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Abstract
Wireless imaging services suﬀer large impairments due to the hostile nature of the wireless channel. Given the limited and expensive channel bandwidth and the high data demanding nature of these services, it becomes
a challenging task to provide high quality of service in such error prone
channels. Clearly, suitable error protection is necessary in order to maintain suﬃcient quality of these services under various channel conditions. In
this report, therefore, we have investigated diﬀerent channel error protection
schemes for a wide range of channel conditions and coding rates. Two unequal error protection (UEP) schemes have been examined for JPEG2000
images exploiting useful features of the JPEG2000 codestream and using the
error protection tool set provided by wireless JPEG2000 (JPWL). Taking
the importance of the initial codestream packets on the reconstruction of the
image at the receiver into account, the ﬁrst scheme uses all the additional
bandwidth resources in protecting the initial packets of the codestream. The
rest of the packets, which are of relatively low importance, are transmitted
without any parity symbols assigned to them. In the second UEP scheme,
the initial parts of the codestream are strongly protected by assigning them
an increased amount of parity symbols. In addition, the tail packets of the
codestream are also protected but using a weaker error control code compared
to the initial packets.
The performance of the proposed UEP schemes has been investigated in
terms of the peak signal-to-noise ratio as a typical ﬁdelity metric and three
perceptual quality metrics, namely, the Lp -norm, the structural similarity
index, and the visual information ﬁdelity criterion. Numerical results of the
proposed UEP schemes have been compared with conventional equal error
protection (EEP) over additive white Gaussian noise (AWGN) channel as
well as Rayleigh fading channel in the presence of AWGN. The results reveal
the superior performance of the suggested UEP schemes compared to EEP
over a range of channel signal-to-noise ratios and code rates.
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Chapter 1
Introduction
With the advent of third generation mobile radio networks, there has been
a growing interest in multimedia services such as imaging along with stringent demands on quality of service (QoS). This type of services is usually
source encoded to conserve bandwidth but at the cost of rendering the compressed signals highly susceptible to transmission errors. As such, powerful
error control coding is typically utilized to oﬀer suﬃcient error resilience to
multimedia services in mobile radio systems. In addition, unequal error protection (UEP) may be applied to exploit the diﬀerent importance of source
encoded signals for the reconstruction at the receiver such that bandwidth is
conserved by keeping the total overhead for error control small.
JPEG2000 [1] is a suitable candidate for the deployment of wireless imaging services due to its favorable features. These include excellent compression performance, error resilience, hierarchical nature of the generated codestream, support of progressive encoding and decoding with respect to quality
and spatial resolution, and region of interest (ROI) coding. These features
of JPEG2000 may help wireless imaging applications to deal with the errors
that the image codestream may have encountered during transmission over
wireless channel, and to help maintain the quality of these services. Moreover, its most recent part referred to as wireless JPEG2000 (JPWL) [2] has
provided a complete tool set for error detection and correction by oﬀering
a wide range of error control codes. As such, JPWL has further elevated
the suitability of JPEG2000 images among the contemporary image coding
standards for wireless imaging services. However, the task of conﬁguring this
tool set and choosing the error control codes that meet the requirements of
a particular wireless imaging system within the available resources is left to
the system designer to perform.
Accordingly, diﬀerent approaches have been reported in literature [3, 4, 5],
trying to ﬁnd suitable channel codes to cope with channel errors and revealing
3
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the superior performance of UEP schemes over classical equal error protection (EEP) scheme. The UEP scheme proposed in [3] optimizes combined
source and channel coding rates using bit error rate (BER) statistics and rate
distortion information of JPEG2000 encoded codestream. Rate-compatible
punctured convolutional (RCPC) codes have been applied to provide error
protection to the multilayered JPEG2000 codestream at the given total coding rate. A binary symmetric channel (BSC) with bit error rate of 10−2 was
adopted in simulations for performance analysis of the UEP scheme. The approach reported in [4] applies UEP to the JPEG2000 image codestream such
that only image header and the ﬁrst few packets are protected using RCPC
codes along with an interleaver. Certain assumptions have been made for
the encoding of the JPEG2000 images including single tile and single layer
encoding as well as inclusion of the start of packet (SOP) marker and the
packed packet headers (PPM) marker segment into the codestream. In [5],
a technique has been proposed that searches for a suboptimal UEP scheme
for JPEG2000 codestream which maximizes the peak signal-to-noise ratio
(PSNR) for a given channel BER and coding rate using Reed-Solomon (RS)
codes. A virtual interleaving is also performed before transmission to help
the decoder in recovering the lost packets in a packet loss channel.
Apart from the fact that the above discussed schemes are not consistent
with JPWL, their performance assessment is based on link layer metrics
such as BER or ﬁdelity metrics such as PSNR. These metrics are widely
criticized for their poor correlation with human quality assessment [6, 7]. On
the other hand, subjective tests as an ultimate tool to judge user-perceived
quality are expensive, time consuming and not suitable for quality monitoring
in live systems [6, 8]. Therefore, a number of perceptual quality metrics
have been developed to mimic the operation of the human visual system
(HVS) including the perceptual relevance weighted Lp -norm [9], structural
similarity (SSIM) index [6] and visual information ﬁdelity (VIF) criterion
[12]. In contrast to ﬁdelity metrics that quantify the quality through pixel by
pixel comparisons between distorted and reference images, perceptual quality
metrics are based on analyzing impairments in the structural information of
an image. As such, using perceptual quality metrics in technical systems for
quality monitoring and evaluation of the error protection schemes instead
of ﬁdelity metrics may improve the system performance which better suits
human viewers.
In this report, we have introduced two UEP strategies for JPEG2000 images. The ﬁrst strategy utilizes all the additional bandwidth resources for
initial and most important packets of the JPWL codestream by applying error protection to these packets while the ending packets are left unprotected.
In the second strategy, the available bandwidth is shared among the pack-
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ets in such a way that initial packets get a better protection while the tail
packets get a comparatively weaker protection against channel errors. These
strategies are computationally simple yet very eﬀective in many scenarios
speciﬁcally in the cases where diﬀerent parts of the image codestream can
be divided into two levels of importance. One application of this type of
strategies is in ROI coded images where ROI part of the codestream is more
important in terms of reconstructed image quality compared to the rest of
the codestream. Though these strategies are investigated for two levels of
protection, they are easily extendable to any number of levels. Furthermore,
both of the proposed UEP strategies are fully consistent with JPWL.
As mentioned above, the perceptual quality metrics possess a better correlation with human perception, we therefore base our performance assessment
of UEP and EEP schemes on the aforementioned perceptual quality metrics.
In particular, the examined UEP schemes take advantage of the progressive
encoding of JPEG2000 and the related diﬀerent levels of importance of the
involved packets for image reconstruction at the receiver. The numerical results reveal the superior perceptual quality performance of the selected UEP
schemes over EEP for a range of channel conditions and code rates.
The rest of this report is organized as follows. In Chapter 2, some background on wireless JPEG2000 is provided. Chapter 3 gives a brief overview
on image quality assessment in terms of ﬁdelity metrics and perceptual quality metrics. The proposed UEP strategies are introduced in Chapter 4 and
related numerical results along with discussions are presented in Chapter 5.
Finally, conclusions are drawn in Chapter 6.

Chapter 2
Wireless JPEG2000
The JPEG2000 image coding standard [1] contains several tools for error resilient image coding including error concealment and decoding process synchronization that help the decoder in dealing with errors [10]. These tools,
however, do not provide suﬃcient error resilience necessary for keeping the
desirable quality of wireless imaging services under diﬀerent channel conditions and bandwidth constraints. JPWL [2], on the other hand, addresses
this shortcoming by providing a complete tool set for protection against channel errors. JPWL provides the applications with the ﬂexibility of choosing
error control codes from a wide range of channel codes ranging from simple
16 and 32-bit cyclic redundancy check codes to more powerful RS codes, that
suit them under given constraints.

2.1

JPWL System Description

A JPWL system can be applied to an input source image or to a JPEG2000
Part 1 encoded image. Typical conﬁgurations for both the aforementioned
cases are shown in Fig. 2.1. In the former case, on the transmitter side, the
JPWL encoder consists of three concurrent modules: A JPEG2000 Part 1
encoder, an error sensitivity generator and an error protection tool. After
converting the input image to JPEG2000 Part 1, computing error sensitivity
of diﬀerent parts of the generated codestream for bit errors and applying
error protection, the JPWL encoder generates the codestream which can be
transmitted over any error prone channel. On the receiving end, an error
correcting process, a residual error description generation and JPEG2000
Part 1 decoder constitute the JPWL decoder as shown in Fig. 2.1a.
In the later case, the JPWL encoder and decoder are composed of JPWL
transcoders for both transmitter and receiver sides. Speciﬁcally, at the trans6
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Figure 2.1: JPWL system description [2]: (a) JPWL encoder and decoder,
(b) JPWL transcoder.
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mitter, the JPWL transcoder applies error protection to the JPEG2000
Part 1 codestream and generates the JPWL codestream while the JPWL
transcoder at the receiver end does the reverse and generates a JPEG2000
Part 1 codestream out of the JPWL codestream as shown in Fig. 2.1b. In
addition, the transcoder at the receiver generates a residual error descriptor
which can be used by the JPEG2000 decoder to deal with residual errors.

2.2

JPWL Marker Segments

In order to provide error protection to JPEG2000 images, JPWL introduces
the following four new marker segments [2] in the JPEG2000 codestream.
The error protection capability (EPC) marker segment contains the information about diﬀerent normative and informative tools used for error protection. The parity symbols added to the codestream for its protection are
contained in the error protection block (EPB) marker segment. Locating the
uncorrectable errors in the codestream is the purpose of the residual error
descriptor (RED) marker segment. In addition, the RED marker segment describes the categories of these errors. The sensitivity of diﬀerent parts of the
codestream to channel errors is described in the error sensitivity descriptor
(ESD) marker segment. The ESD marker segment represents the contribution of each part of the codestream in the reconstructed image quality. In
other words, it represents the quality loss that might occur in the case of
loosing any part of the codestream.
Diﬀerent ﬁdelity metrics are included to indicate the error sensitivity of
the codestream including mean squared error (MSE), PSNR, absolute peak
error and total squared error. The error sensitivity information may assist in
selecting a suitable error protection strategy for protecting the codestream
against channel errors. Another powerful feature of the ESD marker segment
is to give the decoder an estimate of the image quality (or quality loss) for
partial image decoding made by combining only the initial error free parts
of the codestream and discarding the erroneous parts.
The usefulness of the ESD marker segment can be further enhanced in
the following two ways. Firstly, the perceptual quality metrics exhibit better correlation with human perception. Using a perceptual quality metric as
error sensitivity descriptor instead of the ﬁdelity metrics suggested in JPWL
will give a better perceptual quality estimate to the decoder for both partial
and complete decoding of the image. Secondly, the existing ESD constellations for JPWL fail to give any quality estimate if the decoder has to decode
erroneous parts of the codestream. This shortcoming is due to the use of full
reference metrics in ESD marker segments. Using reduced-reference quality
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metrics may overcome this shortcoming by computing these error sensitivity
values for the reconstructed image and comparing them with the same values calculated by the encoder. Further, this quality assessment can be done
even for codestreams having residual errors which is not the case with the
full-reference metrics speciﬁed for the JPWL-ESD marker segment.
It should be noted that JPWL oﬀers an option for future use that allows
for inclusion of an additional error sensitivity descriptor other than the existing metrics. This may be exploited by using reduced-reference perceptual
image quality metrics such as the Lp -norm as suggested in [11]. In this way,
objective image quality assessment can be executed that is more consistent
with subjective quality without requiring the presence of the reference image
at the receiver.

Chapter 3
Image Quality Assessment
Several ways have been used to assess and quantify the quality of an image. Subjective experiments are considered to be the best as for as quality
assessment is concerned. On the other hand, as mentioned earlier, they are
time consuming, expensive and not possible to implement in most of the live
imaging systems [8, 6]. The objective quality metrics such as ﬁdelity metrics
and perceptual quality metrics, are most commonly used alternatives to the
subjective tests. Some of the objective quality metrics are described in the
sequel.

3.1

Fidelity Metrics

These classical approaches use simple mathematical techniques to quantify
the quality of an image without considering the properties of the human
visual system.

3.1.1

Mean Squared Error

The MSE is a very commonly used error metric which provides a way to
quantify the diﬀerence between the reference signal and its estimate. For an
image of size M × N , MSE is computed as
M SE =

M ∑
N
1 ∑
(x̂i,j − xi,j )2
M N i=1 j=1

(3.1)

where x̂i,j and xi,j are values of the pixels located at ith row and j th column
of distorted and the reference images, respectively.
10

Image Quality Assessment

3.1.2

11

Peak Signal-to-noise Ratio

As name suggests, PSNR is the ratio of peak signal to noise and it is usually
represented in decibel (dB). The PSNR of a distorted image can be computed
as
(
)
2
Xmax
(3.2)
P SN R = 20 · log10
M SE
where Xmax is the dynamic range of the image pixel values. For image pixels
represented as 8-bit per pixel, for example, the dynamic range is given as
Xmax = 255.

3.2

Perceptual Quality Metrics

Due to the poor correlation of ﬁdelity metrics with human perception [6, 7],
including those suggested in JPWL-ESD marker segment, perceptual quality metrics are adopted for performance assessment of the suggested error
protection schemes. The perceptual quality metrics base their quality assessment on the structural information present in both reference and distorted
images which leads to a better quality estimate compared to ﬁdelity metrics.
Some of the perceptual metrics are described in the sequel.

3.2.1

Perceptual Relevance Weighted Lp -norm

The perceptual relevance weighted Lp -norm was proposed in [9]. It extracts
diﬀerent image features including blocking, blur, image activity, and intensity
masking from both the reference and distorted image. On this basis, it
computes image quality in terms of the following pooling [9]:
Lp =

{ I
∑

} p1

wip |ft,i

− fr,i |p

(3.3)

i=1

where ft,i and fr,i represent the ith extreme value normalized feature for the
reference and impaired image, respectively, I is the total number of used features, and parameter p denotes a positive integer. The perceptual relevance
weights wi , i = 1, 2, . . . , I, associated with each of the features have been
derived from subjective experiments. A non-linear mapping function may be
utilized to relate Lp -norm values to predicted mean opinion scores (MOS).
In the case of wi = 1, ∀i, the Lp -norm reduces to the Manhattan distance
for p = 1 and represents the Euclidian distance between feature values for
p = 2. In [9], it is reported that values larger than p = 2 do not improve the
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quality prediction performance. The Lp -norm is a reduced-reference quality
metric as only the feature values of the transmitted image are needed at the
receiver to assess the quality of the received image using this metric. This is
in contrast to the full-reference metrics that require the presence of the full
reference image in order to assess the quality of the received image.

3.2.2

Structural Similarity Index

The structural similarity (SSIM) index was proposed in [6] and works as
follows. For a small rectangular window x of the reference image, mean
intensity µx and contrast or variance σx are computed. Similar quantities
µy and σy are also computed for the corresponding window y of impaired
images. The SSIM index is calculated as
SSIM (x, y) =

(2µx µy + C1 )(2σxy + C2 )
(µ2x + µ2y + C1 )(σx2 + σy2 + C2 )

(3.4)

where constants C1 and C2 are used to avoid instability in (3.4) that might
occur due to particular combinations of mean intensity and contrast, and
σxy is the covariance between x and y. Eventually, the overall quality of
the impaired image is calculated by the averaging SSIM index values for all
image windows.
Though being a full-reference quality metric and not applicable to quality
monitoring in a live system, the SSIM index may be used here for comparison
purposes.

3.2.3

Visual Information Fidelity Criterion

The visual information ﬁdelity (VIF) criterion has been proposed in [12] and
also belongs to the class of full-reference metrics. Based on a statistical information model of natural scenes, it ﬁrst quantiﬁes the visual information
present in the reference image. The quality of an impaired image is then
related to the extent to which the same information is extractable from it.
Natural scenes are considered to be the output of a stochastic source and
are modeled using Gaussian scale mixtures in the wavelet domain. Similarly,
image distortions are modeled as signal attenuation and additive noise. Accordingly, the HVS is considered as a distorted channel and also modeled
as additive white Gaussian noise in the wavelet domain. The output of the
HVS is considered to be the signal that the brain uses to extract visual information. This model estimates the perceptual annoyance caused by diﬀerent
artifacts instead of the artifacts themselves. Based on the above models,
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mutual information is extracted between the input and output of the HVS
for the reference image both with and without channel distortions for every
subband. Finally, the VIF criterion is calculated as the ratio of these two
mutual information values.

Chapter 4
Error Protection for Wireless
JPEG2000
The release of JPWL has now equipped the JPEG2000 standard with a
powerful and ﬂexible error control tool set to cope with transmission errors for
a wide range of channel conditions. However, the choice among the channel
codes from JPWL code set, that may fulﬁll the end user quality requirements
under given channel conditions and bandwidth constraints, is left to the
wireless imaging service designer. In order to help selecting a suitable error
protection for a wireless imaging system, we have examined two simple but
very eﬀective UEP strategies. A comparison of the suggested UEP strategies
will be made with the classic EEP scheme to explore their eﬀectiveness in
diﬀerent channel conditions and available bandwidth. To keep the scope
of this research broader, the performance analysis will be made based on a
number of quality metrics ranging from ﬁdelity metric PSNR to perceptual
quality metrics Lp -norm, SSIM index and VIF criterion. This will connect
the error protection scheme design and the quality monitoring in a live system
through ﬁdelity metrics and more importantly, through perceptual quality
metrics.
Fig. 4.1 shows the organization of the JPEG2000 image codestream when
it is encoded using single tile. The codestream starts withe the main header,
followed by the tile-stream. The tile-stream consists of tile header and the
data packets. An end-of-code (EOC) marker indicates the end of the codestream. Further, if the image is coded using ROI coding, initial packets
contain ROI while the tail packets represent image background.
Speciﬁcally, the image main header and the tile header are protected using
a strong (nH , kH ) RS code due to the reasons described in the following. The
number of errors introduced by wireless channel increases at severe channel
conditions and can go beyond the correction capabilities of a weaker code
14
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Figure 4.1: The organization of the JPEG2000 codestream for single tile
encoding.
used for protecting the header, leading to the header being corrupted. A
codestream with corrupted headers may not be decodable, making analysis
of the error protection schemes impossible at these severe channel conditions.
Hence, using strong protection for headers makes the analysis of the considered error protection schemes possible for a wide range of the signal-to-noise
ratio (SNR). The resulting decrease in code rate due to strong header protection is ignorable due to image headers being very small compared to image
data. As such, the same (nH , kH ) RS code shall be used for header protection
in this report with all considered error control strategies.
The remainder of the codestream is divided into two parts. The ﬁrst part
contains P initial packets while the second part contains T −P tail packets,
where T represents the total number of data packets in the codestream excluding headers. Given that error protection is deployed to the codestream,
the total code rate R associated with the whole image is deﬁned as
R=

K
N

(4.1)

where K and N , respectively, are the codestream lengths before and after the
error control coding has been applied. It should be mentioned that we have
kept the same code rate for all examined error control strategies in order to
facilitate fair performance comparisons among them. Further, let SH denote
the length of the image header (i.e. main and tile headers combined), and let
Si ; i = 1, 2, . . . , T , represent the length of the ith packet in the codestream.
Then, the length N of the protected codestream can be given as
P
T
∑
SH ∑
Si
Si
N=
+
+
RH i=1 R1 i=P +1 R2

(4.2)

where RH , R1 and R2 are the code rates associated with the RS codes used
for the protection of header, initial and tail packets, respectively. These code
rates are given as
k1
k2
kH
, R1 = , R2 =
(4.3)
RH =
nH
n1
n2
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where k1 , n1 and k2 , n2 are message lengths and codeword lengths used for
the P initial packets and the T −P tail packets, respectively.

4.1

Equal Error Protection

In this classic approach, all image packets are protected equally using the
same (n1 , k1 ) RS code. In this case, in order to ﬁnd the codestream length N
for any given code rate the following modiﬁcation in (4.2) is needed. Generally, codestream packet lengths are not in the multiple of the message length
k1 , some zeros may be ﬁlled in at the ending messages of the packets. The
similar applies to the header for which the last message may be ﬁlled with
zeros to align with the message length kH of the (nH , kH ) RS code used. As
a consequence, the length N of the codestream after EEP is obtained from
(4.2) with k2 = k1 and n2 = n1 as
⌈

N = nH

⌉

⌈

T
∑
SH
Si
+ n1
kH
i=1 k1

⌉

(4.4)

where ⌈x⌉ is the smallest integer greater than or equal to x.

4.2

Unequal Error Protection - Strategy 1

The ﬁrst UEP strategy, referred to as UEP1, utilizes all the available parity
symbols for protecting the P initial packets in the codestream while the tail
packets are transmitted without protection. The main motivation for choosing this protection strategy is the fact that initial packets contribute more to
the reconstructed image quality compared to the ending packets. One common application of such a strategy is in the ROI coded images. Since ROI
in an image captures viewer’s attention more than background, preserving
ROI quality by strong protection against channel errors may improve the
perceptual image quality.
Accounting for the fact that the codestream needs to be organized into
multiples of the message lengths of the involved RS codes for header and
packets involving some zero ﬁlling at ending messages, the length N of the
protected codestream using UEP1 is given as
⌈

N = nH

⌉

⌈

⌉

P
T
∑
∑
Si
SH
Si
+ n1
+
kH
i=1 k1
i=P +1

(4.5)
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Unequal Error Protection - Strategy 2

With this strategy, referred to as UEP2, the P initial packets are protected
with a strong (n1 , k1 ) RS code while a weaker (n2 , k2 ) RS code has been
applied to the T−P tail packets. Performing similar size adjustments as with
EEP and UEP1, the resulting codestream length for UEP2 can be computed
as
⌈
⌉
⌉
⌈ ⌉
P ⌈
T
∑
∑
SH
Si
Si
N = nH
+ n1
+ n2
(4.6)
kH
i=1 k1
i=P +1 k2
The motivations for UEP2 are the same as for UEP1 that initial parts
of the image codestream are more important and accordingly they require
better protection compared to the rest of the codestream parts in order to
keep the desirable quality of wireless imaging services. This strategy is also
useful for the transmission of ROI coded images over wireless channel taking
care of the ROI better than the rest of the image.

Chapter 5
Results and Discussions
The performance of the suggested error control strategies has been examined
in terms of both ﬁdelity metrics and perceptual quality metrics. Wireless
imaging scenarios were simulated using AWGN and Rayleigh fading channel
model with a wide range of channel conditions and channel code rates. The
images used in simulations were taken from the LIVE Quality Assessment
Database [13] that were converted to black and white images and eventually
encoded in JPEG2000 format. The JPEG2000 codestream generated for each
image contained 4 quality layers and a bit rate of 0.5 bits per pixel with a total
of 24 packets. The hierarchical nature of the JPEG2000 codestream and the
powerful error control tool set provided by JPWL are the main motivations
for selecting JPEG2000 images for simulations.
In all cases, image headers were strongly protected using an (nH , kH )
RS code with message length kH = 32 and codeword length nH = 128.
As for the codestream packets, Table 5.1 shows the diﬀerent settings of RS
codes and corresponding total code rates for the examined EEP, UEP1 and
UEP2 strategies. The parameter P was chosen to be 18 on the basis of
results obtained from experiments performed on a number of images. In
particular, the values P = 6, 12, and 18 were examined with the latter
producing the best quality in terms of the considered metrics. Due to the
limited number of RS codes available in JPWL, the code rates diﬀer slightly
among the diﬀerent UEP strategies but still have been kept within +0.07
to −0.02 of the code rates for EEP, in every case. Finally, after protecting
the images with error control codes provided by these three strategies, these
images were transmitted over two diﬀerent simulated channels; AWGN and
Rayleigh fading in the presence of AWGN. To produce results of statistical
signiﬁcance, 100 simulations were conducted for each system setting and the
performance results were averaged accordingly.
The numerical results that will be presented in the sequel were obtained
18
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Table 5.1: RS codes used for diﬀerent protection strategies.
#

EEP
R (n1 , k1 )

UEP1
R (n1 , k1 )

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0.84 (37, 32)
0.82 (38, 32)
0.78 (40, 32)
0.73 (43, 32)
0.70 (45, 32)
0.65 (48, 32)
0.62 (51, 32)
0.59 (53, 32)
0.56 (56, 32)
0.49 (64, 32)
0.42 (75, 32)
0.39 (80, 32)
0.37 (85, 32)
0.33 (96, 32)
0.28 (112, 32)
0.25 (128, 32)

0.83 (40, 32)
0.83 (40, 32)
0.79 (43, 32)
0.72 (48, 32)
0.69 (51, 32)
0.64 (56, 32)
0.64 (56, 32)
0.58 (64, 32)
0.58 (64, 32)
0.48 (80, 32)
0.41 (96, 32)
0.41 (96, 32)
0.36 (112, 32)
0.32 (128, 32)
0.32 (128, 32)
0.32 (128, 32)

R

UEP2
(n1 , k1 ), (n2 , k2 )

0.84 (37, 32), (37, 32)
0.83 (38, 32), (37, 32)
0.79 (40, 32), (38, 32)
0.73 (45, 32), (38, 32)
0.70 (48, 32), (37, 32)
0.66 (51, 32), (40, 32)
0.62 (56, 32), (38, 32)
0.60 (56, 32), (45, 32)
0.56 (64, 32), (37, 32)
0.49 (75, 32), (37, 32)
0.42 (85, 32), (51, 32)
0.40 (96, 32), (40, 32)
0.37 (96, 32), (56, 32)
0.33 (112, 32), (56, 32)
0.29 (128, 32), (64, 32)
0.26 (128, 32), (112, 32)

for the sample image of dimension 768 × 512 pixels shown in Fig. 5.1 and
illustrate the typical behavior seen also for other images. The quality of the
unimpaired image is given as a reference.

5.1

Performance Comparison for Additive
White Gaussian Noise Channel

In the ﬁrst set of simulations, the AWGN channel model was considered and
the quality evaluation of the error protection strategies under consideration
was done in terms of PSNR.
Fig. 5.2 shows performance for a ﬁxed code rate of R = 0.84 (EEP)
and varying SNR. Accordingly, both UEP strategies outperform EEP in the
medium SNR range of typically 5 to 7 dB while all examined strategies
perform fairly similar outside this range. The UEP1 is the best among the
chosen strategies in this medium SNR range and high coding rate. Similar
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Figure 5.1: Sample image ‘Motorbikes’ [13].
trends were observed for other total code rates.
A comparison among the three strategies for ﬁxed channel SNR of 6 dB
and for various code rates is shown in Fig. 5.3. Still, both of the UEP
strategies give better PSNR performance compared to EEP. In particular,
UEP1 outperforms both EEP and UEP2 for all code rates. It is also clear
from the ﬁgure that for all strategies, decreasing the code rate improves the
performance but at a certain value of code rate a further decrease does not
give any performance gain but it degrades the performance instead.
Fig. 5.4 illustrates the quality improvements of progressive image decoding with increasing number of decoded packets for code rate R = 0.59 and
SN R = 6. It can be seen that both UEP schemes provide better performance
compared to EEP for all intermediate stages of decoding. Similar behaviors
were seen for other values of R and SNR. It is clear form Figs. 5.2 – 5.4 that
the simple UEP1 strategy of protecting only the P initial packets and leaving the remaining packets unprotected, provides superior PSNR performance
over both UEP2 and EEP for AWGN channel.

5.2

Performance Comparison for Fading
Channel

In the following set of simulations, Rayleigh fading channel in the presence
of AWGN is considered as transmission medium. Further, the perceptual
quality metrics are also used for quality assessment of reconstructed images
in addition to PSNR.
Fig. 5.5 shows performance in terms of the SSIM index for a ﬁxed code
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Figure 5.2: Performance of EEP and UEP over AWGN for ﬁxed code rate
with R(EEP ) = 0.84 and varying channel conditions.
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Figure 5.3: Performance of EEP and UEP over AWGN for ﬁxed channel
conditions with SN R = 6 dB and diﬀerent code rates R.
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Figure 5.4: Performance progression of the decoded image over AWGN for
R(EEP ) = 0.59 and SN R = 6 dB in terms of PSNR.

rate of R = 0.62 (EEP) and varying SNR. Accordingly, both UEP strategies
outperform EEP with respect to the SSIM index in the medium SNR range
of typically 11 to 16 dB while all examined strategies perform fairly similar
outside this range. It is noted that the superior performance of UEP over
EEP was also observed with respect to the Lp -norm and VIF criterion as
well as PSNR.
Fig. 5.6 provides a performance comparison for the three error protection
strategies for diﬀerent code rates as shown in Table 5.1 but ﬁxed SNR of
13 dB. Clearly, UEP1 results in a better SSIM index as compared to UEP2
and EEP for all examined code rates. It is also evident from the ﬁgure that
weak protection as indicated by high code rates results in poor performance
for all strategies.
Figs. 5.7 – 5.9 show the reconstructed images for visual inspection of the
performance of the suggested UEP techniques. Speciﬁcally, the images were
transmitted over a simulated Rayleigh fading channel with SN R = 13 dB
using coding rates of 0.56, 0.33 and 0.25. It can been seen from these ﬁgures
that UEP1 is the best strategy among the considered strategies in terms of
reconstructed image quality. It should also be noted from Figs. 5.7 – 5.9
that a decrease in coding rate improves the performance as can be seen from
Figs. 5.7 through 5.8 but it does not provide any gain beyond a critical
lowest value. This fact can be seen in Figs. 5.8 – 5.9 where a decrease in
the coding rate from 0.33 to 0.25 does not improve the results for UEP1,
it even degrades the performance of both UEP2 and EEP strategies. This
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Figure 5.5: Performance of EEP and UEP over Rayleigh channel in terms
of SSIM index for ﬁxed code rate of R = 0.62 (EEP) and diﬀerent channel
conditions.
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Figure 5.6: Performance of EEP and UEP over Rayleigh channel in terms of
SSIM index for ﬁxed channel condition of SN R = 13 dB and diﬀerent code
rates (see also Table 5.1, Scenarios 1-16).
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lowest critical value of code rate may not be the same for all the investigated
strategies and for any strategy, it may vary with varying SNR.
Fig. 5.10 illustrates the performance improvements of progressive image decoding with increasing number of decoded packets in terms of the
two full-reference metrics SSIM index and VIF criterion for code rate R =
0.49. PSNR performance is shown for comparison. It can be seen from
Figs. 5.10(a)–(c) that both UEP schemes outperform EEP in terms of all
the considered metrics. It is also observed that the simple UEP1 strategy,
protecting only the P initial packets and leaving the remaining packets unprotected, provides superior performance over UEP2 in the considered case.
Fig. 5.11 shows the similar superior performance of the two UEP strategies over EEP for the reduced-reference metrics L1 -norm and L2 -norm. While
the SSIM index and the VIF criterion successfully provide the transition from
ﬁdelity metrics to perceptual quality metrics, the Lp -norms additionally facilitate adoption of such metrics to in-service quality monitoring in live systems
due to their reduced-reference nature.
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(a) EEP

(b) UEP1

(c) UEP2

Figure 5.7: Reconstructed images at R(EEP ) = 0.56 and SN R = 13 dB.
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(a) EEP

(b) UEP1

(c) UEP2

Figure 5.8: Reconstructed images at R(EEP ) = 0.33 and SN R = 13 dB.
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(a) EEP

(b) UEP1

(c) UEP2

Figure 5.9: Reconstructed images at R(EEP ) = 0.25 and SN R = 13 dB.
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Figure 5.10: Performance progression of the decoded image over Rayleigh
channel for R(EEP ) = 0.49 and SN R = 13 dB: (a) SSIM, (b) VIF, (c) PSNR.
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Figure 5.11: Performance progression of the decoded image over Rayleigh
channel for R(EEP ) = 0.49 and SN R = 13 dB: (a) L1 -norm, (b) L2 -norm.

Chapter 6
Conclusions
In this report, we have introduced two simple but yet very eﬀective UEP
strategies that are useful for wireless imaging systems. We have also examined the performance of these strategies and compared them with conventional EEP for various amounts of redundancy when used over AWGN and
Rayleigh fading channels. The UEP1 strategy protects only few initial packets of the JPWL codestream while the remaining packets are left without
protection. The UEP2 strategy applies strong protection to the initial packets and weaker protection to the tail packets. The numerical results for both
AWGN and fading channels reveal that both UEP strategies outperform EEP
in the medium SNR regime for all considered perceptual quality metrics as
well as the classical ﬁdelity metric PSNR. Further, the simple UEP1 scheme
performs even better than UEP2.
It may also be concluded that the Lp -norm is a suitable candidate for ﬁlling the available space in the ESD marker segment of the JPWL standard to
serve as an error sensitivity descriptor. By doing so, in addition to providing
better correlation with human perceived quality for the reconstructed image,
it may also assist in-service quality monitoring and resource management for
wireless imaging services.
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