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Abstract

Lot of effort has been done to protect JPEG2000 images against channel er-
rors with so-called Error Protection Schemes (EPS). In an EPS the best error
protection for each part of a JPEG2000 codestream is derived from how this
part of the image is important in terms of quality. Another issue as important
as the quality, is the capability of the decoder to decode the received image.
In streaming or real-time scenarios, an unsuccessful decoded image means a
missed frame in the video representation. Is necessary to overcome this prob-
lem to guarantee Quality of Service (QoS) to wireless clients. This thesis studies
the impact of interleaving on JPEG2000 images and video transmission through
wireless channels. Based on interleaving impact evaluation, is derived a lower
bound limit for the successful images decoding rate in wireless environments.
This work is a step toward optimal interleaving for robust Wireless JPEG2000
based images and video transmission.

Index terms - Interleaving, Wireless JPEG2000, Successful decoding rate,
Forward Error Correction, Reed-Solomon codes.
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Chapter 1

Introduction

The rapid growth of mobile communications and the widespread access to infor-
mation via the Internet have resulted in a strong demand for robust transmis-
sion of compressed image and video data for various multimedia applications
and services. The challenge of robust transmission is to protect the compressed
image/video data against hostile channel conditions while bringing little im-
pact on bandwidth efficiency. Nowadays new fixed and mobile devices appear
to the market with a vast number of sophisticated applications. Particularly
video streaming, real-time transmission, High Definition (HD) technologies and
client/multi-servers schemes have become an important issue. The mentioned
applications require the best trade-off between Quality of Service (QoS) (i.e.
image quality at the end receiver), bandwidth (i.e. transmission rate) and de-
lay.

The wireless channel has bandwidth constraints, thus efficient compression
techniques are necessary to reduce the amount of data to be transmitted. Fur-
thermore the wireless scenario is known to be error-prone, hence error con-
trol/protection tools are required to guarantee certain QoS. The widely used
MPEG video standard cannot assure these requirements. For that reason the
JPEG standardization group developed the JPEG2000 standard, which at this
moment is composed of 11 parts. JPEG2000 Part 1 [1] has a better compression
algorithm than its predecessor JPEG, however the best achieve of the standard
is its scalability. JPEG2000 allows to be decoded in multiple ways depending
on the receiver needs such as the appropriate image resolution to fit the display
screen or the quality desired. At the present, JPEG2000 has been selected by
the Digital Cinema Initiative (DCI) [2] for future distribution of motion picture
and image processing for medical applications is being studied.

In real-time and streaming applications, Automatic Repeat reQuest (ARQ)
of corrupted images may not be feasible. Therefore, error resilient tools such
as Forward Error Correction (FEC) or CRC codes, are necessary at receiver
side. JPEG2000 Part 11 [8] was developed to combat the bursty behavior of the
wireless channel by defining a set of Reed-Solomon codes, CRC checksums, Un-
equal Error Protection (UEP) schemes, intelligent Selective ARQ (SARQ), and
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CHAPTER 1. INTRODUCTION 8

other proprietary techniques. In the literature, error concealment for JPEG2000
transmission is wide studied and several Error Protection Schemes (EPS) have
been proposed. The idea is that not all the portions of the data are equally im-
portant. UEP protection schemes have been devised to optimally and suitably
protect the portions of a codestream relaying upon their different contribution
to a final target parameter (i.e. image quality or resolution).

Nevertheless, to the opinion of the author, most of the proposed EPS, al-
through they may adapt correctly to the channel behavior, lack in reability
when tested. The simulated error channels are not derived from real scenarios,
thus the obtained results are unnaturally good. Few works address JPEG2000
image interleaving issues, which actually is needed to overcome bursty errors.
Furthermore none of them studies accurately the effect of channel errors in the
decoding rate, that’s it, the capability of the decoder to represent an image. The
main purpose of this thesis is to investigate this research gap and give a start-
ing point for future research on optimal interleaving for wireless transmission of
JPEG2000 videos. The result of the investigation has been a lower bound limit
to assure the ratio of decoded frames as function of the interleaving depth in
a generic wireless channel. Sender may use the derived equation to choose the
best interleaving depth and packetization length constrained to the maximum
delay allowed and the available bandwidth of the system.

Quantify the effect of channel error images on image quality is of vital impor-
tance to analyze the proposed protection schemes. The most used metrics are
the Mean Squared Error (MSE) and the Peak Signal-to-Noise Ratio (PSNR).
These so-called full-reference metrics operate on pixel-by-pixel comparisons be-
tween reference and impaired images. Althrough they are low-time consuming
and easy to implement, it has been found that they are not very well matched
to perceived visual quality. The performance of MSE is extremely poor in the
sense that images with nearly identical MSE can drastically be different in per-
ceived quality for different types of image distortions. The idea is that not all
distortions make the same visual degradation. For this reason new metrics such
as the Structural SImilarity Measure index (SSIM) [80] are being used instead
of the classical ones. Besides the PSNR, this thesis presents the results using
this new quality metric.

This thesis is organized as follows:
In chapter 2 the JPEG2000 compression standard is presented. The main

characteristics of the standard are explained with examples and the image for-
mation algorithm is brief described.

Chapter 3 is dedicated to the JPEG2000 Wireless standard, usually known
as JPWL. The new featured error resilient tools of JPWL are explained in detail.
Also, an extensive error protection schemes applied to JPWL are resumed and
referenced in the literature.

In chapter 4 the quality metrics MSE and SSIM applied to JPEG2000 images
are introduced. Those tools are necessary to study the visual quality degradation
of a received image after error correction.

Chapter 5 gives the theory background for modeling the wireless channel.
Specifically the Gilbert-Elliot model, which is widely used to simulate the burst-
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error behavior of the wireless channels, is deeply studied. Error probabilities for
the Reed-Solomon codes under those channels are derived.

Chapter 6 applies the general theory explained in chapter 5 to JPEG2000
images send through wireless channels. A lower bound expression to assure a
specific ratio of decoded frames for wireless transmission of JPEG2000 videos
is derived. The proposed equation is tested in a practical scenario with several
simulated channels.

Finally, in chapter 7 conclusions and future work is addressed.





Chapter 2

JPEG2000

2.1 Introduction
JPEG2000 is an image compression standard developed by the body known
as Joint Photographic Experts Group (JPEG). More formally, this body is
denoted ISO/IEC JTC1/SC29/WG1, which stands for Working Group 1 of
Study Committee 29 of Joint Technical Committee 1 of ISO/IEC. Here, ISO
is the International Organization for Standardization, IEC is the International
Electrotechnical Commission, and the word “Joint” refers to the fact that the
standard is developed and published jointly with the International Telecommu-
nication Union (ITU). The JPEG2000 standard is currently comprised of twelve
parts; some of them are next described.

Part 1 [1] describes the minimal decoder and codestream syntax required for
JPEG2000, which should be used to provide maximum interchange. Part 1 also
describes an optional minimal file format known as JP2. A JP2 file contains a
JPEG2000 codestream with additional information such as color space, image
resolution, copyright ownership, metadata and so forth. A good explanation of
the standard can be found in [3, 4, 5].

Part 3 [6], known as “Motion JPEG2000” or “MJ2,” provides a file format for
representing sequences of images, each coded using the techniques described by
JPEG2000 Part 1. A Motion JPEG2000 video streams is full intra frame format
(i.e each frame is independently compressed) and has a flexible and accurate rate
control.

Part 11 [8], known as “JPEG2000 Wireless” or “JPWL”, adds error resilient
techniques that may be used for JPEG2000 transmission over error channels.

In this chapter a brief description of JPEG2000 Part 1 is presented.

2.2 Technology overview
An image is compressed with the JPEG2000 algorithm in the way to obtain what
it is called the bitstream. Since there are different encoder parameters, a set of
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(a) JPEG image (b) JPEG2000 image

Figure 2.1: Butterfly image is compressed with a 1/126 ratio for both JPEG
and JPEG2000 standards.

headers are added to the bitstream, forming what it is called the codestream.
The codestream is a complete JPEG2000 image and can be saved with the
extensions .JP2, J2K or JPT. Furthermore the standard also describes optional
metadata that can be included within the JPEG2000 file.

The JPEG2000 has a better compression algorithm than its predecessor
JPEG, however the best achieve of the standard is its scalability. The scalability
can be defined as the ability to compress once but to decompress in many ways.
This can be very useful in numerous applications where at point of compression
there is no need to know the resolution and quality which will be required by a
consumer. The basic characteristics of JPEG2000 are:

• Improved compression efficiency respect JPEG
Same image with same size has a better visual quality with JPEG2000
than JPEG (see figure 2.1).

• Lossless and lossy compression
The standard allows a lossless and lossy representation of the image with
different levels of compression.

• Resolution scalable
A JPEG2000 bitstream contains identifiable subsets which represent suc-
cessively lower resolution versions of the source image. This is useful in
scenarios with one sender and several receivers, each of them with different
display screens. Little devices can decode a lower resolution representa-
tion of the image while a laptop can decode the original size image (see
figure 2.2).

• Distortion scalable (SNR scalable)
A JPEG2000 bitstream contains identifiable subsets which represent the
image at full resolution but with successively lower quality layers. Distor-
tion scalability is realized by discarding one or more final quality layers
depending on the quality desired (see figure 2.3).
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(a) (b) (c)

Figure 2.2: Old town image is compressed with 3 resolution levels: (a) 1920 x
1080 p., (b) 960 x 450 p., (c) 480 x 270 p.

(a) Compression = 1/200 (b) Compression = 1/100

(c) Compression = 1/50 (d) Compression = 1/5

Figure 2.3: Old town image is compressed with 4 layers. Each layer adds more
quality on the image.
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Figure 2.4: JPEG2000 algorithm.

• Spatial accessibility
It is possible to decode only a specific part of the image.

• Region of Interest coding (ROI)
Some images have more important parts than others, for example a human
face in front of a background. JPEG2000 can define certain ROI’s in an
image to be coded and transmitted with better quality and less distortion
than the rest of the image.

• Tiling
It is possible to create a coded representation of only a specific part of the
image.

• Open architecture
Additional features can be implemented for anyone previous acceptance of
the JPEG Group. The decoder is only required to implement the core tool
defined in the standard and if necessary, unknown tools can be requested
by the decoder to the source.

• File format with IPR capabilities
The standard defines a file format that can contain metadata information
in association with a JPEG2000 codestream.

2.3 Bitstream formation
The JPEG2000 coding/encoding process is presented in figure 2.4 and each step
is described next.

Original Image
An image is as rectangular group pixels with a specific aspect ratio. A pixel is
composed of samples of different image components which are quantified with
a certain number of bits (called bit depth). There are different colour spaces
to represent an image; the principal ones are RGB, YCbCr and YUV. In the
RGB format, each pixel is quantified by some quantity of Red, some quantity
of Green and some quantity of Blue; in the YCbCr format, the Y component
stands for the luminance, whereas Cb and Cr are the chrominance components
which represent the blue and red color difference respectively; finally the YUV



CHAPTER 2. JPEG2000 15

(a) Original image (b) Luminance component (Y)

(c) Blue difference component (Cb) (d) Red difference component (Cr)

Figure 2.5: YCbCr representation of woman image.

color space is intended to be similar to Human Visual System (HVS). Is it
possible to transform these three color spaces between them.

Color Transform
An effective way to reduce the amount of data in JPEG is to use a YCbCr or
YUV colour space, in the way to improve the performance of the compression
process. There are two different component transformations, one Irreversible
Component Transformation (ICT) and one Reversible Component Transforma-
tion (RCT). The ICT transforms the RGB to YCbCr while the RCT is an
approximation of the RGB to YUV transformation. Additionally, after the
color transformation, the image components can be sub-sampled in a specific
rate. The idea is that not all components are of equal importance for the HVS.
In general, the luminance component is of much more importance than the
chrominance components, as it can be seen in figure 2.5.

Tiling
An image component can be fractioned into several rectangular tiles of a specific
aspect ratio, what it is called tile-component. All tiles of a component have the
same dimension except, maybe, those at the right and lower boundary of the
image. Each one of this tile-component is a spatial part of the image and will
be coded independently (i.e. all data in a tile is compressed with the same
parameters). There is always at least one tile-part in the codestream.

Intuitively one would expect that tiling the image should offer some advan-
tages over the strategy for spatial accessibility, in the way that only the desired
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tiles would be used to reconstruct a region of interest. However the DWT trans-
formation, which is next explained, produces boundary artifacts between tiles,
similar to what happens with JPEG. Spatial scalability is actually reached with
codeblocks, which are also next described. Tiling may be useful when only a
specific part of the image is wanted to be compressed and saved independently
of the rest of the image.

The Wavelet Transform (DWT)
The tile-components are decomposed into different decomposition levels using
a wavelet transform which can be irreversible or reversible, being the first the
default. These decomposition levels contain 4 subbands, which consist of coeffi-
cients that describe the horizontal and vertical spatial frequency characteristics
of the original image tile-component. The subbands belong to a multiresolution
hierarchy, from which each successively higher resolution version of the image
may be reconstructed by composing the immediate lower resolution version (de-
noted LLd) with three spatial detail subbands (denoted HLd, LHd and HHd).
HLd subband contains information about the vertically oriented image features,
LHd subband contains information about the horizontally oriented features and
HHd responds most strongly to diagonally oriented image features. Each sub-
band has half as many rows and half as many columns as its precedent level.

The resolution scalable property of JPEG2000 is a direct consequence of
the DWT. By dropping the coefficients corresponding to the highest resolution
detail subbands and omitting the final stage of DWT synthesis, a half resolution
image is reconstructed from the remaining subbands. Dropping the next lower
resolution subbands leaves a quarter resolution image, and so forth.

Block Coding
The coefficients describing each subband are portioned into rectangular blocks
known as codeblocks, each of which is independently quantized and entropy
coded into a finely embedded bitstream. Typical codeblock dimensions are
32 × 32 or 64 × 64 subband coefficients. The entropy encoder used is a vari-
able length coder called Embedded Block Coding Optimized for Truncation
(EBCOT) which performs rate control in the way to achieve the highest quality
image for a specified rate. Truncating the embedded bitstream associated with
any given codeblock has the effect of quantizating the samples in that block more
coarsely, which is lossy unless the quantization step is 1. A block’s bitstream
offers numerous useful truncation points, which is required for the distortion
scalable propriety.

Adjacent codeblocks from any given subband have overlapping regions of
influence in the reconstructed image. This happens because wavelet transform
is a spatially expensive operation. This property tends to blur the boundaries
between codeblocks in the reconstructed image, avoiding the appearance of hard
boundary artifacts when individual block bitstreams are aggressively truncated.
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Layers
In JPEG2000 the bitstream is conceptually organized as a succession of layers.
Each quality layer represents an incremental contribution (possibly empty) from
the embedded bitstream associated with each codeblock in the image, thus they
provide the distortion scalability feature of the standard. The sizes of these
incremental layer contributions are determined during compression. An example
layer decoding is presented in figure 2.3.

Precincts
JPEG2000 defines spatial structuring elements known as precincts. Each image
resolution, LLd, of each tile-component has its own precinct partition. The
purpose of precincts is to collect codeblocks into spatial and resolution group-
ings. In a DWT with D levels, the precinct partition on Lld is a partition of
the codeblocks belonging to that subband. By appropriately constraining the
allowable dimensions for codeblocks and precincts, JPEG2000 ensures that the
induced precincts on HLd+1, LHd+1, and HHd+1 each contain a whole number
of codeblocks. In this way each codeblock in the image is a associated with
exactly one precinct.

Packets
A JPEG2000 codestream can be viewed as a concatenated list of packets, where
each packet consists of the contributions of all codeblocks from a single precinct
of a single quality layer in a tile-component. A packet represents a single quality
increment (one layer) of a single resolution increment (LLd+1 to LLd), over a
limited spatial region (precinct). The data in a packet is ordered in such a way
that the contribution from the LL, HL, LH and HH subbands appear in that
order. Within each subband the codeblock contributions appear in raster order.
Only those codeblocks that contain coefficients from the relevant subbands,
confined to the precinct, are represented in the packet.

JPEG2000 provides a rich language for describing the order in which packets
appear within the codestream. Packets may be sequenced in resolution major,
component major or quality-major orders. The codestream may also contain
optional pointer information which identifies the locations of particular tiles
and/or particular packets. Such information allows regions of interest within
the image to be selectively extracted from the codestream.

2.4 Codestream formation
As it has been explained JPEG2000 has a lot of different options to compress an
image. All this coding information is added into the bitstream in order to be able
for the decoder to represent the image. The way to add all these information is
using headers. There are two types of headers: the main header and the tile-part
headers. There is only one main header in a codestream, whereas each tile-part
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Figure 2.6: JPEG2000 codestream syntax.

has its own tile-part header. The information inside the main header applies for
all the bitstream, while the information inside a tile-part header refers only to
this part of the bitstream. It can happen that information in a tile-part header
has some congruency with the main header, in these cases, the information of
the tile-part header is usually used.

The information in the headers is organized in what are called marker seg-
ments, each one providing specific information. The general structure for a
marker segment is a 2 bytes field with the marker code followed by fields con-
taining some information. The complete list of marker segments is presented in
table 2.1. A JPEG2000 codestream always starts with the SOC marker and fin-
ishes with the EOC marker. Each tile-part always starts with the SOT marker
and the data of each tile-part always starts with the SOD marker. A general
codestream model with only the mandatory marker segments is presented in fig-
ure 2.6; a resume of the whole JPEG2000 compression algorithm can be found
in figure 2.7.

Abbr. Code Main h. Tile-part h.
Start of codestream SOC FF4F Required Not Allowed
Start of tile-part SOT FF90 Not Allowed Required
Start of data SOD FF93 Not Allowed Last marker
End of codestream EOC FFD9 Not Allowed Not Allowed
Image and tile size SIZ FF51 Required Not Allowed
Coding style default COD FF52 Required Optional
Coding style component COC FF53 Optional Optional
Region-of-interest RGN FF5E Optional Optional
Quantization default QCD FF5C Required Optional
Quantization component QCC FF5D Optional Optional
Progression order default POD FF5F Optional Optional
Tile-part lengths (MH) TLM FF55 Optional Not Allowed
Packet length (MH) PLM FF57 Optional Not Allowed
Packet length (TPH) PLT FF58 Not Allowed Optional
Packed packet headers (MH) PPM FF60 Optional Not Allowed
Packed packet headers (TPH) PPT FF61 Not Allowed Optional
Start of packet SOP FF91 Not Allowed Optional
End of packet header EPH FF92 Not Allowed Optional
Comment and extension CME FF64 Optional Optional

Table 2.1: Marker segments for JPEG2000 codestream.
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1. The source image is decomposed into components. 2. The image com-
ponents are decomposed into rectangular tile-components. 3. Each the tile-
component is decomposed in different resolution levels using the wavelet trans-
form. These decomposition levels are made of subands of coefficients that de-
scribe the frequency characteristics of local areas (rather than across the entire
tile-component) of the tile-component. 4. The subbands of coefficients are quan-
tized and collected into rectangular arrays of codeblocks. 5. The codeblocks are
entropy encoded forming a bitstream. 6. All the bitstreams from a precinct are
grouped together in packets forming the tile-component bitstream. 7. Headers
are added to the bitstream. 8. The optional file format describes the meaning
of the image and its components on the context of application.

Figure 2.7: JPEG2000 detailed algorithm.





Chapter 3

JPEG2000 Wireless

3.1 Introduction
The variable length coding used in JPEG2000 is known to be prone to channel or
transmission errors. A bit error results in a loss of synchronization at the entropy
decoder and the reconstructed image can be severely damaged. The JPEG2000
algorithm has some properties that might be used for error resilience: at bit
level, errors in the bitstream of a codeblock are restricted within that codeblock
and they wont affect to other parts of the image; at packet level, packets with
a resynchronization marker allow spatial partitioning and resynchronization.
Nevertheless these techniques are not useful under strong channel errors, such as
wireless nets. For this reason, the JPEG Group developed in 2005 the JPEG2000
Wireless [8], usually known by JPWL.

The new standard can protect the whole codestream by defining a new set of
marker segments. The error resilience tools that can be used are Reed-Solomon
(RS) codes, Cyclic Redundancy Check (CRC) and other proprietary techniques.
The standard is backward compatible with JPEG2000 Part 1, in the way that a
JPEG2000 Part 1 decoder can decode a JPWL codestream without performing
error correction. JPWL marker segments are explained in section 3.2; and in
section 3.3 a state of art of JPW protections schemes is resumed.

Abbr. Code Main h. Tile-part h.
Error protection block EPB FF66 Optional Optional
Error sensitivy descriptor ESD FF67 Optional Optional
Error protection capability EPC FF68 Required Optional
Residual errors descriptor RED FF69 Optional Optional

Table 3.1: JPEG2000 Wireless new marker segments.

21
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Figure 3.1: JPEG2000 codestream syntax.

3.2 Codestream formation
The JPWL markers are presented in table 3.1. The new marker segments can
be placed everywhere inside the headers at exception of the first EPB in the
main header which has to be situated after the SIZ marker; and for first EPB
in the tile-part headers which have to be situated after the SOT markers. A
general JPWL codestream model with only the mandatory marker segments is
presented in figure 3.1. Next sections describes each JPWL marker segment.

3.2.1 Error Protection Block (EPB)
This marker is used to protect the headers and the bitstream. Two techniques
can be used to protect the errors: error correction with Reed-Solomon codes or
error detection with CRC codes. The CRC types defined in the standard are
CRC-CCITT (X25) 16 bits and Ethernet CRC 32bits.

The Reed-Solomon codes add redundancy and can correct erroneous data
up to a certain limit. A general Reed-Solomon code is given by RS(n,k) which
generates a codeword of n symbols from a k symbols of information, which
means a redundancy of r = n− k symbols and a coding rate of R = k/n. Here,
symbol is a specific amount of data that, in this case, is a byte. A RS code
can correct up to t = br/2c error symbols in any position inside the codeword.
The RS codes are computed over the codestream and the redundancy is placed
inside the EPB marker segment.

There are 16 RS codes that can be used to protect the bitstream: RS(37,32),
RS(38,32), RS(40,32), RS(43,32), RS(45,32), RS(48,32), RS(51,32), RS(53,32),
RS(56,32), RS(64,32), RS(75,32), RS(80,32), RS(85,32), RS(96,32), RS(112,32)
and RS(128,32). The standard also defines the codes RS(160,64), RS(80,25),
RS(40,13) that are used to protect headers. All the defined RS codes are re-
sumed in table 3.2. The EPB structure is presented in figure 3.2 and its fields are
described in table 3.3. Next sections explains how the EPB is used to protected
each part of the codestream.

Figure 3.2: EPB marker segment syntax.
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RS code t RS code t
RS(37,32) 2 RS(40,13) 13
RS(38,32) 3 RS(64,32) 16
RS(40,32) 4 RS(75,32) 21
RS(43,32) 5 RS(80,32) 24
RS(45,32) 6 RS(85,32) 26
RS(48,32) 8 RS(80,25) 27
RS(51,32) 9 RS(96,32) 32
RS(53,32) 10 RS(112,32) 40
RS(56,32) 12 RS(128,32), RS(160,64) 48

Table 3.2: Correction capability for JPWL codes.

Main header

The main header can have several EPB marker segments. An EPB protects
data with one of the 16 possible RS codes but also protects its parameters with
another predefined RS code: for the first EPB is RS(160,64) and for each addi-
tional EPB is RS(40,13). The first EPB is situated after the SIZ and protects
the EPB parameters along with SOC and SIZ markers. The EPB marker seg-
ments can be unpacked or packed. Unpacked means that the EPBs are situated
immediately before the protected data as it is shown in figure 3.3a. In packed
mode the EPBs are grouped together before the data, as it is shown in figure
3.3b.

An example of protection for the main header is presented in figure 3.5,
where only one EPB is used. The values of the EPB parameters are: Lepb =
299 bytes; LDPepb = 153 bytes; EPBs are packed and the current EPB is the
last in the header; and the code used to protect additional data is RS(160,64).
The redundancy data is 288 bytes. Data in L1 is protected using the predefined
code for the first EPB, which is RS(160,64), and the redundancy is placed in
R1 (beginning of the parameter EPB Data). The rest of the main header (rest
of JPEG2000 Part 1 and Part 11 marker segments) in L2 is protected with the

Parameter Length Description
EPB 2 bytes Marker Code.
Lepb 2 bytes Length of the marker segment in bytes.

Depb 1 bytes
Indicates the EPB index in the header, if the
current EPB is the last one and if the EPBs are
packed or unpacked.

LDPepb 4 bytes
Length of the data to be protected by the
redundant information (EPB Data) carried within
the current EPB.

Table 3.3: EPB marker segment fields.
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(a) EPBs unpacked (b) EPBs packed

Figure 3.3: Allocation possibilities for the EPB.

code defined in Pepb, which in this case is also RS(160,64), and the redundancy
is placed in R2 (after R1). Since L1 is 64 bytes length, only one codeblock is
used, thus the redundancy is R1 = 160 - 64 = 96 bytes. In the other hand L2
has 95 bytes, thus 2 codeblocks are necessary; then the redundancy is R2 = 192
bytes. Finally it can be checked that L1 + L2 = LDPepb and R1 + R2 = EPB
Data length.

Tile-part header

The tile-part header is protected in the same way than the main header, but
now the predefined RS codes are RS(80,25) for the first EPB and RS(40,13) for
the rest. The first EPB is situated after SOT marker and protects the SOT
marker along with its own parameters.

Bitstream

Bitstream data is protected with the EPBs of its tile-part header. Each EPB
also protects itself as explained before. The length of the data to protect inside
one EPB can be anything inside its tile-part, making no necessary to create
one EPB for each packet. In table 3.4 some errors are introduced in the same
codeword of the first packet (more important one) of an image with different
levels of protection. MSE is a tool to quantify the amount of errors and it is
explained in better detail in chapter 4. It can be seen how powerful RS codes
are capable to protect data against more channel errors.

To summarize this chapter, a general JPWL codestream with K tile-parts
is presented in figure 3.4. Main header is protected with N EPBs; first tile-part

Figure 3.4: General JPWL codestream protected with packed EPBs.
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is protected with L and M EPBs for its header and its bitstream respectively;
last tile-part uses P and X EPBs for its header and its bitstream respectively.
All EPBs are in packed mode.

Errors No Protection RS(38,32), t = 3 RS(40,13), t = 13

0

MSE = 0 MSE = 0 MSE = 0

1

MSE = 624,06 MSE = 0 MSE = 0

3

MSE = 705,83 MSE = 705,83 MSE = 0

13

MSE = 1093,38 MSE = 1337,81 MSE = 0

14

MSE = 1295,44 MSE= 1295,44 MSE= 1295,44

Table 3.4: Different error protections on same JPEG2000 image.
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Figure 3.5: Main header protected with one EPB.
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Figure 3.6: EPC marker segment syntax.

3.2.2 Error Protection Capability (EPC)
This marker segment indicates the presence of the marker segments EPB, ESD
and RED and the presence of informative tools inside the codestream. The EPC
is mandatory in the main header and optional in the tile-part headers, but only
one EPC can be placed in each header. Although it can be protected by an
EPB, it also protects itself with the CRC - CCITT.

Informative tools are techniques to protect data against errors that can be
developed by anyone after registration in the JPWL Registration Authority.
When a JPWL decoder finds an unknown informative tool, it queries the Reg-
istration Authority, which sends the appropriate new codec. The EPC can
have several informative tools and the order of their IDs is the order in which
they have to be decoded. The EPC structure is presented in figure 3.6 and its
parameters are defined in table 3.5.

Parameter Length Description
EPC 2 bytes Marker Code.
Lepc 2 bytes Length of the marker segment in bytes.
Pcrc 2 bytes CRC of the EPC.
CL 4 bytes Length of the codestream.

Pepc 1 bytes Indicates the presence or not of EPB, ESD, RED
and informative tools.

ID 2 bytes Identifier of the informative technique if used.
Lid 2 bytes Length of the Pid if used.
Pid variable Parameters for the protection technique if used.

Table 3.5: EPC marker segment fields.

3.2.3 Error Sensitivity Descriptor (ESD)
This marker segment can be placed in the main header and/or tile-part headers
and there can be several ESD in each case. The ESD provides a measure of how
much different parts of the codestream are sensitive to errors (i.e. the effect of
losing each part on the quality of the decoded image). The error sensitivity is
computed using MSE based metrics, which are explained in detail in chapter 4.
Sensitivity values can be expressed in two different ways: as relative or absolute
sensitivity values. Relative sensitivity describes the error sensitivity of a given
codestream portion with respect to other portions. Absolute sensitivity refers
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Figure 3.7: ESD marker segment syntax.

to sensitivity information related to a specific error metric, such as MSE, PSNR
or MAXERR. For multi-component images, error sensitivity values contained
in the ESD marker segment can refer to a single component, or can be intended
as average values among all components.

The information provided by the ESD has several possible applications; a
few of them are described in the following.

• Unequal Error Protection (UEP): Parts of the codestream that are more
important than others can be protected with higher RS codes.

• Selective retransmissions: Consists in allocating a larger number of re-
transmission attempts to those codestream portions that are more critical
from the quality standpoint based on the error sensitivity information.

• Smart prefetching: In streaming video applications, the subsystem can
decide to prefetch the most important packets of the current and next
frames, and to send them in advance. This allows to carry out a larger
number of retransmissions if some of these packets should be lost.

The ESD structure is presented in figure 3.7 and its parameters are defined in
table 3.6.

Parameter Length Description
ESD 2 bytes Marker Code.
Lesd 2 bytes Length of the marker segment in bytes.

Cesd 1-2
bytes

Specifies which component of the ESD data refer
to.

Pesd 1 bytes

Indicates the addressing mode (packet, byte-range
or packet-range) and type of error sensitivy
description employed (MSE, MSE reduction,
PSNR, PSNR increase, MAXERR or TSE).

ESD Data variable Contains sensitivity information related to the
codestream data.

Table 3.6: ESD marker segment fields.
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Figure 3.8: RED marker segment syntax.

3.2.4 Residual Error Descriptor (RED)
This marker signals the presence of residual errors after decoding and may help
to handle them. It can be placed in any valid position in the main and/or
tile-part headers. Errors during the transmission of a JPEG image may be very
harmful if located in one of the headers. In order to allow the JPEG 2000 de-
coder to be aware of the presence and the location of these errors, JPWL can
use RED to embed this information in the codestream. The information on
RED may be exploited by a “JPWL aware” JPEG 2000 decoder to improve the
decoding capabilities or to apply some techniques such as selective retransmis-
sions, error concealment or discard of the corrupted information if not visually
relevant. The RED structure is presented in figure 3.8 and its parameters are
defined in 3.7.

Parameter Length Description
RED 2 bytes Marker Code.
Lred 2 bytes Length of the marker segment in bytes.
Pred 2 bytes Field describing the usage of the marker.

ESD Data variable Record of parameters related to residual error
descriptor.

Table 3.7: RED marker segment fields.

3.3 Error Protection Schemes (EPS)
The JPWL standard does not explain how to choose the best codes to be used
to protect data. One can consider that applying the maximum protection for all
the codestream would have the best performance. This is not always true and
has various disadvantages. High Reed-Solomon codes increase considerably the
amount of data to be send, which is not always possible in wireless scenarios
where the available bandwidth is limited. On the other hand, one can think
that using Automatic Repeat reQuest (ARQ) for each part of the corrupted
codestream would also be a good solution, however this is not useful in real-time
applications. Thus intelligent methods for applying the Reed-Solomon codes or
intelligent Selective ARQ (SARQ) are necessary to maximize the JPWL error
correction capabilities. These techniques are called Error Protection Schemes
(EPS).
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In an EPS the best error protection for each part of the codestream is derived
from how this part of the image is important in terms of quality. As more
important it is, more powerful Reed-Solomon codes or more priority for a SARQ
is given. To quantify the importance of each part of the codestream, quality
metrics such as the MSE (see chapter 4) or the Rate-distortion metric [9] are
commonly used. Furthermore the EPS are usually constrained to a specific
variable such as the available bandwidth, the minimum acceptable quality, an
average FEC coding rate or the maximum allowable time delay to perform
the EPS. The optimization of the EPS is of crucial importance; complicated
algorithms, although they can have a great performance, may spend too much
time to be computed, which is not desirable in real-time applications.

In the literature was well known that using different amount of protection for
different parts of a wavelet-based image, what is called Unequal Error Protection
(UEP), had a better performance than using the same protection for the whole
the image, what is called Equal Error Protection (EEP). Some examples can be
found in [10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

Before the appearance of the JPWL standard, several studies applied FEC
tools in JPEG2000 images. In [20, 21, 22, 23, 24, 60] was studied the perfor-
mance of Reed-Solomon codes; in [25, 26, 27, 28, 29, 63] was used Turbo-Codes;
whereas in [30, 31] Reed-Solomon codes along with Turbo-codes were investi-
gated. In [29] was studied the performance of SARQ techniques.

When the JPWL standard appeared, a new set of investigations were per-
formed using the defined standard tools: in [34] was presented a dichotomic
technique for searching the optimal UEP strategy taking into in account the
probability of a JPEG2000 packet error for a specific byte error rate; in [35]
was investigated a dynamic heuristic layer-based FEC with intra-frame inter-
leaving in regard to the available bandwidth; the same idea was generalized at
packet level in [36]; in [37] was derived an optimal switching threshold based
on an analysis of the time consumption between [36] and [37]; in [58] was used
a Real-Time ARQ mechanism (RT-ARQ) in UDP transmissions when Round
Trip Time (RTT) is small; in [51] was examined the error resilience performance
of the JPEG, JPEG 2000 and JPWL standards in combating multi-path and
fading impairments in Rayleigh fading channels.

Other authors investigated error concealment techniques without using FEC
codes or ARQ mechanisms. For example in [38] was use interpolation from
the available subbands to recover the information related to lost subbands; in
[39, 40, 41, 52, 56, 64, 65] were proposed a new source entropy coding algorithms
in the way to introduce some redundancy; in [42, 43] was introduced a virtual
interleaving (i.e. redundancy is not computed in consecutive bytes but in an
interleaved representation of them), thus being backward compatible with the
JPEG2000 Part 1 standard; in [44, 46, 54] was used motion compensation by
appropriate translational movements of blocks in adjacent frames; in [45, 62] was
defined a method that employs high frequency sub-bands (LH, HL and HH) in
the current frame and the correctly received previous frame for recovery the lost
LL sub-band in the current frame; in [47] was use the last good received packet
in the same logical and syntactical position of the lost one to approximate
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the original codestream; in [48, 55] were assigned a different protection level
to each part of the codestream by selecting the transmission power from a
continuous range of possible values; in [?] was used main header replacemnt in
case of unsuccessful decoding of the actual frame; in [49, 57, 61] were studied
how the packetization of JPEG2000 packets inside the codestream affects to its
visual degradation; in [53] the lost bit-planes of wavelet coefficients are recovered
according to their distance to edges in four directions; in [59] was proposed a
TCP friendly rate control prediction of packet loss by using the RTT parameter;
and finally in [50] was proposed a new decoder to restore the erased symbols
when the Reed-Solomon decoder fails to retrieve them on its own.





Chapter 4

Quality Metrics

4.1 Introduction
When sending an image trough an erroneous channel it may happen that the
received image has some type of distortion which results in a degradation of
its visual quality. It is important to quantify this amount of degradation in
the way to compare different error protection schemes (see chapter 3.3). This
quantification can be done with what are called quality metrics. The quality
measures generally fall into two categories: subjective and objective.

Subjective quality measures are based on the quality opinion of human ob-
servers. They provide a most convincible gauge considered that Human Visual
System (HVS) is the final receiver of almost all the image/video information.
However, subjective quality measures are expensive, time-consuming, and im-
practical in real applications. More information about HVS metrics can be
found in [66, 67, 68, 69].

In the other hand, objective quality measures are those quantitative mea-
sures which are developed to automatically predict the perceived quality of the
HVS. With a broad range of applications, objective quality measures can be used
to benchmark video codecs, optimize source coding, adjust quality, develop per-
ceptual video compression, etc. Most existing objective image quality measures
are known as Full-Reference (FR) metrics, where a reference image, which is
completely known, is used to compare with the image under assessment. Differ-
ent from FR, No-Reference (NR) image quality measures predict quality from
the image itself without any reference, and are intrinsically difficult. However,
NR quality measures are desirable in practical applications where a reference
image is not available.

The idea of the NR metrics in video transmission is to estimate the quality
of the actual frame by using adjacent frames that posses similar amounts of
wavelet energy. Some information about NR metrics applied to JPEG2000 can
be found in [70, 71, 72, 74, 75, 73].

In the other hand, the most used FR metrics are the Mean Square Error

33
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(MSE), and its logarithmic form the Peak Signal to Noise Ratio (PSNR), the
weighted LP − norm, the Normalized Hybrid Image Quality Metric (NHIQM),
and the new Structural SImilarity Measure (SSIM) [80]. In this work, MSE and
SSIM are explained; more information about LP − norm and NHIQM can be
found in [76, 77, 78, 79].

4.2 Minimum Square Error (MSE)
The simplest and most widely used quality metric is the mean squared error,
computed by averaging the squared intensity differences of distorted and refer-
ence image pixels. It is a full-reference metric since it needs the original image.

Suppose that {X = xi|i = 1, 2, . . . , N} and Y = {yi|i = 1, 2, . . . , N} are the
original and received discrete image signals; N is the number of signal samples
or pixels and xi and yi are the values of the ith samples in x and y respectively.
The MSE between the two signals is:

MSE(X,Y ) = 1
N

N∑
i=1

(xi − yi)2
. (4.1)

MSE can be converted into PSNR as follows:

PSNR(X,Y ) = 10 log10
L2

MSE(X,Y ) , (4.2)

where L is the dynamic range of allowable image pixel intensities:

L = 2b − 1

where b is the bit depth. The MSE can also be expressed as Total Square
Error (TSE):

TSE(X,Y ) = N ·MSE(X,Y ) (4.3)

MSE and PSNR are appealing because they are simple to calculate, have
clear physical meanings and are mathematically convenient in the context of
optimization. But they are not very well matched to perceived visual quality.
The performance of MSE is extremely poor in the sense that images with nearly
identical MSE can drastically be different in perceived quality for different types
of image distortions. The idea is that not all distortions make the same visual
degradation. An illustrative example is shown in figure 4.1, where an original
Einstein image is altered by different types of distortion. It can be seen that the
images with the higher MSE have better quality than the images with the lower
MSE. Furthermore, images with same MSE of about 300 are much different in
terms of quality. The new metric SSIM, which is defined next, seems to be a
good way to quantify how errors affect visual degradation.
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(a) MSE = 0, SSIM = 1. Ref-
erence Image.

(b) MSE = 306, SSIM = 0.928.
Mean contrast stretch.

(c) MSE = 306, SSIM = 0.987.
Luminance shift.

(d) MSE = 309, SSIM = 0.576.
Gaussian noise.

(e) MSE = 313, SSIM = 0.730.
Impulsive noise.

(f) MSE = 309, SSIM = 0.580.
JPEG compression.

(g) MSE = 308, SSIM = 0.641.
Blurring.

(h) MSE = 694, SSIM = 0.505.
Spatial scaling (zooming out).

(i) MSE = 871, SSIM = 0.404.
Spatial shift (to right).

(j) MSE = 873, SSIM = 0.399.
Spatial shift (to left).

(k) MSE = 590, SSIM = 0.549.
Rotation (counter-clockwise).

(l) MSE = 577, SSIM = 0.551.
Rotation (clockwise).

Figure 4.1: Different distortions applied to Einstein image.
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4.3 Structural Similarity Measure (SSIM)
The Structural SImilarity Measure (SSIM) [80] compares local patterns of pixel
intensities that have been normalized for luminance and contrast. Here the
basic concepts are presented; more details can be found on [80, 81].

A widely adopted assumption is that the loss of perceptual quality is directly
related to the visibility of the error signal. The simplest implementation of this
concept is the MSE, which objectively quantifies the strength of the error signal.
But as it has been seen, two distorted images with the same MSE may have
very different types of errors, some of which are much more visible than others.
The SSIM takes into account these concepts:

• Natural image signals are highly structured: their pixels exhibit strong
dependencies, especially when they are spatially proximate, and these de-
pendencies carry important information about the structure of the objects
in the visual scene.

• The luminance of the surface of an object being observed is the product
of the illumination and the reflectance, but the structures of the objects
in the scene are independent of the illumination. Consequently, to explore
the structural information in an image, it makes sense to separate the
influence of the illumination.

An important point is that the three components are relatively independent. For
example, the change of luminance and/or contrast will not affect the structures
of images. Those the metric can be represented as the product of the compo-
nents: luminance comparison, contrast comparison and structure comparison:

SSIM(X,Y ) = l(X,Y ) · c(X,Y ) · s(X,Y ). (4.4)

4.3.1 Luminance comparison
The luminance of a discrete image signal is estimated as the mean intensity:

µx = 1
N

N∑
i=1

xi.

The luminance comparison is then defined as:

l(X,Y ) = 2µxµy + C1

µ2
x + µ2

y + C1
, (4.5)

where C1 is a constant included to avoid instability when µ2
x + µ2

y is very
close to zero:

C1 = (K1 · L)2.

where L is the dynamic range and K1 = 0.01.
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This equation is qualitatively consistent with the HVS, which is sensitive
to the relative luminance change and not to the absolute luminance change. A
good example is the Einstein image in figure 4.1c. Since all pixels have the same
luminance shift, the relative luminance change is the same. The MSE is high
because all pixels are different from the original, however the SSIM, as expected,
is close to 1.

4.3.2 Contrast comparssion
The signal contrast is estimated with the standard deviation (square root of
variance). An unbiased estimate in discrete form is given by:

σx =
(

1
N − 1

N∑
i=1

(xi − µx)2

)1/2

.

The contrast comparison is then defined as:

c(X,Y ) = 2σxσy + C2

σ2
x + σ2

y + C2
, (4.6)

where C2 is a constant included to avoid instability when σ2
x + σ2

y is very
close to zero:

C2 = (K2L)2.

where K2 = 0.03.
An important feature of this function is that with the same amount of con-

trast change, ∆ = σx − σy, this measure is less sensitive to the case of high
base contrast than low base contrast σvx. This is consistent with the contrast-
masking feature of the HVS. A good example is the Einstein image in figure
4.1b. Since all pixels have the same mean contrast stretch, the visual percep-
tion does not change substantially. The SSIM index gives a good value, whereas
MSE quantifies the degradation as if it was a much worse.

4.3.3 Structure Comparison
The correlation between luminance subtraction and variance normalization is
a simple and effective measure to quantify the structural similarity. Notice
that the correlation between (X − µx)/σvx and (Y − µy)/σy is equivalent to the
correlation coefficient between X and Y .

The structure comparison is then defined as:

s(X,Y ) 2σxy + C3

σxσy + C3
, (4.7)

where

σxy = 1
N − 1

N∑
i=1

(xi − µx) (yi − µy) ,
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and C3 is a constant included to avoid instability when the product σvxσvy is
very close to zero:

C3 = (K3L)2.

A good example of how high correlated images give similar visual quality
can be find in figures 4.1h,4.1i,4.1j,4.1k and 4.1l.

Finally applying equations 4.5, 4.6 and 4.7 with C3 = C2/2, to equation 4.4
the SSIM is calculated as:

SSIM(X,Y ) = (2µxµy + C1)(2σxy + C2)
(µ2

x + µ2
y + C1)(σ2

xσ
2
y + C2) . (4.8)

For image quality assessment, it is more appropriate to apply the SSIM index
locally and then combine them together rather than computing one SSIM of the
whole image globally, because of four reasons. First, image statistical features
are usually highly spatially non stationary. Second, image distortions, which
may or may not depend on the local image statistics, may also be space-variant.
Third, at typical viewing distances, only a local area in the image can be per-
ceived with high resolution by the human observer at one time instance. And
finally, localized quality measurement can provide a spatially varying quality
map of the image, which delivers more information about the quality degrada-
tion of the image and may be useful in some applications.

The SSIM is applied to local regions using a sliding window approach. Start-
ing from the top-left corner of the image, a sliding window of B×B moves pixel
by pixel horizontally and vertically through all the rows and columns of the
image. At each step, the local statistics and SSIM index are calculated within
the local window. It can be computed with a square window however with this
method the resulting SSIM index map often exhibits undesirable blocking arti-
facts. A good option is to use a circular-symmetric Gaussian weighting function.
The estimates of local statistics are then modified accordingly as:

MSSIM(X,Y ) = 1
M

M∑
i=1

SSIM(xi, yi). (4.9)

Where xj and yj are the image contents in the jth local window; and M is
the number of local windows of the image.



Chapter 5

Modeling the wireless
channel

5.1 Introduction
Wireless networks suffer from frequent errors and losses due to their vulnerabil-
ity to interference and transmission medium degradation. In those channels fast
fading is a common problem which causes bad signal reception during a certain
period of time, as it can be seen in figure 5.1. In [101] describes that “errors
encountered in digital transmission over most real communication channels are
not independent but appear in clusters”. Such channels are said to exhibit mem-
ory (i.e., statistical dependence in the occurrence of errors), and thus, cannot
be adequately represented by the classical memoryless Binary Symmetric Chan-
nel (BSC). It is important to properly modelize these channels in the aim to
simulate protocol behaviors.

Most wireless models are based on Markov chains. A Markov chain is a
stochastic process with which there is associated a countable state space. Specif-
ically Finite State Markov Chain (FSMC) are usually used. At any given time
the Markov chain resides in one of these sates and in each state the channel

Figure 5.1: Wireless channel typical scenario.
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Figure 5.2: Gilbert-Elliot channel model.

transmits a data symbol with a certain error probability. The main charac-
teristic of these chains is that the transition probability between states is only
dependent upon the present state.

Models with more than two states are based on Hidden Markov Models
(HMM) or Fritchman models. These models may simulate accurately the wire-
less behavior, however it is difficult to derive mathematical formulas from them
and to derive their model parameters from real scenarios. More information
about HMM channels can be found in [?, 87, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98]
for wifi; in [88] for Wimax; and in [99] for GSM. Information on paramater es-
timation from real channels can be found in [83, 84, 85, 86].

An easy and widely used model is a two state chain called the Gilbert model
[102] and its characterization, the Gilbert-Elliot model [103]. This chapter
explains the Gilbert-Elliot model and the codeword error probability of Reed-
Solomon codes under those channels.

5.2 The Gilbert-Elliot model
Gilbert assumed in [102] that the wireless channel may be in one of two states,
a Good state and a Bad state. In the Good state the data symbol is transmitted
correctly, whereas in the Bad state, the data symbol has an error transmission
probability denoted by pe. The transition probability from Good state to Bad
state is pgb, which is generally low; and the transition probability from Bad
state to Good state is pbg, which is often high. The state transition diagram of
this model is shown in figure 5.2. The state transition probability is defined as:

P =
(
pgg pgb

pbg pbb

)
where

pgg = 1− pbg,

pbb = 1− pgb.

The elements of matrix can be calculated counting occurrences of states in
a simulated trace:
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pgb = Ogb

Og
,

pbg = Obg

Ob
.

where Ogb is the number of occurrences of Good states followed by Bad
states; Obg is the number of occurrences of Bad states followed by Good sates;
and Ob and Og are the total occurrences of Bad sates and Good states respec-
tively.

Let π =
(
πg πb

)
be the steady state probabilities vector. It can be

expressed as: {
πg = pbg

pbg+pgb

πb = pgb

pbg+pgb

Then, the average Symbol Error Rate (SER) is:

SER = peπb = pepgb

pbg + pgb
.

The Gilbert model is usually used to simulate bit level traces. For data
symbols larger than a bit, the error transmission probability in the Bad state
can be approximated by one (pe → 1). This model is called the Gilbert-Elliot
model [103, 104, 105], which makes easier to derive mathematical expressions
necessary for this thesis. Now, the SER can be expressed as:

SER = πb = pgb

pbg + pgb
. (5.1)

Let Lg and Lb be the length of the Good and Bad bursts respectively. They
are both geometric random variables with probability mass function:

P [L = gi] = pi−1
gg pgb,

P [L = bi] = pi−1
bb pbg.

The mean and variance values are expressed as:

Lg = E[Lg] = 1
pgb

, (5.2)

Lb = E[Lb] = 1
pbg

. (5.3)

σ2[Lg] = E[(Lg − Lg)2] = 1− pgb

p2
gb

,

σ2[Lb] = E[(Lb− Lb)2] = 1− pbg

p2
bg

.
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Figure 5.3: Error bursts (a) and error-free (b) lengths distribution.

In figure 5.3, Lg and Lb are plotted for a byte trace obtained from [114].
The pattern corresponds to a wireless link with Carrier to Noise ratio of C/N
= 11dB. The transmission mode is mode 4 with QPSK modulation, the coding
rate is 3/4 and the nominal data rate RNominal is 18 Mbps.

5.2.1 Generalization at packet level
When transmitting data through a network, bytes are grouped together in pack-
ets. In Internet, TCP/UDP packetization is generally used and specifically UDP
is usually used in real-time applications. The UDP [115] protocol defines a CRC
error control for all data within a packet. If one or more bytes are erroneous,
then the whole packet is discarded. The memory behavior of wireless channels
has a big impact on channel packetization. Large packets are more sensitive to
errors since it is easier to have an erroneous byte inside, however small packets
may increase too much the data to be send due to overheading. An illustra-
tive example of derived traces from a single byte trace is presented in figure 5.4.
Good and Bad states are associated with “0” and “1” trace element respectively.

The Packet Error Rate can be obtained from equation 5.1 as follows:

PER = 1− (1− SER)pLpacket−1
gg .

where Lpacket is the packet length. Intuitively the derived packet traces
can be also modeled with a Gilbert-Elliot model with new ppacket

gb and ppacket
bg

parameters. Both values should be obtained from pgb, pbg and Lpacket. However,
at the moment of writing this thesis, no formula could be derived or found
to support this hypotheses. The idea is that if Lb ≈ Lpacket, then packet
burst length may be approximated by Lbpacket ≈ Lb/Lpacket. Unfortunately
no expressions could be derived when Lb � Lpacket. Some more information
related to this issue can be found in[106].

As it can be seen in figure 5.4, packetization has the effect of increasing the
number of erroneous bytes, thus the perceived channel statics at application
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Figure 5.4: Example of derived traces at packet level.

level are not the same than the original ones. This new equivalent byte level
traces can be expressed as:

pequiv
gb = ppacket

gb /Lpacket,

pequiv
bg = ppacket

bg /Lpacket,

Lbequiv = Lbpacket · Lpacket,

Lgequiv = Lgpacket · Lpacket.

From last equations, it can be checked that indeed, SERequiv = PER. In
figure 5.5 Lgequiv and Lbequiv are plotted for derived packet traces from the
same byte level trace of figure 5.3. The packets length are 512 bytes, 640 bytes,
768 bytes and 896 bytes. From now to the end of this thesis, channel statics
parameters will be assumed to be at equivalent byte level.

5.2.2 Interleaving on the Gilbert-Elliot channel
The channel statics in figure 5.5 may be very harmful for JPEG2000 wireless
streaming applications. Actually, with the best Reed-Solomon code defined in
the standard, the maximum burst error which is capable to correct is 48 bytes
length, far away from the mean channel burst length. Interleaving consists in
spreading over time consecutive data symbols in the aim to avoid error bursts.
Generally a square matrix is used to perform interleaving. Data symbols are
write over rows and then a new data sequence is read through columns. The
number of columns is the distance between adjacent data symbols, what it is
called bit depth. Interleaving is frequently used on bursty channels as mobile
one since it allows randomization of the errors on a Reed-Solomon codeword
[106, 107, 108, 109, 110, 111, 112, 113].

In figure 5.6 an illustrative example of interleaving behavior is presented.
Consider a bitstream protected with RS(5,1), then the correction capability of
the code is 2 channel errors. The bitstream is send ed trough a channel with
error bursts of 4, 3 and 1 symbols length. In the non interleaving case, only the
last burst can be corrected. In the interleaving case, the original data sequence
is interleaved with depth N = 6 symbols. The interleaving breaks the correlation
of the long error bursts, making possible to correct all the erroneous bytes.
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Figure 5.5: Error bursts and error-free lengths distribution for derived packet
traces.
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(a) No interleaving.

(b) Interleaving.

Figure 5.6: Effect of errors for error correction in a Gilbert-Elliot channel.
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From [116], the correlation between two consecutive error symbols in a
Gilbert-Elliot channel is:

ρ = pbb + pgg − 1, (5.4)

Then, the transition probabilities can be expressed as:

pbg = (1− SER) · (1− ρ), (5.5)
pgb = SER · (1− ρ). (5.6)

With interleaving, the correlation between two consecutive symbols decreases
by ρI , where I is the interleaving depth. Then, the probabilities from equations
5.5 and 5.6 can be expressed as:

pI
bg = (1− SER) · (1− ρI),
pI

gb = SER · (1− ρI).

The mean burst and error-free lengths are also are reduced by:

LgI = Lg · 1− ρ
1− ρI

= 1
pI

gb

,

LbI = Lb · 1− ρ
1− ρI

= 1
pI

bg

.

As interleaving increases, the error distribution of the channel becomes more
uniform, resulting in a memoryless Binary Symmetric Channel (BSC) with same
SER. Indeed:

lim
I→∞

pI
gb = SER,

lim
I→∞

pI
bg = 1− SER,

lim
I→∞

Lg = 1
SER

,

lim
I→∞

Lb = 1
1− SER.

In figure 5.7, Lg and Lb are plotted as function of the interleaving depth for
the same packet traces used in figure 5.5.
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Figure 5.7: Mean error bursts and error-free lengths distribution as function of
interleaving depth for derived packet traces.
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5.2.3 Correction error probability
The probability of having residual errors in a codeword after error correction for
Reed-Solomon codes in a Gilbert-Elliot channel was first studied in [106, 117,
118, 119, 120, 121, 122]. However, only [116] gives an exact formula:

Pcw(n, k) =
n∑

m=t+1
P (m,n). (5.7)

where P (m,n) is the probability of having exactly m errors in n consecutive
symbols:

P (m,n) = PG(m,n) + PB(m,n).

where PG(m.n) is the probability of having exactly m errors in n consecutive
symbols and ending in the Good state, whereas PB(m,n) assumes that Bad is
the last state. They both are recursive formulas computed as follows:

PG(m,n) = PG(m,n− 1)pI
gg + PB(m,n− 1)(1− pI

bb),
PB(m,n) = PG(m− 1, n− 1)(1− pI

gg) + PB(m− 1, n− 1)pI
bb.

For n = 1, 2, 3 . . . and m = 0, 1, . . . n for PB(m,n) and m = 0, 1, . . . n− 1 for
PG(m,n).

Figure 5.8: Codeword error probability for derived packet traces.
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The initial conditions for the recursion are:

PB(0, 0) = SER

PG(0, 0) = 1− SER.

and PG(m, 0) = PB(m, 0) = 0 for m 6= 0.
As explained in last section, with infinite interleaving, the Gilbert-Elliot

channel can be treated as a BSC channel with same SER. From [123], the
codeword error probability in a BSC channel is:

Pcw−bsc(n, k) ≤
n∑

m=t+1

(
n
m

)
BERm · (1−BER)n−m

. (5.8)

In figure 5.8, equation 5.7 is plotted for different interleaving depths along
the 19 Reed-Solomon codes defined in the JPWL standard (see section 3.2.1),
and equation 5.8 is plotted with a dashed line. It can be seen that for low
Reed-Solomon codes, interleaving is harmful. This happens because interleav-
ing reduces not only the correlation between error symbols but also between
error-free symbols. Since the SER remains constant, increasing the interleaving
depth reduces the bursts length at expense of increasing the number of bursts.
Low Reed-Solomon codes may not be capable to correct even the new channel
statics, thus the error probability increases. More information about the effect
of imperfect interleaving can be found in [108, 109].





Chapter 6

Successful decoding rate for
JPEG2000

6.1 Introduction
Channel errors may affect the quality of a decoded image, thus it is of vital
importance to protect bitstream data with the optimal Reed-Solomon codes de-
pending on the channel characteristics. In section 3.3 several techniques to pro-
tect JPEG2000 codestreams are introduced. Most of these protection schemes
were tested in no reliable channels such as Binary Simetric Channel (BSC)
which not fits the real wireless scenario. When Gilbert-Elliot traces were used,
the channel parameters were not obtained from real patterns. Furthermore, er-
rors were usually simulated at byte level, without taking into account the effect
of packetization explained in section 5.2.1. All these simplifications resulted in
a really good performance of the proposed protection algorithms and no need
of interleaving was necessary to strengthen them.

Besides the image quality, another factor of equal or more importance is the
rate of successfully decoded frames. Residual errors in specific positions may
corrupt the JPEG2000 codestream structure, making imposible for the receiver
to decode the image. At the moment of writing this thesis, no research article
was found about the effect of channel errors in the decoding rate.

This chapter adapts the theory explained in chapter 5 to the JPEG2000
standard. How to perform interleaving is explained in section 6.2; the codeword
error probability for JPWL is studied in section 6.3; and finally a successful
lower bound limit for the decoding rate is derived in section 6.4.

6.2 Interleaving for JPWL videos
The interleaving for general video transmission was first studied in [124, 125, 126,
127, 128, 129, 130, 131]. Few research has been done adapting interleaving to

51



CHAPTER 6. SUCCESSFUL DECODING RATE FOR JPEG2000 52

JPEG2000 videos. In [132] interleaving subjected to a delay constraint for video
streaming was studied. However the article was developed before the appearance
of JPWL standard [8], thus they used their own FEC codes. The second research
in interleaving was presented in [42]. They propose a modification of the JPWL
marker segments for performing interleaving. Nevertheless, in both articles, no
equations were given relating the interleaving depth with the quality or the rate
of successfully decoded images.

Interleaving is usually performed using a matrix as explained in section 5.2.2.
In figure 5.6b, bytes number 1 and 2 are spaced by the interleaving depth N = 6,
bytes number 1 and 3 are separated by 2N , and bytes number 1 and 4 are
separated by 3N . However, bytes number 1 and 5 are contiguous instead of
being separated by 4N . This is consequence of the number of rows in the
matrix. A small number of rows may reduce the theorical interleaving depth
and the codeword error probability equations may not be longer valid. A perfect
interleaving should be done with an interleaving matrix with the same number
of rows than the length of the data to be interleaved. Byte stuffing would be
necessary to fill the whole matrix. This would increase the data to send by
a factor of N , which is obviously impractical. Fortunately, the matrix can be
much more smaller. Channel errors affect only to the codeword within they have
fall, thus bytes of different codewords are not necessary to be spaced. Then, the
minimal number of rows has to be equal to the codeword length, which is 32
bytes for the JPWL standard. Figure 6.1 shows a practical example of a small
interleaving matrix.

Under strong channel errors, the required interleaving depth may be larger
than the codestream length. In these cases, interframe interleaving (i.e. fill the
interleaving matrix with more than one frame) would use more efficiently the
available bandwidth of the channel. Figure 6.2 represents an interlaving matrix
containing 3 frames.

Two types of interleaving are considered: the classical one fills the interleav-
ing matrix with the whole JPWL codestream; the second interleaving method
is called pre-FEC interleaving. In this method redundancy is not computed

Figure 6.1: Example of inefficient interleaving matrix.
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Figure 6.2: Inter-frame interleaving.

in consecutive bytes but in an interleaved representation of them, and does
not modify at all the position of the real compressed data. Both schemes are
represented in figure 6.3. The pre-FEC interleaving applied to JPEG2000 is
studied in [42]. The main characteristic of this interleaving is that is backward
compatible with JPEG2000 Part 1 [1], thus any decoder can decode the image.
However as only parity bytes are interleaved, remaining parts of the JPEG2000
codestream are still significantly sensitive to transmissions errors. In this thesis
the classical interleaving scheme is used.

6.3 JPWL codeword error probability
Section 5.2.3 gives the exact codeword error probability for Reed-Solomon codes
in Gilbert-Elliot channels. However, JPEG2000 Wireless standard separates re-
dundancy and original data in different positions inside the codestream (see
figure 3.4), thus equation 5.7 may not be valid. If original data and its redun-
dancy are enough separated to be considered as independent processes, the new
codeword error probability can be calculated as:

Pcw−jpw(n, k) = P (0, k)
r∑

m=t+1
P (m, r) + P (1, k)

r∑
m=t

P (m, r) + . . .+

+P (t, k)
r∑

m=1
P (m, r) +

k∑
m=t+1

P (m, k)
r∑

m=0
P (m, r).(6.1)

First term of each addend refers to errors in original data and second term
refers to errors inside the redundancy. This new equation requires much more
time to be computed than 5.7 and may not be useful for real-time applications.
Let ε be the estimation error using equation 5.7 instead of equation 6.1:

ε = Pcw(n, k)− Pcw−jpw(n, k)
Pcw−jpw(n, k) .
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(a) Classical interleaving.

(b) Pre-FEC interleaving.

Figure 6.3: Different interleaving schemes.
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In figure 6.4 the estimation error for the derived packet traces is plotted. The
maximum estimation error is of 10% for the stronger Reed-Solomon codes, which
anyway had a codeword error probability of Pcw(n, k) < 10−6 (see figure 5.8).
Hence, equation 5.7 seems to be a good approximation to compute the codeword
error probability of JPEG2000 Wireless images in Gilbert-Elliot channels.

(a) Packet length = 512 bytes. (b) Packet length = 640 bytes.

(c) Packet length = 768 bytes. (d) Packet length = 896 bytes.

Figure 6.4: Estimation error.

6.4 Minimum successful decoding rate
The successful decoding rate can be expressed as being free of errors after error
correction in the main header, in any of the tile-part headers, in the EPBs
marker segment fields used to protect the bitstreams, and in the EOC marker
segment:

Sframe ≥ (1− Pmain) · (1− Ptile1) · (1− Pbs1) · . . . ·
· (1− PtileN ) · (1− PbsN ) · (1− Peoc) . (6.2)

The lower bound limit is explained for two reasons. First, residual errors in
marker segment fields might be valid values defined in the standard. Neverthe-
less these errors may cause extremely low quality images that should not been
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considered as successfully decoded. Secondly, the number of bytes to protect
with a Reed-Solomon code, may not be multiple of the codeword length, thus
byte stuffing is used up to fill the codeword. If for chance the residual errors
fall only inside the noninformation data, the decoding rate will not be affected.

The effect of residual errors in marker segments is shown in figures 6.5, 6.6,
6.7 and 6.8. All images have only 1 or 2 residual errors. The reference image is
a 2k image with three components and one tile. These figures show that errors
in headers are extremely harmful in terms of quality and successful decoding.
In [75] a method to compute a no-reference approximation of the PSNR can be
used for the receiver to discard bad images.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

(u) (v) (w) (x)

Figure 6.5: Effect of residual errors in COD (a) - (h); COC1 (i) - (q); and COC2
(r) - (x).
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n)

Figure 6.6: Effect of residual errors in QCD (a) - (j); QCC1 (k) - (l); and QCC2
(m) - (n).

(a) (b) (c) (d)

Figure 6.7: Effect of residual errors in SIZ.

(a) Image quality. (b) Successful decoding rate.

Figure 6.8: Effect of residual errors in marker segments.
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As explained in section 3.2.1, the first EPB for the main header protects itself
along with the SOC and SIZ markers with RS(160,64); additional EPBs protects
themself with RS(40,13); and the rest of the marker segments are protected with
the code defined in the corresponding EPB field. Then, the probability of having
residual errors in the main header can be expressed as:

Pmain = 1− (1− Pcw (160, 64)) · (1− Pcw (na, ka))a ·
· (1− Pcw (40, 13)) · (1− Pcw (nb, kb))b · . . . (6.3)

where a is the number of codewords protected using the first EPB, b is the
number of codewords protected using the next EPB, and so on.

The tile-part header is protected in the same way at exception of the first
EPB that protects itself along with the SOT marker with RS(80,25). Then, the
probability of having residual errors in a tile-part header is:

Ptile = 1− (1− Pcw (80, 25)) · (1− Pcw (nc, kc))c ·
· (1− Pcw (40, 13)) · (1− Pcw (nd, kd))d · . . . (6.4)

where c is the number of codewords protected using the first EPB, d is the
number of codewords protected using the next EPB, and so on.

The EPBs of a bitstream are inside its tile-part header, thus they are always
protected with RS(40,13):

Pbs = (1− Pcw (40, 13))Np (6.5)

where Np is the number of JPEG2000 packets with protection in this tile-
part. Here, it is important to notice that this term is independent of the codes
used to protect the bitstream data. Residual errors in the bitstream codewords
do not affect on the decoding but on the quality of the decoded image. The
number of JPEG2000 in a tile-part is:

Np = Q ·R · C · P

where Q is the number of quality layers, R is the number of resolution levels,
C stands for the number of components, and P is the number of precincts.

Finally, the EOC marker is protected within the last JPEG2000 packet of
the whole codestream:

Peoc = Pcw (nlast, klast) . (6.6)

where nlast and klast are the protection for the last packet in the codestream.
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6.5 Simulations and results
A video [136] of 200 frames is send through the Gilbert-Elliot channel detailed in
section 5.2. The codestream is packetized with the Real-time Transfer Protocol
(RTP) [137] using packet lengths of 512, 640, 768 and 840 bytes. RTP is an
application layer component based on UDP [115] as a transport mechanism.
RTP relies on upper layer to handle the network congestion and packet loss, is
therefore suitable for delivering data with time deadline. The RTP/UDP/IP
header is 36 bytes length.

The main program is wrote with Visual C/Matlab; the codecs used are
OpenJPEG version 1.3 [133], which are the only one at the moment of writing
this thesis with JPWL capabilities; real traces parameters are obtained from
[114] and test sequences are created with Matlab’s function hmmgenerate; a
Matlab implementation for the SSIM index was obtained from [135] and JasPer
codecs [134] were used to compute the PSNR of JPEG2000 images.

JPEG2000 codestreams are encoded using only the mandatory marker seg-
ments, at exception of the CME for copyright information and the EPBs. Only
one EPB is used for the main header and only one EPB is used for the tile-part
header. The Reed-Solomon codes used for the marker segments are the same as
the predefined code of its EPB, which are RS(160,64) for the main header and
RS(80,25) for the tile-part header. The detailed characteristics are:

Video characteristics:

• 30 fps

• Resolution: 352x288 pixels

• Size of codeblocks: 64x64

• # precincts: 1

• # tiles: 1 (no offsets used)

• # components: 1

• # resolution levels: 6

• # quality layers: 3 (compression rate 20, 10 and 5 respectively)

• # JPEG2000 data packets: 18

Channel characteristics:

• pgb = 0.052270542405086, pbg = 0.000236879432624 (byte level parame-
ters)

• Available bandwidth = 18 Mbps
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Figure 6.9: Codestream protection for speedway video.

The codestream model for all frames is presented in figure 6.9. Adjusting cor-
rectly the parameters of equation 6.2 the successful decoding rate for this video
is:

Sframe ≥ (1− Pcw (160, 64))3 · (1− Pcw (80, 25))2 ·
· (1− Pcw (40, 13))18 · (1− Pcw (nlast, 32)) . (6.7)

In figure 6.10 the successful decoding is plotted (named as Real) along with
the rate of frames without errors in the marker segments (named as Minimum
simulated). The mean PSNR of the frames that have been decoded only in the
first case is ~27,5 dB which is extremely bad for this video.

A sender may use equation 6.7 to choose the best RTP packet size to send
the video constrained to a minimum expected successful decoding rate and a
maximum available bandwidth. Small RTP packets are less sensitive to chan-
nel errors, thus the number of decoded frames is expected to be high; however
the increase of overhead data makes that less bandwidth can be used for pro-
tection, hence the overall PSNR may be reduced. In this simulation, same
Reed-Solomon codes are used for the whole bitstream, what is so-called Equal
Error Protection (EEP), constrained to the available bandwidth of the channel.
The Reed-Solomon codes used and the mean PSNR of the video are presented
in table 6.1. Using the Unequal Error Protection (UEP) schemes presented in
section 3.3, should improve the overall PSNR.

If the desired ratio of decoded frames is 90%, packet length of 896 bytes
should be discarded. Among the other three packet lengths, the best choice is
not necessary the one which guarantees the maximum decoding rate. The Reed-
Solomon codes used for the RTP packet lengths of 512 and 640 bytes cannot
protect effectively bitstream data against channel bursts and the image quality
after error correction for these packets is far from good. Then, the best packet
length to transmit the video through this channel is 768 bytes.
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(a) Packet length = 512 bytes. Max. decoding
= 0.9979. PSNR = 27.450 dB.

(b) Packet length = 640 bytes. Max. decoding
= 0.9829. PSNR = 27.441.

(c) Packet length = 768 bytes. Max. decoding
= 0.9162. PSNR = 27.556.

(d) Packet length = 896 bytes. Max. decoding
= 0.7516. PSNR = 27.600 dB.

Figure 6.10: Successful decoding rate for speedway video.

Packet length RS code PSNR (dB)
512 bytes RS(56,32) 28.679
640 bytes RS(64,32) 28.811
768 bytes RS(80,32) 37.036

Table 6.1: Video mean PSNR for speedway video using EEP.
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Conclusions and future
work

This thesis investigated in a quantitative way the relation between interleaving
and the effect of channel errors on the successful decoding rate of JPEG2000
videos transmitted through wireless channels. A lower bound expression to
assure a specific ratio of decoded frames is derived. The formula fits very well the
real decoding rate in different simulated channels obtained from real scenarios.

To the knowledge of the author, this is the first study addressed to the
decoding rate issue. All existing EPS focused to improve the received image
quality, and almost none of them studied the decoding rate problem. In some
applications frame loss can be more critical than the image quality. The new
derived equation may be used by a sender to optimally adapt the transmission
parameters to channel conditions.

The author proposes next related topics for further investigation:

• Test the minimum successful decoding rate equation in real channels using
client/multi-server scenarios.

• Since the decoding rate is independent of the protection used in bitstream
data, it can be integrated with existing EPBs. Research done in [36, 43,
58, 59] seems to be good candidates.

• As it has been seen, errors in marker segments have a big impact on the
decoding rate. For future work it could be interesting to study the header
recovery techniques proposed in [138, 139] to ameliorate the successful
decoding rate. In video sequences is likely that contiguous frames have
same coding parameters. The idea of header recovery is to use use specific
parts of the headers of previous frames to replace the corrupted one. At
that moment, no research articles have been done in such way.

• Find a trade-off between the time needed to perform interleaving and the
desired rate of correctly decoded frames. A large interleaving matrix con-

62
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taining several frames may not be viable in real-time applications. That’s
it, find the optimal interleaving depth for each scenario.

• Derive the packet level parameters from the byte level parameters for
Gilbert-Elliot channels. This could be really useful in the development
of an algorithm to optimally choose best TCP/UDP packet length which
guarantees the maximum decoding rate with enough image quality.
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