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Abstract— In this paper, a packet-loss resilient, bandwidth-scalable 3-D
graphics streaming system is proposed. It uses the Compressed Progressive
Mesh (CPM) algorithm [1] to generate a hierarchical bit-stream to represent different levels of details (LODs). We assign forward error correction
(FEC) codes to each layer in the encoded bit-stream according to its importance. To this end, we develop a new distortion measure that quantifies the
distortion in the reconstructed mesh when part of the bit-stream is lost. Experimental results with a collection of 3-D meshes have been conducted to
demonstrate the efficacy of our solution. They indicate that with our proposed unequal error protection (UEP), the decoded mesh quality degrades
more gracefully (compared to either no error protection (NEP) or equal
error protection (EEP) methods) as the packet loss rate increases.

I. I NTRODUCTION
HE Internet is evolving from a simple communication
medium into a much richer virtual world where users can
meet and interact with each other. 3-D graphics applications
are the driving force behind this “virtual reality over IP” concept. These applications use highly detailed 3-D meshes, giving
rise to extremely large amount of data to be stored, transmitted,
and rendered. To alleviate these limitations, several single-layer
compression techniques have been developed to minimize the
storage space for a given mesh [2], [3]. However, the resulting
compressed mesh still requires significant time to be completely
downloaded before it can be displayed on the client’s screen. To
reduce this time, progressive compression techniques have been
designed so that a coarse representation of the mesh is downloaded first and then enhancement layers are transmitted later to
the client [4], [1].
The main factors that affect the quality of the decoded 3-D
mesh at the client are:
The bandwidth between the server and the client,
The clients’ rendering capabilities,
The channel bit-error characteristics, and
The channel packet-loss characteristics.
Most of the Internet protocols map a bit-error onto a packet-loss
and hence the last two factors can be considered as one item.
The state-of-the-art 3-D graphics compression techniques are
designed to reduce bandwidth and storage requirements, and do
not deal with transmission aspects, hence they only provide solutions for the first and the second factors listed above [1]-[4].
We, on the other hand, propose a new packet-loss resilient transmission method that addresses all the above factors. It employs
unequal error protection (UEP) to enhance the decoded mesh
quality.








Recent research efforts in transmission of multimedia objects over unreliable links are limited to still images and video
sequences where different pre- and post-processing techniques
have been investigated thoroughly [5]. Furthermore, current research efforts in 3-D graphics community are mainly limited
to compression and mesh simplification [1]-[6]. Not many research efforts have been undertaken to stream out 3-D graphics
except for MPEG-4 related research. The error resilience algorithm provided by MPEG-4 is based on partitioning the bitstream into segments and each segment is decoded independently [7]-[11]. Even though such mechanism reduces the effect of error propagation, it does not provide the transmitted bit
stream with enough protection against packet losses. Furthermore, this error resilience method is scalable neither to channel
bandwidth nor to channel error characteristics. In this paper, we
concentrate on source and channel coding techniques for robust
3-D graphics transmission to develop a scalable solution.
We can state the addressed 3-D graphics transmission problem (in this paper) as:
Assume that (i) a mesh has been progressively compressed
into levels of details (LODs), (ii) a certain bit-budget ( bits)
is reserved for channel coding (in order to protect the bit-stream
against channel errors), and (iii) the channel error characteristics are known. Then, what is the number of bits that needs to
be spent on each layer ( i.e., base-mesh and LODs) to maximize
the decoded mesh quality at the receiver?
To provide a solution, we derive a distortion measure. This
measure is used in assigning the appropriate level of channel
codes to each part of the bit-stream. Furthermore, we also compare our proposed unequal error protection (UEP) method with
the method of equal error protection (EEP), where all layers receive exactly the same level of error protection.
Before proceeding further, it is essential to note that most networked 3-D graphics applications, such as online video gaming,
require 3-D object delivery within a certain time window to provide smooth navigation and increased realism. That is, a 3-D
mesh needs to be transmitted within a specified time frame so
that it can be utilized at the client. Thus, reliable connection
protocols based on re-transmission of lost packets ( e.g., TCP)
may not be applicable because of the strict timing constraints.
Henceforth, in order to have an acceptable decoded mesh quality, pre- and post-processing methods need to be developed to
protect 3-D mesh bit-streams against packet losses. This paper presents a novel pre-processing method that maximizes the
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Fig. 1. edge-collapse and vertex-split operations.

decoded mesh quality for a given channel without increasing latency.
Section II describes the bit-stream content of the CPM algorithm as well as the FEC codes used in this paper. The proposed
UEP method is discussed in Section III. Section IV discusses
the proposed distortion metric. The implementation issues are
described in Section V. The experimental results are presented
in Section VI. Finally, significant results and conclusions are
re-iterated in Section VII.
II. BACKGROUND

In this paper, we have implemented a modified version of
the CPM bit-stream format. It differs from CPM by the prediction algorithm where our implementation does not have a
restriction on the employed prediction algorithm. In our implementation, each edge-collapse operation is represented by
four fields. These four fields are classified into two categories
of information, namely geometry and connectivity information.
These fields are listed as:
Collapse-Status: This is a one-bit flag that specifies whether a
vertex is to be split or not. If it is “0”, then the corresponding
vertex is not split while if this bit is “1”, then the vertex is split.
Furthermore, in case this bit is “1”, then the decoder will continue decoding the next three fields; otherwise it proceeds to the
next bit.
Position Error: This field represents the difference in geometry
coordinates between the collapsed vertex and the corresponding vertex predicted by the prediction algorithm. Our proposed
method does not depend on a specific prediction algorithm. In
our implementation we have used a simple prediction rule where
is collapsed),
if vertex is collapsed to vertex (i.e., edge
then the position error is the difference between the coordinates
of and . Then, this difference between geometry coordinates
is quantized and entropy coded and the resulting three variablelength-codewords (VLC) are appended to the bit-stream as illustrated in Figure 2.
Cut-Edges: For the decoder to split a vertex, it needs to decide which of the edges that are connected to this vertex has to
be split into two edges. Such edges are called cut-edges. For


The recently proposed Compressed Progressive Mesh
(CPM) [1] is one of the most effective algorithms for progressive compression of 3-D meshes. Due to its efficacy and
widespread use, this method will be used in this paper, although
the proposed contributions are also applicable to other progressive compression methods with minor modifications. This section summarizes CPM algorithm to provide an insight on the organization of the encoded bit-stream. Furthermore, we propose
to append headers so that the decoder can gain synchronization
in case of a packet loss.
A. Encoded Bit-Stream Format
In this section, a brief description of the bit-stream content
produced by the CPM algorithm is presented [1]. CPM depends
on two operations: edge-collapse and vertex-split [6]. These two
operations are illustrated in Figure 1. edge-collapse is employed
at the encoder while vertex-split operation is used at the decoder.
The encoding process is iterative. At the beginning of every
iteration, a subset of edges is chosen to be collapsed. These
edges (and the corresponding vertices) have to satisfy certain
conditions so that they can be collapsed within the current iteration. These conditions are:
At most two vertices are collapsed into one vertex.
Let edge connects vertices and , and similarly let edge
connects vertices
and . If these four vertices form a
quadrilateral, then these two edges cannot be collapsed within
the same LOD.
Any boundary vertex cannot be collapsed to another vertex.
However, an internal vertex is allowed to be collapsed to a
boundary vertex.
Such restrictions make the edges being collapsed independent
from each other, and hence, the decoding process (vertex-split
operation) for a given vertex is independent from others. On the
other hand, these restrictions limit the reduction rate between
consecutive LODs. Simulations show a reduction of about
in the number of vertices between two consecutive LODs
for a typical mesh.
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bits can specify

any combination of two out of these edges. These bits are
appended to the bit-stream. Note that the decoder knows the
value of for the current vertex. These bits are appended to the
bit-stream as illustrated in Figure 2.
Split-Direction: is a one-bit flag to specify the direction of the
split as illustrated in Figure 2. If a vertex is to be split, then its
neighbors ( i.e., vertices connected to this vertex via one-level
edge) have to be classified into two sets: one set is connected
to the current vertex (the split vertex) while the other set is connected to the newly added vertex. This bit specifies such direction. Nevertheless, the split-direction bit can be removed from
the bit-stream if the prediction algorithm takes such direction
into account.

































Fig. 2. Bit-Stream content of one edge-collapse operation.

The position error field contains the geometry information
in the LOD encoded bit-stream while the other three fields form
the connectivity information.
LODs in addition to the base-mesh. All
CPM produces
edge-collapse operations are encoded using the aforementioned
four fields. However, the base-mesh can be compressed using
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any single-level mesh compression technique that exists in the
literature. In this paper, the base-mesh is compressed using the
TG-algorithm [3] because it has a higher compression ratio compared to other algorithms. On the average, this algorithm has a
bits per vertex for both geometry and
compression rate of
connectivity information [3].
In order to provide synchronization support, we have placed
few header codewords into the bit-stream as described in the
next section.

which the source data rate has to be reduced in order to maintain a constant total (source and channel) data rate. As soon as
symbols are received, all lost symbols can be reconstructed [13].
At this stage of the system, the encoded bit-stream is ready for
transmission but it is not protected against packet losses. Next
section introduces the proposed method of unequal error protection (UEP) as well as the packetization process.

B. Header Information

The CPM encoded bit-stream consists of two main parts: the
base-mesh and the enhancement layers, which are also called
levels of details (LODs). The base-mesh and first few enhancement layers should be strongly protected against packet losses
when a certain quality level of reconstruction is desired at the
client. In this paper, we propose to apply forward error correction codes to recover from the effects of lost packets [14]. First,
we apply equal error protection (EEP) where all parts of the bitstream are treated equally and the same FEC code is applied to
,
all parts. That is,
where
is the number of channel coding bits spent on the
layer of the bit-stream. Furthermore, we also propose to
employ unequal error protection (UEP) where the encoded bits
are classified into different classes according to their contributions to the final decoded mesh. Each class is then protected by
an FEC code that provides a certain level of protection against
channel losses. The most important part of the mesh consumes
the largest portion of the error-protection bit budget. On the
other hand, the least important part gets the smallest portion of
the error-protection bit budget. Such classification of the bitstream is performed on the encoder side.
We also adapt a packetization method known as block of
packets (BOP) [16], [17]. In this method, the data is placed
in horizontal packets and then RS is applied across the BOP
packets, vertically, as illustrated in Figure 3. After appending RS codes, the packets are transmitted horizontally. Such
a method is most appropriate for packet networks where errors
are bursty [16], [17]. Upon receiving a BOP, the decoder com-

Even though the CPM does not specify any bit-stream headers, we append some header information to assist the decoder
to gain synchronization in case of packet/bit errors. The first
header is the LOD Header. This header contains: (i) the LOD
sequence number, (ii) the number of vertices added by this LOD
and (iii) quantization parameters. These variables are necessary
to initialize the LOD decoding process.
Another important information that needs to be embedded
within the LOD bit-stream is the number of vertices that are
specified by the bit-stream so-far. This header consists of a
unique codeword called Unique ID (UID) and a 32-bit codeword
that specifies how many vertices have been encoded/decoded sofar since the beginning of the LOD bit-stream ( i.e., since the
LOD Header). In case of packet losses, the decoder needs this
information to decode correctly-received packets. At the beginning of every LOD decoding iteration, the decoder sorts the
current mesh vertices and starts decoding the LOD bit-stream
accordingly. If few packets at the beginning of the LOD bitstream are lost, then the decoder cannot decode the remaining
packets unless it determines the vertices that correspond to the
lost packets. To this end, UID and the 32-bit codeword enable
the decoder to gain synchronization within the LOD bit-stream.
The frequency of this header within the LOD bit-stream is a design issue. In the proposed system, the UID header is appended
three times within each LOD bit-stream.
In this paper, we apply a pre-processing method that applies
forward error correction codes (FEC) to protect the encoded bitstream against packet losses. Reed-Solomon (RS) codes are employed and their main features are briefly described in the following section.



III. U NEQUAL E RROR P ROTECTION (UEP)
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C. Reed-Solomon Codes
The forward error correction codes used in this paper are the
Reed-Solomon (RS) codes. These block codes are perfectly
suited for error protection against bursty packet losses because
they are maximum distance separable codes, i.e., there are no
other codes that can reconstruct erased symbols from a smaller
defined over
number of code symbols [12]. An RS code
encodes information symbols where
the Galois Field
each symbol contains bits. These symbols are combined
additional -bit symbols into a codeword of symwith
bols. The codeword length, , is restricted by
. In
(i.e.,
this paper we chose to be bits and therefore
). Moreover,
the RS codes used in here are defined over
symbols. These values for and are among
we chose
the most popular ones in video streaming applications. The code
RS-code is , which represents the fraction to
rate of an


































































Fig. 3. Traditional BOP structure.





















bines all received packets and counts the number of lost packets.
) be the RS code rate applied to a given BOP. Then, if
Let (
), then the
the number of lost packets is not more than (
decoder will be able to recover all lost packets in this BOP. Otherwise, the decoder considers these packets as lost and irrecoverable [14].
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In our UEP implementation, the base-mesh bit-stream is
packetized into one BOP while every LOD is packetized into
one BOP as illustrated in Figure 4. Hence, for -level encoded
BOPs. Each BOP is protected with
bit-stream, there are
a certain FEC code that has a rate proportional to the importance of the corresponding LOD as described in Section IV. In


any part of the encoded bit-stream. Next section discusses this
distortion measure in detail while Section V describes how we
utilize this metric in employing the proposed UEP method.



IV. V ERTEX D ISTORTION M EASURE
All UEP methods regardless of their application area rely on
a distortion metric/measure that quantifies the relative importance of bits. Therefore, the success of our method is naturally
dependent on how accurately and effectively the proposed measure characterizes the distortion that is introduced when certain
bits are lost. In this section, we develop a distortion metric that
reflects the dependency of finer layer decoding on coarser layer
decoding.
Each LOD adds new vertices to the existing mesh, and the
loss of the geometry of one or more of these vertices not only
affects the quality of the mesh generated by this LOD but it also
propagates to the finer LODs. To determine the level of channel
coding associated with each LOD, we need to assign a certain
distortion quantity that expresses the relative importance of this
LOD1 .
),
To this effect, we associate a distortion quantity, (
LOD. It is defined as the average distortion (per
with the
vertex) introduced when all vertices that are added by this LOD
are lost. This distortion measure estimates the error between
the transmitted mesh and the one produced after decoding this
is given by:
LOD. More specifically,
!

Fig. 4. The proposed method of packetizing LOD data for the UEP method
(Each layer is encoded with a certain FEC code).





the case of error-free channels, all transmitted packets are received correctly, and thus, the performances of error-protection
methods (EEP and UEP) are expected to be slightly lower compared to the method of NEP. This is because of the fact that
channel coding in both the EEP and UEP methods results in a
reduction in the source coding bit-budget since all three methods should consume the same total bit-budget, i.e., the sum
of source and channel coding bits should be the same in all
cases for a fair comparison. However, when the packet loss
rate increases slightly, it is anticipated that EEP outperforms
UEP slightly. This seemingly counter-intuitive conclusion stems
from the fact that the distribution of error-protection bits in the
proposed UEP method does not depend on channel characteristics but it rather depends on the source characteristics. At
very low packet-loss rates, the UEP method overemphasizes the
coarse layers while not adequately protecting fine layers. As a
result, fine layer packets will be subject to losses and they will
be irrecoverable at the receiver. This should result in a slight
degradation in the decoded mesh quality compared to EEP.
However, at high packet loss rates, coarse-layers packets are
likely to be subject to high losses. As a result, the decoded mesh
quality deteriorates substantially even if the enhancement layers are received correctly in the case of EEP. This is due to the
equal distribution of error protection bit-budget among layers.
However, the proposed UEP method distributes the bit-budget
such that coarse layers receive more error protection bits. This
improves the decoded mesh quality at high packet loss rates.
This intuitive reasoning about the performances of NEP, EEP,
and UEP methods is well supported by experimental results as
will be illustrated in Section VI.
The main block in the proposed UEP method is determining
and
. In order to
the quantities
achieve this, we need to measure how each layer contributes to
the decoded mesh quality. To this effect, we derived a distortion
measure that is generic enough to quantify the importance of
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where

is the number of vertices added by
, and
is the distortion associated with vertex , which is
. The same distortion in Equation 1 is also
added by
used to calculate the distortion associated with the base-mesh
).
(
Calculating the distortion associated with a given vertex requires information about all vertices in finer LODs that are affected by the vertex under consideration. To this end, we construct a Vertices Temporal Dependency tree (VTD) that keeps
track of all temporal dependencies between vertices at different
LODs. For example, Figure 5 depicts a VTD for a -level enin
is more important than
coded mesh, where
in the same LOD because the former affects two vertices in
the finest mesh while the latter affects only one vertex. The
importance of a vertex is calculated by summing the isolatedimportance of all dependent vertices. The isolated-importance
of a vertex can be calculated by measuring how far it is from
the local mesh surface it belongs to. To this effect, the isolatedis measured
importance of vertex that is added by
by calculating the Hausdorff distance2 between and the mesh
. Accordingly, the distortion of vertex
produced by










!















!





























+

!













"





!















!













#

In deriving this distortion measure we consider the source data but neither
the channel characteristics nor the decoding strategy is taken into account. Even
though there exists other distortion measures [15] that are capable of incorporating these two parameters, they are more computationally expensive.
In this case, the Hausdorff distance is equivalent to the maximum Euclidean
.
distance between and the overly-sampled mesh produced by
$
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Fig. 5. The Vertices Temporal Dependency (VTD) Tree for a mesh compressed
into three LODs.
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that is added by








is given by:
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Fig. 6. Edge-collapse example: (a) is collapsed to , (b)
of one of the cut-edges, and (c) does not affect .
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where
is the number of vertices that are affected by ,
;
is the
vertex added by
and that are added by
and affected by the vertex under consideration ( i.e., );
is the set of all vertices in the
LOD 3 ;
represents the isolated-importance of vertex
; and
denotes the Hausdorff distance between the points in the two
sets and . It is given by:
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is on the other end
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and
denotes the Euclidean distance [18]. For more insight
on the Hausdorff distance, the reader is referred to [19] and [20].
Note also that in Equation 2, the index takes values from
to since
is the finest LOD and
is the second
.
finest LOD and so on till the coarsest LOD, which is
Equation 2 states that a given vertex at a certain LOD might
affect more than one vertex at finer levels. This is due to the fact
that there are two ways where vertex affects vertex . These
are:
is collapsed to , or
is not collapsed to , but lies on the other end of one of
the two cut-edges of the collapsed- .
These two cases can be visualized as in Figures 6(a) and (b), respectively. On the other hand, Figure 6(c) is an example of the
case when does not affect . The distortion measure given in
Equation 2 has been applied to several meshes. Figures 9 and 8
depict the distortion associated with the vertices in every LOD
of the progressively compressed meshes TEAPOT and APPLE,
respectively4. In these experiments, the meshes are compressed
).
into three LODs in addition to the base-mesh ( i.e.,
The normalized distortion is depicted in these plots. As it can
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be seen from these figures, at a given level, some vertices are
more important than others. Notably, this measure not only reflects the dependency between vertices at different LODs but
also provides information about the mesh topology. The mesh
topology has been incorporated within the distortion measure in
Equation 2 by using the Hausdorff distance as the measure for
isolated importance. Hence, if a vertex is far from the local surface, then it is considered more important and visa versa. For
example, the APPLE mesh surface is smooth (See Figure 7(a)),
and hence, the distortion measure depicted in Figure 8 is nearly
uniform, especially at the finest LOD (See Figure 8(a)). This is
however not the case for the TEAPOT mesh in Figure 7(b). The
surface of this mesh is not as smoothly varying as that of the
APPLE mesh, and this is reflected in the calculated distortion as
shown in Figure 9.





















(a)

(b)







Fig. 7. (a) APPLE mesh. (b) TEAPOT mesh.
!

Finally,
, the distortion associated with
, is
calculated by plugging Equation 2 in Equation 1. The resulting
equation has been incorporated within the system to apply the
proposed UEP as discussed in the following section.
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means “all vertices in the
0

1

2

LOD excluding the

vertex
”
These two meshes differ slightly and our distortion measure is capable of
capturing such small difference.
*
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V. M ETHODOLOGY AND BOP D ESIGN
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The relation between the available error protection bit-budget,
, and the Reed-Solomon (RS) code to be used in protecting all
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(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Fig. 8. Vertex Distortion for APPLE mesh that has been progressively compressed into 3 levels. Shown are the distortion of the vertices contained
(a) in the the finest LOD bit-stream (
), (b)
bit-stream, (c)
bit-stream, and (d) in the base-mesh bit-stream. The normalized
in
distortion is shown.
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Fig. 9. Vertex Distortion for TEAPOT mesh that has been progressively compressed into 3 levels. Shown are the distortion of the vertices contained (a) in
the the finest LOD bit-stream (
), (b)
bit-stream, (c) in
bit-stream, and (d) in the base-mesh bit-stream. The normalized distortion
is shown.
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BOP error-protection bit-budget is given by:
layers in EEP can be stated as follows:
!
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According to Equation 5, the main factor that controls the RS
. In this paper,
is taken to be equivalent
code rate is
to the relative importance of
that was defined in Equation 1. That is,
is given by:
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where is the codeword size. That is, the RS code is defined
. is set to in the experiments, which is a typiover
is the number of codecal value in video communications.
words in each horizontal packet, i.e., it is the number of columns
BOP.
in the
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In the case of EEP, the bit-budget ( ) and the RS code rate
are assumed to be given. Then, BOPs are designed so
as to satisfy these rate and bandwidth constraints. However, the
case of UEP is naturally more involved, for it applies different
code to each layer. In this case, the bit-budget, , and the total
packet size, , are assumed to be provided. Thereafter, the
RS code rates (for all
layers) need to be computed.
Let
be the portion of the total error-protection bit-budget to
BOP. That is,
. Consequently, the
protect the
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The RS code
is calculated using Equations 5, 6, and 7.
For instance, the RS codes for the RABBIT mesh are computed










0-7803-7476-2/02/$17.00 (c) 2002 IEEE.

TABLE I
C OMPARISON BETWEEN RS CODES USED IN THE TWO METHODS (EEP &
UEP) FOR DIFFERENT LAYERS IN THE BIT- STREAM . B OTH MESHES
).
COMPRESSED IN THREE LOD S IN ADDITION TO THE BASE - MESH (
.
RS CODES ARE DEFINED OVER










and
denote
tive erroneously received packets. Let
the probability density function (pdf) and cumulative distribuand
tion function (cdf) of the gaps, respectively. Then,
are given as:
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Layer Name
Base Mesh

EEP FEC-Code
EEP FEC-Code
EEP FEC-Code
(63,45)
(63,51)
(63,57)
UEP-Layers FEC Code Rates
(63,39)
(63,46)
(63,55)
(63,47)
(63,52)
(63,58)
(63,48)
(63,53)
(63,58)
(63,51)
(63,56)
(63,60)
(a) RABBIT mesh



















Layer Name
Base Mesh

EEP FEC-Code
EEP FEC-Code
EEP FEC-Code
(63,45)
(63,51)
(63,57)
UEP-Layers FEC Code Rates
(63,41)
(63,48)
(63,56)
(63,43)
(63,49)
(63,56)
(63,50)
(63,55)
(63,59)
(63,50)
(63,55)
(63,59)
(b) CAT mesh
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where
represents the probability of going from the bad
state to the good state while
represents the probability of
going from the good state to the bad state.
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Furthermore, let
denote the probability of having
packet losses within the
packets following a lost
packet. Then,
is given by:
(
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Finally, the probability of losing symbols, each of which is
of bits in length, within a block of symbols can be written
as:


and documented in Table I(a). When we employ RS-codes
,
and
for the case of EEP, the corresponding RS codes for the case of UEP are listed in the second,
third and fourth columns of Table I(a), respectively. As can be
perceived, by using Equations 6 and 7 the base-mesh is assigned
more error protection bits followed by the coarsest LOD and so
on till the finest LOD. The RS codes for the CAT mesh are also
listed in Table I(b). These values and code rates reflect the
(subjective) perceived importance of each layer. Hence, we can
conclude that the developed distortion measure describes accurately and effectively the distortion introduced when certain bits
are lost. This distortion measure has been incorporated into the
system and the experimental results are presented in the following section.
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In the next section, we will discuss the experimental results
obtained under this channel model.
B. Simulation Results
To demonstrate the efficacy of the UEP method, we used both
subjective and objective methods of comparison. In particular,
we used the Hausdorff distance between the original (transmitted mesh) and the decoded mesh as an objective comparison
metric. These meshes are overly sampled before calculating the
Hausdorff distance. In all the experiments, the average burst
, is set to 5. Furthermore, the number of transmitlength,
ted bits, which includes the source and channel coding bits, is
the same in all three cases. This is achieved by adjusting the
source-coding parameters. We terminate the decoding process
whenever part of the bit-stream cannot be recovered 5.
Figure 10(a) depicts as a function of the packet loss rate
for the RABBIT mesh. Three curves in this figure represents the
cases of EEP, UEP, and NEP. For the case of EEP, the RS-code
(63,45) is used to protect all layers. For the case of UEP, the RS
codes assigned for each layer are tabulated in Table I(a). Comparing these three curves, we can conclude that the UEP method
outperforms the other two when the packet loss rate is higher
than 0.12 ( i.e., 12%). Moreover, using the proposed method,
the quality of the decoded mesh degrades more gracefully as the
packet loss rate increases. As expected, at very low packet loss
rates, the performance of both EEP and UEP methods is similar since the RS code is capable of recovering the lost packets.
?

VI. R ESULTS
In this section, we present simulation results to demonstrate
the efficacy of the proposed UEP method. In particular, the performances of the UEP, EEP and NEP are thoroughly compared.
An important implementation issue is the channel model. We
used the two-state Markov model known as the G-E model [21].
In the following, we will first describe the channel model, and
then, discuss the experimental results.



"
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A. Channel Model
The underlying processes that lead to packet losses in networks are quite complex. However, even a simple and analytically tractable Markov model with only two states approximates
network’s packet loss behavior fairly well for our purpose. The
two-state Markovian G-E model has been thoroughly investigated in the literature [21]. Here, we will briefly re-iterate the
main results. Of particular interest within the scope of this paper is the probability of having errors in symbols when an
with rate is used. G-E models
R-S code defined on
are usually specified by the distribution of error-free intervals,
which are also called gaps. To be precise, the gap is defined
packets between two consecuas the interval of length
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This termination of the decoding process is not accounted for in the proposed
distortion measure.
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(a)

(a)

(b)

(b)

(c)

(c)

Fig. 10. Maximum Error (Hausdorff distance) between the transmitted and the
decoded RABBIT meshes when the RS code used for EEP is (a)
, (b)
, and (c)
. NEP: no
error protection is applied, EEP: equal error protection is applied, and UEP:
unequal error protection is applied. The average burst length
=5.0.

Fig. 11. Maximum Error (Hausdorff distance) between the transmitted and
the decoded CAT meshes when the RS code used for EEP is (a)
, (b)
, and (c)
. NEP: no
error protection is applied, EEP: equal error protection is applied, and UEP:
unequal error protection is applied. The average burst length
=5.0.

However, when the packet loss rate further increases, the performance of EEP method becomes better than that of UEP. This is
due to the fact that the base-mesh is overly protected, and fine
LODs are not adequately protected in the UEP method as compared to the EEP method. Accordingly, some of the lost packets
cannot be recovered at fine LODs. On the other hand, at high
packet loss rates, the base-mesh in the EEP method is subject to
packet losses that cannot be recovered by the RS code. However,
the UEP method can still recover these packets since the level of
error-protection associated with the base-mesh is significantly
higher than the corresponding one in the EEP method. This results in a better performance of the UEP method compared to
the EEP method at higher packet losses.
Similarly, when the RS-code (63,51) is used to protect all layers in the EEP method, the UEP method outperforms the other
two methods, NEP and EEP, when the packet loss rate is higher
than 0.12 ( i.e., 12%) as depicted in Figure 10(b). In this case,
the RS codes assigned for each layer in the UEP case are tabulated in Table I(a).
Furthermore, increasing the RS-code rate to (63,57) results
in a performance of EEP that is close to NEP performance.
However, UEP outperforms the other two as depicted in Figure 10(c). The optimal RS codes used in this case are tabulated

in Table I(a).
The same experiments are repeated for the CAT mesh and
is depicted in Figures 11(a, b, and c). In the first case, the UEP
outperforms the other two methods when the packet loss rate is
( i.e., 16%). In the other two cases, the UEP
higher than
outperforms the other two when the packet loss rate is higher
and
, respectively. The optimal RS codes assigned
than
for each layer in the UEP method are tabulated in Tables I(b).
Note that there are three main regions in these plots. In each
region, one of the three methods ( i.e., NEP, EEP or UEP) outperforms the other two. The first region is when the channel is
error-free. In this case, NEP outperforms the other two. In the
case of both EEP and UEP, channel coding bits that are spent at
the expense of source coding bits are completely wasted. Thus,
the mesh quality degrades slightly due to lower source coding
bit-allocation, which requires coarser quantization. However,
when the packet loss rate increases slightly but still remains low
), EEP outperforms the other two methods. In
( i.e., about
this case, NEP does not provide any error protection and hence
the decoded mesh quality degrades considerably. However, in
the case of UEP, the coarse layers are over-protected while fine
layers are not adequately protected. This results in a degradation
in the decoded mesh quality compared to EEP. This is due to the
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fact that our distortion measure accounts for source characteristics, but it does not take channel behavior into account. The third
)
region is when the packet loss rate is high ( i.e.,
where UEP outperforms both NEP and EEP. In this case, UEP
assigns enough error protection bits to coarse layers and hence
lost packets are recovered at the receiver. This is not the case
with NEP or EEP where coarse layers packets get lost and cannot be recovered, which results in a high distortion.
We also compare all three methods, NEP, EEP and UEP, subjectively. Figure 12 shows the experimental results for the RAB is used to protect all layBIT mesh when the RS-code
ers in EEP. The mesh in Figure 12(a) is the original mesh. The
first column on the left shows the decoded meshes in the NEP
case for different packet loss rates. Similarly, the second and
the third columns show the decoded meshes in the EEP and the
UEP cases, respectively. As shown, UEP still provides a reasonable decoded mesh quality level as the packet loss rate increases.
is
Similar conclusions are obtained when the RS-code
used to protect all layers in EEP. In this case, the subjective results are presented in Figure 13.
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The proposed 3-D mesh transmission system is more effective when used in off-line mode. That is, the meshes are precompressed and stored. Then, we can estimate the distortion
vs. packet loss rate ( ) plots, such as the ones in Figure 11, and
store the two packet-loss thresholds between the three regions
that are explained in Section VI-B. When the mesh is being
transmitted, we can then choose the appropriate error protection
mechanism ( i.e., NEP, EEP, UEP) by comparing the current
packet loss rate with these two thresholds.
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Fig. 12. Subjective results of applying NEP, EEP, and UEP methods on the RABBIT mesh where the RS code used for the EEP case is (63,45). The caption under
every image gives the error-protection method and the packet loss rate of the channel.
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Fig. 13. Subjective results of applying NEP, EEP, and UEP methods on the RABBIT mesh where the RS code used for the EEP case is (63,51). The caption under
every image gives the error-protection method and the packet loss rate of the channel.
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