Face, Mountain, Venus and Head as shown 

in Figures 3.7-3.10. For each model, we reduced the number of faces to between 

90% and 20% of the number of faces of original model. Table 3.2 summarizes the 

number of faces of original model and approximation. 

22 



M.A.Sc. Thesis - I. Park 

I / 
I / 

/ 
I/ 

115\~ ...................... 
\ ---\ 

\ 
\ 

\ 

(a) 

... 
' ' 

McMaster - Electrical Engineering 

/ 

1/ 
I/ 

---

ve\~'-....,.._ -\ 
\ --\ 

\ 
\ 

(b) 

Figure 3.6: Update the information of neighbor vertex by removing optimal vertex 
v1: (a) before simplification and (b) after simplification 

Table 3.2: The number of face and vertex of test models. 
Face Mountain Venus Head 

face vertex face vertex face vertex face vertex 
100% 826 512 4,802 2,500 1,396 711 1,252 654 
90% 742 441 4,320 2,244 1,256 641 1,127 591 
50% 412 260 2,400 1,267 698 361 626 337 
20% 164 119 959 521 279 150 250 144 
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Figure 3.7 shows the original and simplified Face object. Figure 3.7(a) is the 

original having 826 faces. Figure 3.7(b) is the approximation with 90% (742 faces) 

of the original. It is difficult to see the difference between the Figures 3.7(a) and 

3.7(b). Figure 3.7(c) is the approximation with 50% (412 faces) of original data. 

When we approximate with 50%, we can see the distortion between the original 

and the approximation. The distortions at the forehead and nose area are most 

obvious. There is more distortion in the approximation with 20% as we can see 

in Figure 3.7(d). The detail of the face is almost gone. From Figures 3.7(a)-3.7(d) 

we can realize that using our method preserves the shape of Face. In particular, 

it is worth noting that the holes for eyes are not changed. Since all of the vertices 

on the hole are boundary vertex, those vertices are not removed. Also all of the 

vertices on the boundary of the Face are left intact. Thus, holes and the shape are 

preserved. 

Figure 3.8 shows the experimental results with the Mountain object. The origi

nal has 4,802 faces as shown in Figure 3.8(a). Figures 3.8(b)-3.8(d) are approxima

tions with 90 , 50 and 20% of the original data, respectively. When we reduce the 

number of faces to around 50%, visible distortion starts to occur. Although, in the 

20% approximation, we have lost the detail of the center part of the Mountain the 

whole shape is preserved rather well and we can easily perceive this object as a 

mountain. 

Figure 3.9 is the result of mesh simplification with the Head model. The original 

consists of 1,252 faces. There are two parts in the Head model: the face area and 

the neck area. As we can see from Figures 3.9(a) and 3.9(b), Figure 3.9(b) looks 

similar to the original. In Figure 3.9(c) the distortion occur on the forehead and 

24 



M.A.Sc. Thesis - I. Park McMaster - Electrical Engineering 

(a) (b) 

(c) (d) 

Figure 3.7: 3D representation of Face: (a) original model with 826 faces, (b) approx
imation with 742 faces, (c) approximation with 412 faces and (d) approximation 
with 194 faces. 
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(a) (b) 

(c) (d) 

Figure 3.8: 3D representation of Mountain: (a) original Mountain with 4802 faces, 
(b) approximation with 4320 faces, (c) approximation with 2400 faces and (d) ap
proximation with 959 faces. 
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mouth area and the nostril is removed. The vertices on the hole of the nose are 

not boundary vertices. Thus, those vertices are removed. Since most of vertices 

on the ear are boundary vertices, the ears are well preserved. When the original 

Head model is approximated with around 20% of original data, most of the detail 

of the face is removed. However, we can still distinguish the face area from the 

neck area. 

Figure 3.10 shows the result with a simple object, Venus. The original Venus 

has 1,396 faces. As we can see from Figure 3.10(a), in the Venus, there are no holes 

and it consists of one large object. Figures 3.10(b)-3.10(d) show its approximation 

with 90,50 and 20% of the number of faces, respectively. Although we remove the 

number of faces to around 20% of original object, similar to other objects, the shape 

is well preserved. The boundary of two legs remain intact. 

To verify the quality of the approximation of the proposed mesh simplification 

algorithm, we compare the results of our algorithm to the results of mesh simpli

fication based on quadric metric which was proposed by Garland [10]. In terms of 

speed, proposed algorithm requires around 1.5 times of processing time of quadric 

metric based mesh simplification algorithm. To quantitatively compare the quality 

of the approximations of two algorithms, we employed Metro [9]. We compared 

the approximation results of the proposed and quadric metric based mesh simpli

fication algorithms, at 90, 50 and 20% using Q:max1 Q:avg and Q:rms· In Figures 3.11 

- 3.13 QSlim based method represent distortion graphs of approximation using 

quadric metric based mesh simplification algorithm [23]. 

Figures 3.11(a)-3.1l(d) are the error curves using the Hausdorff distance mea

sure Q:max for Face, Mountain, Head and Venus model, respectively. In all of the 
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(a) (b) 

(c) (d) 

Figure 3.9: Original 3D representation of head: (a) original Head with 1252 faces, 
(b) approximation with 1127 faces, (c) approximation with 626 faces and (d) ap
proximation with 250 faces. 
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(a) (b) 

(c) (d) 

Figure 3.10: Original 3D representation of Venus: (a) original Venus with 1396 
faces, (b) approximation with 1256 faces, (c) approximation with 698 faces and (d) 
approximation with 279 faces. 
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models, the results of the proposed mesh simplification algorithm are better than 

those of the quadric metric based mesh simplification algorithm. In the case of the 

Mountain model, we can see that the proposed algorithm generates much better 

approximations. The common property of our proposed algorithm is that when 

the number of faces is small the distortion increases rapidly. This is because the 

proposed algorithm tries to keep the boundary vertices and remove only vertices 

of non-boundary area. 

Figure 3.12 shows the simulation result of error curves using the average dis

tance <Eavg between the approximation and the original. Figures 3.12(a)-3.12(d) 

represent the results of Face, Mountain, Head and Venus models, respectively. In 

the case of the Face model, as we can see from Figure 3.12(a), the proposed algo

rithm has better performance than mesh simplification algorithm based on quadric 

metric until around 50% of original data. The property of error curve using aver

age distance of proposed algorithm is that the error increases substantially when 

we reduce the data rate to less than 40% of the original data. But, the result is still 

comparable to the quadric metric based mesh simplification algorithm. 

Figure 3.13 shows another simulation result error curves of <Erms· Figures 3.13(a)-

3.13(d) are results of Face, Mountain, Head and Venus model, respectively. Also 

Figure 3.13 shows that the proposed mesh simplification algorithm outperforms 

the mesh simplification algorithm based on quadric metric. In the case of the Head 

model, the proposed algorithm generates much better results than the quadric met

ric based simplification algorithm. When there are holes within the objects, for 

example the Face object, the proposed mesh simplification algorithm introduces 

much less distortion than the quadric metric based mesh simplification algorithm. 
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While the quadric metric based mesh simplification algorithm removes the eye 

holes of the Face object, the proposed algorithm keeps these holes. The proposed 

algorithm maintains holes because their boundary vertices are never removed thus 

preserving topological features of the objects. 

3.5 Conclusions 

In this chapter, we have described a mesh simplification using area based distor

tion. The algorithm reduces the number of faces required for representation of a 

polygon in the 3D object. The optimal vertex is chosen by an area-based distortion 

criterion. To minimize the distortion between the original and final approximation, 

various re-triangulations are considered. A priority heap is used to reduce com

putational complexity. The proposed mesh simplification algorithm reduces data 

rate without introducing serious deformation. Especially for the case when there 

are holes in the object, the proposed algorithm approximates the original object 

with small distortion. Since our mesh simplification algorithm does not remove 

boundary vertex, the shape of the object is retained. 
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Figure 3.11: Error curve based on Hausdorff distance (<!:max): (a) Face, (b) Moun
tain, (c) Head and (d) Venus 
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Figure 3.12: Error curve based on average distance (~av9): (a) Face, (b) Mountain, 
(c) Head and (d) Venus 
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Figure 3.13: Error curve based on root mean square distance (~rms): (a) Face, (b) 
Mountain, (c) Head and (d) Venus 
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Chapter 4 

Communication of 3D graphic models 

4.1 Introduction 

In the era of Internet there are a lot of chances of sending graphic data over un

reliable network. In this condition error resilient techniques for data transmission 

should be considered. Depending on the network condition, different user require 

different quality of service. In a diversity-based network, encoder transmits data 

to the decoder through different channel [26]. In this environment, although one 

or more channel breaks down, the decoder can get enough data to reproduce the 

input source. 

The simplest method using diversity-based channel is sending same data through 

each channel. Although when one of the channels is broken this method work, but 

it is redundant if all channels are functional. Multiple description coding (MDC) 

is an alternative. MDC generates different descriptions which are correlated with 
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each other. MDC describes a source with two (or more) descriptions to be trans

mitted via diversity based communication channels [26]. After Wolf et al. [27] in

troduce MDC a lot of progress in designing MDC have been done [28]. In MDC the 

description transmitted over each channel is enough to reproduce original object 

at the decoder with a guaranteed minimum distance between original and repro

duced source. If there is no channel error the decoder reproduces a higher quality 

of object than reproduced from each channel. In this thesis we only consider two 

channels and two descriptions. 

The goal of MDC is generating two descriptions for an input source, such that 

the difference between the original and the reconstructed source is minimized with 

the condition that the difference should be less than predefined thresholds in worst 

case (just one description is available) [29]. In this thesis we concentrate on MDC 

based on scalar or vector quantization. The performance of MDC depends on 

two main procedures: quantization and index assignment (lA). Designing optimal 

quantizer relies on the distribution of the source and channel capacity [30]. 

lA is directly related to the bit-rate and the distortion when all descriptions 

are not available at the decoder. Thus the designing of lA is the most important 

part in the theory and practice of MDC [31]. Designing a pair of multiple de

scription encoder and decoder is based on the assumption of on-off channel con

dition: the channel works perfectly or is broken. Multiple description scalar quan

tizer (MDSQ) was proposed by Vaishampayan [32]. Vaishampayan's lA for scalar 

quantization was proved as optimal lA in terms of mean squared error (MSE) cri

terion [32]. 

In decoding of the descriptions, the performance of MDC relies on the level of 
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quantization if both descriptions are available at the decoder. When one of chan

nels is broken the performance of MDC depends largely on the decoding method 

rather than the level of quantization itself. This is the issue of designing side de

coder. One method to approximate the lost description is assuming that lA matrix 

is diagonal. Using diagonal lA matrix encoder generates exactly same two de

scriptions. Since usually diagonal lA matrix is not used at the encoder difference 

between original and reproduced data exists. The other method is using probabil

ity of input source. This method requires sending the probability of quantization 

index number as side information. The size of side information is same with the 

codebook size of quantization. 

4.2 Multiple description coding 

Multiple description encoder generates a pair of redundant descriptions to repre

sent one source input. Multiple description consists of two main procedures which 

are quantization ( q (.)) and index assignment (a(.)). While quantization is applied 

to reduce the bit-rate of input source index assignment is adopted to represent the 

index number of quantization efficiently. Let assume a sequence of input source 

X = {x1, x2, · · · , Xn}. In quantization, we assume there is a quantizer mapping the 

input random variable X E IRn to the index of the code book J 1 = {1, 2, · · · , l} where 

lis the codebook size. Although different quantization methods should be used 

for different distribution of input source, at higher rates, uniform quantizer is the 

optimal quantizer [33]. In case of uniform scalar quantizer the quantization step 

size ~ = ( Xmax - Xmin) /l, where Xmax and Xmin are maximum and minimum value 

of input source X, respectively. By inverse quantization there are l dequantized 
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values which are represented as ~i = Xmin + (j- 0.5) x ~' j = 1, 2, · · · , l. Then the 

quantization procedure is formulated as 

q(x) = argmjn llx- ~ill 2 \fj E l. 
J 

Dequantization procedure is simply the inverse of quantization which is q-1 (j) = 

~j· 

In IA the function a(.) maps one index in the quantization codebook into a 

pair of indices (descriptions). The IA can be represented as a : h -----+ Jm x Jm 

where Jm = {1, 2, · · · , m} and m 2 is the size of IA matrix. Figure 4.1 shows two 

modified nested IA matrices with different off diagonal which are designed by 

Vaishampayan [32]. When IA matrix has k-off diagonal the number of central cells 

is given by l = (2k + 1 )m- k(k + 1 ). Thus, by increasing k, in the same size of 

IA matrix, we can increase quantization levels. When k has maximum value the 

number of quantization levels is simply l = m 2
. Remember that the maximum k 

should be less than m. The IA procedure is more clear by representing a(j) = ( r, c) 

where j, rand care indices satisfying j E hand {r, c} E Jm, respectively. 

The MD encoder can be defined as a sequence of quantization and IA g (.) 

a( q (.)). In the encoder one index pair is generated for each source input as g ( x) = 

( r, c). Then index r is transmitted over channell at rate R 1 and index c is transmit

ted over channel2 at rate R2 . The total bit-rate required to send the information of 

index j is R = R 1 + R2 . The decoder is simply inverse procedure of encoder which is 

f(.) = q-1 ( a-1 (.)).The inverse IA at the decoder depends on the channel condition 
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and represented as 

jo = u-1(r,c) 

jl = u-1(r) 

jz = a-1(c) 

If both channels work 

If only channell works 

If only channel2 works. 

At the decoder the regenerated data for each input source is 

and regenerated output for input source X is 

(4.1) 

(4.2) 

(4.3) 

The difference. between input source x and regenerated output~ at the decoder 

is d( x, f( g ( x))) where d() is any distortion measure. Let mean-squared error of two 

vectors X E JR.n and~ E JR.n as distortion measure. Then E[d(X, ~)] = mse(X, ~) = 

~ .L~=1 (xi- ~if· Then we call d(X,~0 ) as central distortion, and d(X,~1) and 

d(X, ~2) as side distortions. The goal of multiple description is designing the quan

tizer and IA matrix of encoder-decoder pair to minimize central distortion d(X, ~o) 

when both channels work, subject to constrains on two side distortions d(X,~l) 

and d(X, ~2) are less than predefined distortion. 
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Figure 4.1: Example of IA: (a) matrix with one-off diagonal (k = 1) and (b) matrix 
with two-off diagonal (k = 2). 
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Figure 4.2: Example of index assignment: (a) matrix of MDSQ form = 8 and k = 1 
and (b) mapping of MDVQ. 
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4.3 Multiple description for 3D graphics 

The applications of MDC can be found in [34], [35], [36] and [37]for image coding. 

In [38] and [39] MDCs are used for video compression to transmit data over error 

prone channel. In this section and following subsection we deal with 3D graphic 

data as input source of MDC. At first we briefly study the structure of 3D graphics. 

Then scalar and vector quantizer for 3D graphic data are investigated. 

4.3.1 Structure of 3D graphic and MDC 

In 3D graphic representation, 3D data consists of geometrical and topological data. 

Geometrical data describe the location of each vertex of 3D graphic. Topological 

data is a set of vertex members of every polygon (the set of polygons forming 

the object). Thus, the structure of 3D graphic (S) can be expressed asS = (V, '1') 

where V = {v, V2, V3, · · · VN
9

} is N9 geometrical data and '1' = {tVl, tV2, tV3, · · · tVNt} is 

Nt topological data. Since triangle is elementary polygon usually each topological 

data represents one triangle. Remember all polygons can be represented as a group 

of triangles. Multiple description for 3D graphics represents each geometrical data 

with two different descriptions. We assume all of topological data are available at 

the decoder. 

4.3.2 Multiple description scalar quantization (MDSQ) for 3D graph

ics 

For each geometrical data of 3D graphic we design two m-levels descriptions that 

complement each other. So if both channels work then the number of quantization 
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level at the encoder is 

l = (2k + 1 )m- k(k + 1) (4.4) 

where k means that the IA use a k off-diagonal matrix. In MDSQ for 3D graph-

ics, at first, the minimum and maximum of each coordinate are determined for 

the uniform quantizer. Then the encoder decides about the step size ~ of uni

form quantizer. Let assume the minimum and maximum of x, ll, z directions are 

(Xmin, XmaxL (llmin, llmax), and (Zmin, Zmax), respectively. The three index numbers of 

nth vertex Vn = {xn, lin, Zn} for MDC are given by 

·x _ · ( A ·}2 Jn - argmini Xn- Xmin + L..l.x X t 

·-y _ • ( A • )2 Jn - argmmi lin -llmin + L..l.-y X t (4.5) 

·z · ( A ·}2 Jn = argmmi Zn- Zmin + L..l.z X t 

where ~x' ~11 and ~z are step size of uniform quantizer having l quantization levels 

for x, ll and z coordination, respectively. 

In quantization procedure, depending on the quantization levels of a coordi

nate, two or more geometrical data can be merged to one geometrical data. In 

this case element polygon (triangle) changes to line or point. In index assignment 

procedure, using lA matrix (Figure 4.2(a)), from this indices of each geometrical 

data, the encoder generate two descriptions. Thus for each triangle six indices are 

generated. The MDC encoding is represented as g(ti>) = {(r~, r~, rt), (c~, c~, ct)}, 

i = 1 ,2,3. Two descriptions (r~, rl', rf} and (c~, ci', cf} are transmitted via different 
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physical channels. At the decoder, 3D graphic is regenerated using both descrip

tions if there is no problem in ether channels. Otherwise the decoder regenerates a 

coarse 3D graphic using the available description. 

4.3.3 Multiple description vector quantization (MDVQ) for 3D 

graphics 

In vector quantization for 3D graphics, for llevel quantization, there are l3 index 

numbers. The index number for nth vertex Vn = {xn, 1Jn, Zn} is 

An= argmjn llvn -~ill, 
1. 

(4.6) 

where ~i is the ith vertex in 3D rectangular structure having uniform step size. 

Figure 4.2(b) depicts the structure of uniform vector quantizer and lA mapping in 

3D. After determining the index number for each vertex the lA which was intro

duced by [40] is followed to generate two descriptions. Thus, for each triangle the 

encoder generates six descriptions which are g(l)J) = {ri, ci}, i = 1, 2, 3. 

In MDVQ two coarse lattices represents one fine lattice. The encoder finds a 

pair of index number in coarse lattices based on nearest neighbor search. When 

designing MDVQ, the coarse lattice should be geometrically similar to fine lattice. 

In MDVQ for 3D graphics, we find two nearest points from coarse lattices to rep

resent one fine description in 3D vector quantizer structure. In Figure 4.2(b ), the 

point ae in fine lattice is represented with two descriptions (description A and de

scription E) in coarse lattices. Thus, the first letter of fine lattice consists of one 
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description and the second latter consists of another description. At the decoder, if 

both descriptions are available the exact position can be reconstructed. Otherwise 

the position is reconstructed with one description. 

4.4 Side Decoder for MDC 

Designing of multiple description decoder is based on the assumption that the 

encoder generates two descriptions. When decoder has both descriptions the dif

ference between input source and reproduced one is minimum in term of mean 

squared error (MSE). With this condition we need to consider designing side de

coder minimizing side distortion. In the following subsection we describe three 

different decoding method to minimize the side distortion when both descriptions 

are not available at the decoder. To design side decoder we assume only one de

scription ri =a( q(xd) E Jm (ci =a( q(xd) E Jm) is available at the decoder. 

When we design side decoder there are three difference cases. First, there is 

no side information in either the encoder or decoder. Second, side information 

is available just at the decoder. Third, side information is available both at the 

encoder and decoder. In this chapter we consider two cases in which the side 

information is available at the decoder or not. 

4.4.1 Side decoder for standard multiple description coding 

If encoder use uniform scalar quantizer the output with j quantization level is sim

ply Xmin + 2i21 il, where il is the step size. If decoder has only one description 

ri for input source Xi then the decoder can not use lA matrix to get the index of 
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quantization h. In lA matrix there are several indices of quantization for each ri. 

One way to decode with multiple indices is considering all of indices with same 

weight. The decoder considers both description ri and lA matrix together to find 

the index of quantization ji. Then the approximation xi using several h is 

~i = Xmin + IC:J .L (j- 0.5),1 
JECri 

(4.7) 

where ci is the ith column (row) vector of lA matrix and ICil is the size of ci. For 

example, when description 1 is available at the decoder, using lA matrix in Figure 

4.1(b), Cz = {3, 6, 7, 9} and ICzl = 4. 

This side decoder consider all possible indices with same probability. This side 

decoding method is efficient if encoder generate two descriptions with high re

dundancy. But when lA uses big off-diagonal matrix the side decoder consider too 

many indices as candidate index. 

4.4.2 Side decoder based on diagonal element 

Another side decoding method without side information is the side decoder as

suming that the encoder use diagonal matrix as lA matrix. Since the encoder does 

not use diagonal matrix as lA matrix, difference between the original and recon

structed data is unavoidable. The side decoder based on diagonal element has 

much simpler structure than the side decoder of standard MDC. In this decoding 

method, the decoder assumes the lost description is same with the available de

scription. For example, if only ri is available at the decoder the decoder generates 
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the index of quantization as h = a - 1 
( ri, rd. On the contrary, if only ci is avail

able at the decoder the index of quantization is ji = u-1 ( ci, ci). Using the index of 

quantization ji the decoder approximates Xi as ~i = Xmin + 2\-1.1. 

Although this decoding method is simple there is high probability of gener

ating wrong index number. As the redundancy of lA matrix decrease this prob

ability increases. For example when we use eight-by-eight lA matrix with two 

off-diagonal the possibility of correct quantization index number is ~. But if we 

use eight-by-eight lA matrix with one off-diagonal the possibility increases to j. 

4.4.3 Side decoder based on distribution of input source 

In the standard side decoder for MDC, the decoder assumes that all indices of 

quantization have the same probability. When input source has non-uniform dis

tribution such as Gaussian and Laplacian this assumption may not be true. Most 

real data have non-uniform distribution. When the input source has non-uniform 

distribution, if the decoder knows the probability of each index of quantization, the 

decoder can reduce side distortion using this information. The probability of the 

index of quantization can be transmitted to decoder as side information. Also we 

assume there is no channel error during transmission of the side information. Lets 

assume for each index of quantization j E Tm the probability p(j) is P(j = q(X)). 

When only one description is available (ri) the decoder get a vector Cri = 

{c1, c2, ···en}. Using the vector of index number Cri the decoder reproduce input 

source data as 

(4.8) 
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Table 4.1: The number of vertices and faces of test 3D graphics. 
Sculpture Bunny Shoe Venus 

No. of vertices 25,386 35,947 78,239 711 
No. of faces 50,780 69,451 156,474 1,396 

This method considers all possible indices as well as the probability of each in

dex. Although there is still difference between original and reproduced data, this 

method tries to minimize the difference when input source has non-uniform dis

tribution. 

4.5 Experimental results 

4.5.1 MDSQ and MDVQ for 3D graphics 

At first we investigate the performance of MDC for 3D graphics using test modes: 

Sculpture, Bunny, Shoe and Venus. We use both scalar and vector quantizer. The 

decoder decodes received data without side information. The number of vertices 

and faces of our test models are given in Table 4.1. For MDSQ we used four differ

ent lA matrices with different quantization levels. 

Figure 4.3 shows the performance of MDSQ for 3D graphic. For lA matrix at the 

encoder we use m = 64 and k = 1 . Thus every input data is quantized using uni

form qunatizer having 190 quantization levels. Figure 4.3(a) shows original Bunny 

model used for MDSQ. Figures 4.3(b) and 4.3(c) are the reproduced Bunny with 

description 1 and 2 at the decoder, respectively. Although the shape of the model 

is not as clear as reproduced model with two descriptions (see Figure 4.3(d)) we 
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(a) (b) 

(c) (d) 

Figure 4.3: MDSQ performance with m = 64, k = 1: (a) Original Bunny, (b) repro
duced model with description 1, (c) reproduced model with description 2 and (d) 
reproduced model with both descriptions. 

48 



M.A.Sc. Thesis - I. Park McMaster - Electrical Engineering 

Table 4.2: The performance of MDVQ with different quantization levels. 
Sculpture Bunny Shoe 

md 7,108 4,411 5,780 
l =25 md1 276 192 194 

md2 296 168 178 
md 21,310 16,677 22,716 

l =50 md1 1,228 758 894 
md2 1,260 752 918 
md 33,192 33,829 48,192 

l = 75 md1 2,802 1,738 2,004 
md2 2,840 1,721 2,168 
md 40,856 51,255 79,098 

l = 100 md1 4,710 3,019 3,954 
md2 4,814 3,006 3,926 

can easily find that the reproduced model looks like Bunny. Figure 4.3(d) shows 

how MDSQ using simple uniform scalar quantizer reproduces better 3D graphic 

models when the decoder received both descriptions than 3D graphic models re

produced with one description. 

At the encoder of MDVQ we adapt 25, 50, 75 and 100 quantization levels for 

each coordinate. Table 4.2 summarize the number of faces of regenerated Sculp

ture, Bunny and Shoe model when encoder use different quantization levels. In 

case of Sculpture model, when we change quantization levels form 100 to 25, the 

original model can be represented with 80.46, 65.36, 42 and 14% of the original 

number of faces. If we use same quantization level for Shoe model the original 

model is represented with 50.55, 30.80, 14.52 and 3.69% of the original number of 

faces. MDVQ for 3D graphics is more useful when the model has more faces. 

Figure 4.4 show the performance of MDVQ for 3D graphics. Figure 4.4(a) repre

sents original Bunny model. Figures 4.4(b) and 4.4( c) are reproduced Bunny model 
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(a) (b) 

(c) (d) 

Figure 4.4: MDVQ performance with 3D graphics model of Bunny l = 100: (a) 
Original Bunny, (b) reproduced model with description 1, (c) reproduced model 
with description 2 and (d) reproduced model with both descriptions. 
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at the side decoders when just one description is available at the decoder. Figure 

4.4(d) depicts the reproduced Bunny model when both descriptions are available 

at the decoder. The quantization level at the encoder is 100. 

4.5.2 The performances of different side decoders 

To verify the the performances of three different side decoders we simulate the 

algorithm using different sources. Especially we investigate the performance of 

side decoder when side information is available. Scalar quantizer is adopted to 

quantize the input source. The number of quantization levels depends on the bit

rate. Using n-bits for each description the size of lA matrix is 2n-by-2n. Then 

the number of quantization levels is l = (2k + 1 )2n- k(k + 1) where k means 

that the lA matrix is k-off diagonal matrix. For input source we use random data 

having Uniform, Gaussian and Laplacian distribution. Also 3D graphic data is 

used to investigate the performance of the side decoder. The step size of quantizer 

is ~ = ( Xmax - Xmin) /l. The maximum bound Xmax and minimum bound Xmin are 

Xmax = 1-l + Y X 0" 
(4.9) 

Xmin = 1-l - Y X 0" 

where 1-l and <J is mean and standard deviation of input source, respectively, and 

y is a constant deciding the boundary between overload and granular probability 

area. 

We use mean squared error as distortion criteria. The central and side distor

tion are d(X, ><o) = mse(X, ><o) and d(X, ><1,2) = mse(X,)(l);mse(X,)(z}, respectively. 
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Figure 4.5 shows the performances of three side decoders in terms of MSE vs bit

rate when lA has different off diagonal matrix. In Figure 4.5(a) we compared the 

distortion of three side decoders and central decoder when IA is one off-diagonal 

matrix. When k = 1, since there is high redundancy between two descriptions the 

performance of side decoder with diagonal element is similar to the performances 

of the other side decoders. Among three side decoder the side decoder with proba

bility information has the best performance. Figure 4.5(b) depicts the performance 

when encoder uses an IA matrix with two off-diagonal. The performance of side 

decoder with diagonal element is not as good as the performance when encoder 

uses an IA matrix with one off-diagonal. The performance of side decoders is not 

as good as the performance of central decoder. The reason is that the redundancy 

of two description is decreased. 

Figure 4.6 shows the performance of standard and proposed side decoders for 

source with different distribution. In Figures 4.6 and 4.7 the MSEs are calculated in 

term of several different bit per sample (bps). Figures 4.6(a) and 4.6(b) are the sim

ulation results when input data has Uniform and Laplacian distribution, respec

tively. Two-off diagonal IA matrix is used to represent quantized index number. 

To decide maximum and minimum quantization boundary we use y = 2.5 and 2.8 

for Uniform and Laplacian distribution source, respectively. When input source 

has Uniform distribution the performance of the side decoder based on probability 

information is almost same with the performance of standard MDC side decoder. 

If input source has non-uniform distribution the performance of proposed side de

coder is better than the performance of standard MDC side decoder as can be see 

in Figure 4.6. 
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Figure 4.7 is the result when we use 3D graphic data as input source. Uni

form scalar quantizer is used in encoder to reduce the bit rate. We change bit-rate 

from two bits per sample to twelve bits per sample. In case of 3D graphic data y 

is 2.0. From Figure 4.7 we can easily find that the proposed side decoder based 

on probability information has better performance than standard MDC side de

coder. When the bit-rate is increased the performance of side decoder based on 

diagonal element is similar to the performances of the other two decoders. Figure 

4.7(a) shows the simulation result when Bunny model is used as input source of 

MDC. Diagonal element based side decoder has the worst performance. Proba

bility information based side decoder has better performance than standard MDC 

decoder. When decoder receive two descriptions the decoder reproduces Bunny 

with the best quality (the central decoder case). 

Figures 4.7(b) and (c) are simulation results when source inputs are Venus and 

Shoe, respectively. At the low-bit area (when the bit-rate is less than six) the pro

posed probability information based side decoder has better performance than the 

performance of the decoder using both descriptions. Figure 4.7(d) depicts the per

formance of side decoder when Sculpture model is used as input source. In case 

of Sculpture model the proposed probability information based side decoder has 

better performance than the performance of decoder with both descriptions in all 

bit-rate range. The performance is similar when bit-rate is increased. Thus, in case 

of Sculpture the proposed side decoder has better performance in the high bit-rate 

area. In case of Shoe and Venus the proposed side decoder has better performance 

in low bit-rate than high bit-rate area. 

Figure 4.8 shows the reproduced 3D graphic at the decoder using different 
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Figure 4.5: The performances of side decoder when encoder use different off
diagonal matrix: (a) k = 1, (b) k = 2. 

number of descriptions and different side decoders. The Bunny having 35,947 ver

tices and 69,451 faces is used as input source. The bit-rate for each descriptor is 

four bits per sample and k is two. So quantization levels are 16 and 58 for side and 

central decoder, respectively. Figure 4.7(a) depicts the 3D graphic when decoder 

use both descriptions. The resolution of the 3D graphic is very fine. We almost rec

ognize that the reproduced 3D graphic looks like original Bunny. Figure 4.7(b)-(d) 

are final results when decoder use just one description and side decoder. Although 

the regenerated 3D graphic is not as good as 3D graphic with two descriptions we 

still can assume the 3D graphic as Bunny. 

Even though there are different MSE on the results of side decoders the regen

erated 3D graphics are very similar to each other. Thus, we can use side decoder 

based on diagonal element to reduce computational complexity and the bit-rate. 

If channel capacity is enough the side decoder based on probability information is 

more desirable than other decoders. 
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Figure 4.6: The performance of side decoder with different source input: (a) Uni
form distributed data and (b) Laplacian distributed data. 

4.6 Error concealment for moving 3D graphic object 

Communication of moving 3D graphic model over error prone channel is an an

other issue. Since there are high temporal redundant between two successive 3D 

graphic model, the motion information can be investigated to conceal the erro-
' 

neous 3D graphic data. Since human face is a good example of 3D graphic we 

concentrate on human face for error concealment of moving 3D graphic model. 

The proposed idea can be extended to other moving 3D graphics. 

Communication of human faces is essential in many multimedia applications 

such as videoconferencing, distance learning and virtual reality. All of these appli

cations demand rendering of a realistic human face for efficient and comfortable 

face-to-face communication. Human face communication can be divided into two 

groups: natural and synthetic. Compression of natural facial video can be achieved 
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Figure 4.7: The performance of side decoder with 3D graphic data: (a) Sculpture, 
(b) Bunny, (c) Shoe and (d) Venus. 
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(a) (b) 

(c) (d) 

Figure 4.8: Decoded 3D graphic with different descriptions and side decoders: (a) 
with two descriptions using central decoder, (b) one description using MDC side 
decoder, (c) one description using side decoder based on diagonal element and (d) 
one description using side decoder based on probability information. 
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by using one of many video compression approaches for example, the hybrid dis

crete cosine transform (DCT) and motion compensation coders which are adapted 

by video coding standards such as H.263, MPEG-2, and MPEG-4 [41,42]. 

Although these compression algorithms reduce the amount of data used to rep

resent natural face, data rate may still be too high for some applications. In this 

case, a synthetic face generated from a natural face is an alternative. Representing 

faces using synthetic methods requires less data compared to natural representa

tion and therefore under limited bandwidth circumstances, synthetic face repre

sentation may be preferable. Although natural representation of an object with 

2D data provides acceptable results representing an object with 3D data is more 

realistic. Waters [43] developed a muscle-based facial model for realistic facial an

imation. 

Several compression methods for synthetic facial representations have been de

veloped for very low bit-rate applications [44]. For example, masking and spatial 

correlation methods are employed to reduce the number of facial parameters and 

hence achieve very low bit-rate facial animation [45,46]. The masking method com

presses only that subset of facial parameters in the current frame which is different 

from that of the previous frame instead of compressing all of the facial parameters. 

Ahlberg and Li [46] used a facial action basis function to reduce spatially corre

lated facial animation data. In these compression algorithms, every compressed 

data represents several facial animation data. 

Thus, each compressed facial data is important for rendering facial animation 

at the receiver. Distortion in rendered facial animation will occur at the receiver 

terminal if compressed data is lost or changed during transmission. Under this 
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circumstance, error concealment is recommended to reduce the visual artifacts 

caused by transmission errors. Varakliotis et al. [47] introduced an error conceal

ment method for facial animation parameters (FAPs) in MPEG-4 environment. 

Varakliotis' algorithm uses a tracking curve at the receiver to interpolate the posi

tion and predict the velocity of the animated vertices for missing frames. Ishikawa 

et al. [48] proposed a method for estimation of facial muscle parameter from 2D 

natural images. 

In this section we propose an error concealment method for synthetic facial 

data based on the linear interpolation of muscle data. For linear interpolation, a 

facial expression flow which has start expression and end expression is determined 

using dominant muscle data. Our error concealment method is novel in that it 

employs both forward error concealment and post processing. In forward error 

concealment, in addition to muscle data, the transmitter sends side information of 

the facial expression flow. To determine the facial expression flow, the transmitter 

classifies the current facial expression based on the dominant muscle data which 

are those muscle data with maximum change between two successive frames. In 

error concealment by post processing, the decoder uses facial data in the frame 

before an erroneous frame to estimate the missing facial data. 

4.6.1 Background 

In 3D representation an object consist of geometrical and topological data set. The 

geometrical data describe the information of three-dimensional points (we rep

resent this information as x, y and z of each point). The ith geometrical data is 

expressed with the vector vi= {xi, 1Ji, zi}. Usually each geometrical data is called a 
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vertex or node of an object. The topological data describes a polygon based on its 

vertices. Each topological data represents one polygon. Thus, the topological data 

is a sequence of the index number of geometrical data. The size of each topological 

data is the same as the number of the vertices of polygon represented by topolog

ical data. Since triangle is the elementary unit of a polygon, jth topological data 

consist of three geometrical data (vertices) and is expressed as t!Ji = {Vt, Vm, Vn} 

where Vt, Vm and Vn are the vertices of triangle t!Ji· Then one object S in 3D is 

expressed with a set of triangles as 

(4.10) 

where N is the number of triangle consisting an objectS. In the following subsec-

tions we use this three-dimensional structure to explain facial expression. 

4.6.2 Facial Animation and Facial Expression 

The 3D face model consists of a number of non-overlapped triangles. As a matter 

of convenience in representing moving facial expression the facial data set (F) and 

facial object (S(F)) in three dimension are expressed as 

F ={vi, t!Jili = 1, 2, · · · , N G, j = 1, 2, ···NT} 

S(F) = U~1t!Ji 
(4.11) 

where N G and NT represent the number of geometrical and topological data, re

spectively. 
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(a) (b) (c) 

(d) (e) (f) 

(g) 

Figure 4.9: Seven facial expressions: (a) natural, (b) happiness, (c) anger, (d) dis
gust, (e) surprise, (f) sadness, (g) fear. 
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Figure 4.10: Facial mesh and muscle representation in 3-D. 

In humans, there are many facial expressions and defining all of them is diffi

cult. To represent emotional expression efficiently, six basic facial expressions (plus . 
natural expression) are widely used. They are happiness, sadness, surprise, fear, 

anger and disgust. Figure 4.9 shows rendered six basic expression and natural face 

for a three-dimensional face model. During last few decades, many researchers 

have studied the recognition of human facial expression. Some of these studies are 

based on natural images and others are synthetic based [49]. G. Donato et al. [50] 

performed a survey and comparison of techniques for facial expression recogni

tion of image-based facial expression. Face muscle data are a useful tool for facial 

animation. Facial expression classification techniques using muscle data are de-

scribed by Ishikawa et al. [48] and Ohta et al. [51]. 

Although expressing the face using synthetic method reduces the data, it is 

necessary to reduce the data more for limited bandwidth applications. In facial 

animation using muscle data, a combination of muscle data animates a specific fa-

cial expression [48]. The expression of the face changes by changing the position of 
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vertices of triangles representing the face. The position of vertices of each triangle 

is determined by a combination of muscles [52]. Therefore 

NM 

vi= L ai,kmk 

k=l 

(4.12) 

where vi is the position of ith vertex, N M is the number of muscle data, mk is 

kth muscle data and <Xi,k is the coefficient of the kth muscle data related to the ith 

vertex. 

Figure 4.10 shows a 3D face model consisting of 876 triangles and 18 muscles. 

By representing facial expression using several muscle data instead of using all of 

the geometrical data, facial animation is rendered with a reduced data set. So it is 

possible to control facial expression with muscle data after sending all of the ge

ometrical and topological data in initial stage. For example, the facial expression 

of Figure 4.10 can be represented with 18 muscle data instead of using the geo

metrical and topological data of 876 triangles. Usually, fewer muscle parameters, 

typically 18, are enough to animate a facial expression. Table 4.3 lists the muscle 

names which are usually used [53]. 

4.6.3 Error prone channels, transmission errors and error conceal-

ment 

In data transmission over error prone channel, errors are inevitable. The error rate 

of these channel is time varying. The underlying processes that lead to data losses 

over error prone channel is complex [54]. However Gilbert-Elliott model gives us 

good approximations for loss behavior of error prone channels. Thus, a simple 
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Table 4 3· Muscle number and name .. 
Muscle number Muscle name 

ml Left zygomatic major 
mz Right zygomatic major 
m3 Left angular depressor 
m4 Right angular depressor 
ms Left frontalis inner 
ffiG Right frontalis inner 
m7 Left frontalis major 
ms Right frontalis major 
m9 Left frontalis outer 
mlO Right frontalis outer 
mn Left labi nasi 
m12 Right labi nasi 
ml3 Left inner labi nasi 
ffi]4 Right inner labi nasi 
m1s Left lateral corigator 
ffi]G Right lateral corigator 
m17 Left secondary frontalis 
ffi]g Right secondary frontalis 
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Figure 4.11: Gilbert-Elliott channel model. 

time varying channel can be simulated using Gilbert-Elliott model. Figure 4.11 

shows Gilbert-Elliott channel model. In Figure 4.11 G and 8 denote the good and 

bad state of channel, respectively. Also the channel error probabilities in good (G) 

and bad (B) states are represented with PG and Ps, respectively. 

The Gilbert-Elliott channel model has an error-free interval distribution. The 

error-free interval is defined with the length of bit ls (i.e, the number of bits be

tween two consecutive errors) and the length of packet size lv. Then the probabil

ity of error in the current bit is 

error on the previous bit 

otherwise 

More detail on Gilbert-Elliott channel can be found in [55,56]. 

(4.13) 

In representing facial animation using muscle data, usually one muscle datum 

relates to many points of a rendered face. Missing one muscle datum therefore may 

cause critical deformation of rendered facial animation at the receiver. Thus, in an 

error prone channel application, error concealment is necessary to achieve good 
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visual quality. Error concealment techniques are classified into three categories: 

(1) forward error concealment, (2) error concealment by post processing, and (3) 

interactive error concealment. 

In the forward error concealment, the source coding algorithm is designed ei

ther to minimize the effects of transmission errors or to make the error concealment 

task at the decoder more effective. These techniques usually increase the overhead 

in terms of the overall bitstream size; hence, part of the coding efficiency achieved 

by compression is lost. In the error concealment by post processing, the decoder 

fulfills the task of error concealment. The objective of error concealment by post 

processing is to remove visually annoying artifacts by estimating the lost informa

tion without relying on additional information from the encoder. 

In the interactive error concealment, it is assumed that a backward channel 

from the decoder to the encoder is available and the encoder and decoder work 

cooperatively to minimize the impact of the errors. An example of such a technique 

is Automatic Retransmission Request (ARQ). Retransmission has generally been 

considered unacceptable for real time video applications because of the associated 

delay. Another disadvantage of retransmission is that it may increase the loss rate 

by adding more traffic on the network [57]. 

4.7 Proposed error concealment method 

In this section, we describe the proposed error concealment algorithm in detail. 

At first, we explain the procedure of the tracking of facial expression flow. Then 

the side information for forward error concealment is mentioned. The error detec

tion and concealment methods are explained in the following Section. Figure 4.12 
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Figure 4.12: General error concealment processing. 

shows the overall block diagram of the synthetic face communication system. At 

the setup stage, 3D mesh data (a geometrical and topological data set which are F 

in Equation 4.11) are sent to the receiver to generate a 3D face model using a facial 

animation engine (FAE). 

After the completion of the setup stage, muscle data is sufficient to animate 

the face and change the expression. If compressed muscle data is affected during 

transmission, the error concealment block is activated to reduce the visual effects 

of error. Our error concealment method employs both forward error concealment 

and error concealment by post processing. If the channel has enough bandwidth, 

forward error concealment is adapted; otherwise error concealment is done by post 

processing. 

In forward error concealment, in addition to muscle data, the transmitter sends 

side information describing facial expression flow. Figure 4.13(a) shows the pro

posed encoding process for forward error concealment. In Figure 4.13(a) Mn is the 
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Figure 4.13: Block diagram of proposed error concealment method: (a) encoding 
process (transmitter) and (b) decoding process (receiver). 
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muscle data set of the nth frame (e.g., Mn = {mk(n), k = 1, 2, · · · , NM}) and In 

is side information about facial expression flow. As can be seen in Figure 4.13(a) 

the muscle data is compressed using differential coding, quantization and entropy 

coding. The side information On) consists of two parts: (1) start expression (SE) 

and end expressions (EE) which can be any of seven expressions (e.g., happiness, 

sadness, surprise, fear, anger and disgust and natural) and (2) muscle data ratio 

(13n). To extract the side information the encoder tracks the facial expression flow 

using dominant muscle data as will be explained in Section 4.7.1. 

4.7.1 Tracking of facial expression 

For generation of side information employed in forward error concealment, we 

propose a new and simple method for tracking and classification of synthetic fa

cial expression. Since we use seven expressions, there is 2 x 7 C2 = 42 possible dif

ferent expression flows. To initially classify the facial expression, the transmitter 

defines the dominant increased and decreased muscle data of 42 possible expres

sion changes. That is: 

(4.14) 

where 

'DNL ( n) is the set of dominant muscle data for nth frame, mk( n) is the kth muscle 

data of nth frame, NM is the number of muscle data and 6d ·)is the operator that 
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sorts the data in decreasing order and returns the indices to N L largest (dominant 

increased) and Nt smallest (dominant decreased) values. The transmitter then 

compares DNL ( n) with data in an expression information table (EIT) and finds a 

match. 

The EIT consists of dominant muscle data for different facial expressions changes. 

To determine sets of dominant muscle data for different facial expressions changes 

and thus build the EIT used in matching, the difference of muscle data between 

two expressions is 

d (a,b)- ma- mb 
k - k k 

{a, b} E {N, H,A, D,Sad,Sur, F} 

(4.15) 

where mf is kth muscle data of facial expression a, a (and b) is one of seven expres

sion; N: natural, H:happiness, A: anger, D: disgust, Sad: sadness, Sur: surprise 

and F: fear. The muscle data set of seven expressions is predefined by rendering 

facial animation. Using the difference muscle data, dominant muscle data of two 

facial expressions are formed as 

D(a,b) = rz:::: (d(a,b} d(a,b) d(a,b)) 
NL OL 1 , 2 , ... , NM (4.16) 

where D~a~bl is the dominant muscle data for a facial expression starting with ex

pression a and ending with expression b. So in Equation (4.16), when expression 

flow is form a to b, dia,bl represents the most dominant increased muscle data. 

Table 4.4 shows an example of the EIT when N L = 5 and N M = 18. 

Using this table, the facial expression flow of a given muscle data sequence is 
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Table 4.4: Dominant muscle data for change of the facial expression 

Expression Dominant muscle data(D~u,bJ, n = 5) 
(a, b) Increase Decrease 
N,H 
N,A 
N,D 
N,Sad 
N,Sur 
N,F 
H,A 
H,D 
H,Sad 
H,Sur 
H,F 
A,D 
A,Sad 
A,Sur 
A,F 
D,Sad 
D,Sur 
D,F 
Sad,Sur 
Sad,F 
Sur,F 

m1m2m6msm10 
m9m10m12mnm1s 
m16mlsm12m10m11 
m6msm3m4m12 
msm6m1om1sm7 
m1m7m2m3m4 
m9m12mnm10m1s 
m16m1sm12m10mn 
m6msm3m4m12 
m1smsm17m3m4 
m3m4m17m7ms 
m16m1sm1m1zmz 
m6msm4m1m2 
msm6m7msm17 
m1m2m7msm6 
m6msm3m4m7 
msm6m1sm7m17 
m7m3msm2m17 
m10m1sm7m17ms 
m1m7m2msm17 
m1mzmnm12m1s 

m1sm17m16m1sm14 
msm6m2m1m7 
m1sm17msm7m6 
m1sm17m16m1sm10 
m16m1sm13m12mn 
m14m13m16m1sm12 
mzm1m6msms 
m 6mzmsmsm7 
mzm1m10msm7 
mzm1m16m1sm13 
m6msmzm1m10 
m9m14m11m3m13 
m10m9mnm1sm16 
m12mnm9m1sm16 
m10m9m12mnm1s 
m1 6m1sm10m12mll 
m16mlsm1zm11m10 
m16mlsm12m10m11 
m6msm12m4m3 
m6msm12~m3 

msm6m1om1sm17 

(N: Natural, H: Happiness, A: Anger, D: Disgust, Sad: Sadness, Sur: Surprise, F: 
Fear) 
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determined as follows. From the given muscle data sequence, the transmitter first 

determines dominant muscle data using Equation (4.14). After determining the 

dominant muscle data, a matching process is done using information in Table 4.4 

to choose the start expression and the end expression. For example, assuming a 

specific sequence, the transmitter finds muscle data m9, m 12, m 11 , m 10 and m 15 as 

dominant increased and m2, m,, m6, m5 and ms as dominant decreased muscle 

data. By referring to Table 4.4 the transmitter determines that the expression is 

changing from happiness to anger. In contrast, if the dominant increased data are 

the expression is changing from anger to happiness. In this way the transmitter 

determines the start and end expressions (SE and EE). Increasing the value of NL 

increases the accuracy of our classification algorithm. The index of the match in 

EIT consists the first part of side information. 

The second part of side information is the muscle data ratio. After determining 

the start and end expressions the transmitter calculates muscle data ratio 

(4.17) 

where md is the most dominant muscle data. Then, SE, EE and 13n form the side 

information In employed in forward error concealment. 

4.7.2 Error detection and concealment 

If error occurs during data transmission, distortion of facial animation may start 

and propagate until the receiver gets a new full facial data set. To minimize this 
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distortion, the receiver must constantly check the received muscle data set for the 

presence of error. Here we propose a mechanism for error detection. Two kinds of 

transmission error are considered: (1) data loss and (2) bit alteration. In the case 

of data loss, it is easy to detect the occurrence of error because the receiver knows 

how many muscle data are needed to render facial animation. To detect bit errors 

caused by bit alteration automatically, we define the maximum and minimum of 

the acceptable range of change of muscle data 

(4.18) 

where the function Ax(.) and An(.) give absolute maximum and minimum value, 

respectively, and dk(n) is the kth difference muscle data as defined by Equation 

(4.15) andy is a constant that determines the margin for the maximum and mini

mum threshold. 

Increasing y makes the algorithm more generous to error. Using the above 

equations the range of allowed muscle data of the current frame depends on mus

cle data of the previous frame. This is reasonable since facial expressions usually 

do not change abruptly. Whenever the difference between current muscle data and 

previous muscle data is larger than T max or smaller than T min, or there is no muscle 

data, the receiver treats the muscle data as erroneous. Algorithm 3 describes the 

operation of error detection and concealment which works at the error conceal

ment block of the decoder (Figure 4.13(b)). 

Figure 4.13(b) shows the decoding process that includes error concealment. 

Whenever the receiver detects an error in the data of a frame, it checks whether 
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Algorithm 3 Error detection and concealment 

1 Read differential muscle data set of nth frame 

Mn = {dk(n)lk = 1 ,2, · · · , 18}. 

2 For each kth differential muscle data, check whether there is an error by check
ing 

(1) If error exists and there is side information In: 

• Do error concealment using preprocessing based error concealment: 

(2) If error exists but there is no side information In: 

• Do error concealment using post processing based error concealment. 

• Update kth differential muscle data using the data of previous frame: 

• Update kth muscle data using kth differential muscle data: 

(3) If there no error in kth differential muscle data: 

• Update kth muscle data using kth differential muscle data: 
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side information exists or not. If side information is available, the receiver extracts 

the start expression (SE), the end expression (EE) and the muscle data slope (f3n). 

In this case the erroneous muscle data is then interpolated as 

(4.19) 

where mk( n), mkE, m~E are the erroneous kth muscle data, the kth muscle data of 

the start expression, and the kth muscle data of the end expression, respectively 

and l3n is the muscle data slope of the nth frame. 

If there is no side information, the erroneous muscle data is estimated using 

the following method. Since in the facial data compression considered here the 

transmitter sends a difference of muscle data (see Figure 4.13), the kth muscle data 

of the nth frame is generated as: 

(4.20) 

where dd n) represent the kth difference muscle data of the nth frame. When the 

receiver encounters erroneous muscle data of the nth frame, the error is corrected 

by setting 

(4.21) 

Since dk(n) is not necessarily the same as dk(n- 1 ), this approach is not always 

effective. Nevertheless, it mitigates the propagation of distortion. 
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4.8 Results and discussions 

In our experiment, facial animation engine (FAE) and the muscle data of six basic 

facial expressions are based on the FAE of the HP laboratory [53]. We made a test 

sequence having 1260 frames of facial animation from six basic facial expressions 

(i.e. happiness, anger, sadness, surprise, fear, disgust) and natural expression. The 

ranges of the geometrical data of facial model are (4.36, -4.36), (-8.74, 7.522) and 

(0.149, 9.855) in Vx, Vy and Vu respectively. There are 42 different combinations of 

expression change with six basic expressions and natural expression. We assume 

the number of frames between two different expressions is 30. Thus, our test se

quence contains all of possible combination of the expression change. 

Since our research is focused on error concealment of synthetic facial animation 

we generated our muscle data artificially. The error concealment method proposed 

here is, however, equally applicable if the synthetic facial muscle data is extracted 

from natural video. In the encoder (Figure 4.13(a)), we consider 256 and 1024 quan

tization levels after differentiation each muscle data. Huffman coder is employed 

to compress quantized muscle data. The average bit rate of source coder are 85.5 

and 81.5 bit per frame with side information and without side information, respec

tively. 

To verify the efficiency of the proposed error concealment algorithm, we con

sider three scenarios: (1) transmission of compressed facial muscle data over an 

error-free channel, thus, there exists just quantization error, (2) transmission of 

compressed facial muscle data over a channel in which bit alteration error occurs 

and decoding is performed without error concealment, and (3) transmission of 
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compressed facial muscle data over the same channel as (2) but using error conceal

ment when error occurs during transmission. We use a generalized Gilbert-Elliott 

channel to simulate an error prone channel. In our simulation, bit error is intro-

duced into the compressed muscle data using Gilbert-Elliott channel error model. 

For our channel model, the packet size lv is 32, the error-free interval ls is 30. To 

change the error rate, we use different probability of the good state PG and the 

probability of bad state P8 ; Error condition 1 (EC1 ): PG = 0. 995 and P8 = 0.0001, 

and Error condition 2 (EC2): PG = 0.995 and P8 = 0.0005. Thus, there are more 

errors in error condition 2 than in error condition 1. 

For objective comparison, distortion between the original and the reconstructed 

3-D facial animation is employed. The 3D mesh model of facial animation con

sists of NT triangles, lj>i, i = 1, 2, · · · , NT. Each triangle lj>i has three vertices, 

lj>i = (Vi1 , Vi2 , Vi3 ), where vi; = (xi;, 1Ji.;, zi.;) E IR3. If there is channel error dur

ing transmission of mk muscle data, the receiver gets different muscle data mi and 

generates different vertex data vi as follows 

if !Xi,j = 0 

otherwise 
(4.22) 

where coefficient <Xi,k is defined in Equation (4.12). In our simulation the £(S) is 

20.8291. 

Figures 4.14 and 4.15 show the PSNR representation of the facial animation. 

For each case, four PSNR curves are displayed based on different channel scenar

ios: there is no transmission error (in which case there is only quantization error), 
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transmission error without concealment, forward error concealment and conceal

ment by post processing. In Figures 4.14 and 4.15 the solid line curve(-) shows 

the case of no transmission error where performance is affected by quantization 

error only. The curve with dot line(···) represents the PSNR when channel error 

exist but there is no error concealment. The PSNR of forward error concealment 

and error concealment by post processing are displayed with dash-dot line curve 

(-·-)and dash-dot-dot line curve(-··-), respectively. 

Figure 4.14 shows the PSNR of the facial animation when the number of tri

angles in the 3-D face model is 876. Error prone channel is modelled with error 

condition EC = 1. Difference muscle data are quantized with 256 and 1024 quanti

zation levels. Figures 4.14(a), (b) and (c) represent PSNRmax1 PSNRavg and PSNRrms 

of same rendered face, respectively, when quantization level is 256. When quan

tization level is 1024 the PSNRmax1 PSNRavg and PSNRrms are illustrated in Figures 

4.14(d), (e) and (f), respectively. 

Although, Figures 4.14(a), (b) and (c) have similar error pattern curve we can 

see from these figures that forward error concealment and error concealment by 

post processing both offer little bit improvement. The quality of rendered face af

ter error concealment by post processing can not overcome the quality of rendered 

face when there is only quantization error. When transmitter sends side infor

mation (In) error concealment by post processing improves PSNRavg and PSNRrms 

around 10 dB. 

Figures 4.14(d)-(f) show another results when there is small quantization er

ror. Since quantization error is small the overall quality of rendered face is better 

than previous set of results with 256 quantization levels. The different of error 
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occurred by different quantization levels is about 10 dB. In these figures we can 

see the effect of our proposed error concealment. In Figure 4.14(d) which repre

sent PSNRmax, due to error in frame number 105, the PSNRmax drops significantly. 

In this case, both error concealment methods perform satisfactory and PSNR im

proves around 4 and 6 dB by error concealment by post processing and forward 

error concealment, respectively. 

When the channel condition is not stable the proposed error concealment al

gorithm give better performance. Figure 4.15 shows when there are more channel 

error during data transmission. We modelled channel with error condition EC = 2. 

Figures 4.15(a), (b) and (c) illustrate PSNRmax1 PSNRavg and PSNRrms1 respectively 

when quantization level is 256. In these figures due to the error at frame num

ber 13 the PSNR decreased a lot when there is no error concealment. In this case 

the PSNR improved about 20 dB by both error concealment methods. When er

ror concealment is not adopted, compare to Figures 4.14(a)-(c), the error curve is 

much worse. But when error concealment is adapted the difference is alleviated 

a lot. Figures 4.15(d)-(f) show another example of an unstable channel condition. 

The quantization level of this simulation is 1024. Errors occurred at 13 frames over 

1024 frames. Whenever error occurs the PSNR dropped significantly. Sometimes 

the PSNR dropped more than 10 dB (see around 200th frame). In this situation, the 

proposed forward error concealment and error concealment by post processing 

mitigate the error effectively. 

From these simulation, we also find that the performance of proposed error 

concealment is sensitive toy (see Equation (4.18)) and side information In. Small y 

makes proposed error concealment method too sensitive to the change of muscle 
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Figure 4.14: Simulation result for error condition EC = 1 and 256 quantization 
levels ((a),(b) and (c)), and 1024 quantization levels ((d), (e) and (f) 
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Figure 4.15: Simulation result for error condition EC = 2 and 256 quantization 
levels ((a),(b) and (c)), and 1024 quantization levels ((d), (e) and (f)) 
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data. In Figures 4.15(e) and (f), for frames after 1100, the proposed error conceal

ment with side information outperform quantization error in terms of PSNRavg 

and PSNRrms· Thus, the performance of forward error concealment is really de

pend on the side information In. By comparing PSNRavg and PSNRrms of proposed 

error concealment algorithm to those without error concealment we can see that 

the proposed algorithm reduces the distortion of rendered facial animation. The 

proposed algorithm improved the distortion more than 10 dB. 

Visual inspection of the final rendered 3D facial animation makes the effective

ness of the proposed error concealment algorithm even more clear. Figure 4.16 

shows an example of the performance of our proposed method using 1024 quan

tization levels with error condition 2. Figure 4.16(a) is the last frame of the orig

inal facial animation. Figure 4.16(b) shows the typical effect of quantization er

ror. Figure 4.16(c) shows the effect of random transmission error on the rendered 

face. Figures 4.16(d) and (e) shows the result of performing error concealment by 

post processing and forward error concealment, respectively. Note the significant 

distortion of the eye and mouth in Figure 4.16(c) compensated to Figure 4.16(e). 

Comparing Figures 4.16(d) and 4.16(e) with Figure 4.16(c) it is clear that error con

cealment has improved the quality of the rendered frame. 

4.9 Conclusion 

In this chapter, we have adapted a general MDSQ, MDVQ to 3D graphic coding. 

MDC is a good strategy for diversity-based network channel. The adapted MDSQ 

and MDVQ provides descriptions generating enough quality of reproduced 3D 
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(a) 

(b) (c) 

(d) (e) 

Figure 4.16: Distortion of facial animation and the performance of forward error 
concealment and error concealment by post processing when quantization step 
levels is 1024 and error condition EC = 2: (a) the last frame of the original facial 
animation, (b) the last frame with quantization error, (c) the last frame with trans
mission error and without error concealment, (d) the last frame with transmission 
error after error concealment by post processing and (e) the last frame with trans
mission error after forward error concealment. 
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graphics. Experimental results show how MDC for 3D graphics improve the per

formance when both channel work. Also we proposed a side decoding methods 

for MDC to improve the performance when channel is broken. If both descriptions 

are available at the decoder the decoding method is very straightforward and the 

performance depends on the levels of quantization. In case of a broken channel, 

the scenario is much different. The decoder need to reproduce input source with 

one description. 

To reduce side distortion we proposed two side decoding algorithms. Side de

coder based on diagonal element has good performance when encoder use simple 

lA matrix. Side decoder based on the probability of information gives better per

formance than other side decoders. When low bit-rate and complicated lA matrix 

are used the side decoder based on probability of information is recommendable. 

We verified the performance of each side decoder using different data sources and 

compared the results with the performance of central decoder. The proposed de

coding method reproduce good quality of input source for both random data and 

3D graphic data. 

Also we have proposed an error concealment algorithm for facial animation. 

Our error concealment employs forward error concealment and/ or error conceal

ment by post processing. In the proposed forward error concealment, side infor

mation consisting of two basic expressions and muscle data slope is transmitted 

along with compressed facial data. Linear interpolation is employed to interpolate 

the lost data using the side information. 

The two basic expressions are decided at the encoder by determining facial ex

pression flow. For more objective comparison, we simulated with different error 
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rate condition. We use a simple replication of the difference muscle data in error 

concealment by post processing. The proposed error concealment method is sim

ple and simulation results show that the proposed error concealment method is 

effective in preventing propagation of error while improving the quality of ren

dered facial sequences. [58] 
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Chapter 5 

Closing remarks 

This thesis focuses on communication of 3D graphic models. We provide methods 

for reducing the 3D data and error concealment tool to transmit over error prone 

channel. Only a fraction of the models are used to verify the performance of pro

posed idea. For efficient communication of 3D graphic models we propose area 

based mesh simplification. Mesh simplification reduces the size of data requiring 

to represent 3D graphic models. Proposed mesh simplification algorithm has good 

performance in terms of complexity and distortion. 

Multiple descriptions for 3D graphic models are also investigated for transmis

sion of 3D graphic data over error prone channel. Both scalar and vector quantizer 

are studied to generate descriptions for each 3D graphic model. Form experimen

tal results we find that MDC is a good strategy for diversity-based network chan

nel. We also proposed side decoding algorithm to reduce side distortion. The pro

posed side decoding algorithm based on probability has good performance when 

low bit-rate and complicated lA matrix are used. 

For communication of 3D graphic model with motion via unreliable channel 
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forward and post-processing based error concealment methods are introduced. 

Facial animation model having different expressions are used to verify the perfor

mance of proposed error concealment method. Simple linear interpolation at the 

receiver is employed to interpolate the lost data using the side information. This 

thesis shows that the proposed error concealment method for moving 3D graphic 

models is simple and simulation results show that the proposed error concealment 

method is effective in preventing propagation of error while improving the quality 

of rendered facial sequences. 

The applications of this thesis can be computer games and communication of 

multimedia contents. Depending on the application, the reader can use the idea of 

each chapter or combine those ideas together to get more desirable performance. 

5.1 Future work 

Since this thesis deals with a wide range of issues related to 3D graphic models the 

future works are also broad. Some of them are 

• New distortion measure for mesh simplification 

• Representing method for simplified mesh 

• Designing quantizer for 3D data structure to adopt to multiple description 

coding 

• Investigate the error concealment method with 3D models having more com

plicated motion 

• Non-linear estimation of 3D data communication when channel error exist 
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