CONCEALMENT OF TRANSMISSION ERRORSIN JPEG-2000 IMAGES USING
ADAPTIVE LINEAR PREDICTION AND CROSSBAND INFORMATION

Shih-Hsiang Lin" and Jin-Jang Leou®®

# Department of Computer Science and Information Engineering, National Chung Cheng University
Chiayi, Taiwan 621, Republic of China
E-mail: jjleou@cs.ccu.edu.tw

ABSTRACT

For entropy-coded JPEG-2000 images, a
transmission error in a codeword (subband sample)
may cause the underlining codeword (subband
sample) and its subsequent codewords (subband
samples) to be misinterpreted, resulting in a great
degradation of the received images. In this study, the
error concealment approach (using adaptive linear
prediction and crossband information) to

transmission errors in JPEG-2000 images is proposed.

When JPEG-2000 images are decomposed into 6
wavelet levels (levels 0-5), the subband samples in
the corrupted blocks of any subband on levels 3-5 are
simply replaced by zeros. Adaptive linear prediction
and crossband information are performed only on the
3 lower levels (0-2). Because the correlations
between different subbands in horizontal and vertical
directions are different, depending on (1) the position
of the corrupted block, (2) the condition of
correctly-received blocks in neighboring subbands,
and (3) the statistical property (variance) of the
corrupt block, the proposed approach adaptively
selects one among 119 sets of linear prediction
coefficients to conceal a corrupted block in the
wavelet transform domain. Based on the simulation
results obtained in this study, the proposed approach
can recover high-quality JPEG-2000 images from the
corresponding corrupted JPEG-2000 images.

Keywords: transmission error, JPEG-2000 image,
adaptive Inear prediction, crossband information

1. INTRODUCTION

Because JPEG-2000 images are entropy-coded
[1]-[2], a transmission error in a codeword (subband
sample) may cause the underlining codeword
(subband sample) and its subsequent codewords
(subband samples) to be misinterpreted, resulting in a
great degradation of the received images. Because
each packet of JPEG-2000 image bitstream is ahead
with a 3-byte Resync code (a synchronization
codeword), after the decoder receives any
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synchronization codeword, the decoder will
resynchronize the decoding operation regardiess of
the preceding slippage or transmission errors.
Although the propagation effect of transmission
errors can be confined within a packet, a
transmission error will greatly degrade the quality of
the received JPEG-2000 images, as an illustrated
example shown in Fig. 1.

Most existing methods for transmission errors
are developed for block-wise DCT-based compressed
images [1], which may be classified into three main
categories: (1) the channel coding approach [3], (2)
the detection and correction approach [4], and (3) the
detection and concealment approach [5]-[7]. On the
other hand, the existing methods for transmission
errors in wavelet-based compressed images may be
classified into four categories: (1) the channel coding
approach [8], (2) the priority error protection
approach [9]-[10], (3) the robust entropy coding
approach [11]-[12], and (4) the detection and
concealment approach [13]-[14]. For the priority
error protection approach, the more important data is
given the higher protection. For the robust entropy
coding approach, adding extra redundancy in the
entropy-coding stage is used to detect transmission
errors and/or prevent error propagation. For the
detection and concealment approach, transmission
errors are detected and concedled by using the
crossband information and the relationship between
subband coefficients.

Because the foregoing few error concealment
methods for various DCT-based and wavelet-based
images are not suitable for the JPEG-2000 images
using the EBCOT coding algorithm. In this study, the
error concealment approach using adaptive linear
prediction and crossband information for JPEG-2000
image is proposed. Within the proposed approach,
when JPEG-2000 images are decomposed into 6
wavelet levels (default levels 0-5), the subband
samples in the corrupted blocks of any subband on
levels 3-5 are simply replaced by zeroes. Adaptive
linear prediction and crossband information are
performed only on the 3 lower levels (0-2), or
equivaently the 7 lower frequency subbands. Within
the 3 lower levels, because the correlations between
different subbands in horizontal and vertical
directions are different, depending on (1) the position
of the corrupted block, (2) the condition of
correctly-received blocks in neighboring subbands,



and (3) the satistical property (variance) of the
corrupt block, the proposed approach adaptively
selects one among 119 sets of linear prediction
coefficients to conceal a corrupted block in the
wavelet transform domain.

Here atransmission error may be (1) a single bit
error, or (2) a burst error. To simplify the processing
steps in the proposed approach, a burst error
containing severa error bit segments is treated as
several transmission errors, i.e., a transmission error
isequivalently either asingle bit error or aburst error
containing N successive error bits. For simplicity, it
is assumed that (1) the Global Header or the Tile
Header containing the variance information about all
the transmitted blocks is correctly-received, (2) the
lowest subband LL, is correctly-received. The error
concealment approach for the case that LL, is
corrupted is developed in [15], which is omitted here.
This paper is organized as follows. A brief overview
of the JPEG-2000 compression standard and adaptive
linear prediction is described in Section 2. The
proposed concealment approach is addressed in
Section 3. Simulation results are included in Section
4, followed by concluding remarks.

2. THE JPEG-2000 COMPRESSION
STANDARD AND ADAPTIVE LINEAR
PREDICTION

2.1 JPEG-2000 Compression Sandard

The basic organization of a JPEG-2000
bitstream is shown in Fig. 2. JPEG-2000 decomposes
an image into 6 resolution levels. Level O contains
only one subband denoted by LL,. Levels 1, 2, 3, 4,
and 5 individually contain three subbands denoed by
(LH/, HLI, HH/), [ :1, 2, 3, 4, 5, respeCUVely
Each “packet” contains all subbands on one
resolution level (default). For level O, only the
subband LL, is included in the first packet, and for
level |, where [>1, the three subbands LH,, HL,

and HH, are together included inthe (7 +1) packet.

That is, a JPEG-2000 bitstream will contain 6
packets (default). The JPEG-2000 coding technique,
namely, EBCOT divides each subband into sample
blocks 64x64 (default) in size. If the size of a
subband is less than or equal to 64x64, the subband
isjust ablock. For a JPEG-2000 image (522x 512 in
size) decomposed into 6 levels (levels 0-5) will
contain 6 separate packets, or equivalently 16
separate subbands, or equivalently 70 separate
blocks.

For convenience, the seven low fregquency
subbands, rr,, LH,, HL,» HH,» LH,» HL,» ad
HH, ae labeled by 0-6, respectively. In the
following discussions, all normalized quantities,
including normalized image samples, normalized
subband samples, and normalized quantized subband
samples, have been de-normalized to their origina
dynamic ranges.

2.2 Adaptive Linear Prediction

An adaptive linear prediction system [16]
includes an adaptive input signal vector with
elements  x,,X;,...,X; , a corresponding set of
adaptive weights, w,,w,,...,w,, ahd a summing unit
2. . The adaptive linear prediction can be given by:

v =% w.ro . If X denotestheinput signal vector

and w denotes the corresponding adaptive
weighted Vector, e,  X=/x,x,.x, ]"
W=[w,w,..w, ] , Where x" denotes the
transpose of X, ,=w"x, and the elements of w
are adaptively determined by some adaptive
mechanism.

3. PROPOSED APPROACH

In this study, it is assumed that whether a packet
is corrupted or not has been determined by some
error detection approach for JPEG-2000 images [15]
and the synchronization codeword (Resync code) is
included within the packet header. Based on the
organization of JPEG-2000 bit-stream packet, the
JPEG-2000 decoder can be trandated as three
decoding control procedures, namely, Decode_image,
Decode _tile, and Decode_packet. The proposed error
concealment approach is embedded within the
Decode_packet control procedure.

3.1 Proposed Error Concealment Scheme for
Subbandson Levels 3, 4, and 5

Because the values of all subband samples in
any high frequency subband are around some
constant, the variation between the subband samples
in a block in any high frequency subband is not
significant. Within the proposed error conceal ment
approach, the subband samples in any corrupted
block of any subbband on levels 3-5 are simply
replaced by zeros.

3.2 Proposed Error Concealment Schemesfor
Subbandson Level 1

3.21 Error concealment
subband LH, onlevel 1

When LH, is corrupted, there exist several cases
to be discussed. Because HL; and HL, as well as all
the subbands on levels 3-5 almost contribute no
information for concealing LH;, which are ignored in
the proposed concealment schemes for LH;.

A. Only LL
equivalentfy
corrupted)

If LH; is corrupted and only LL, is
correctly-received, only the information in LL, can
be used to concea corrupted LH;. Within the
proposed approach, as shown in Fig. 3, the corrupted
subband sample in LH; with wavelet coordinate
(ab), y!,,isconceded by linearly weighted sum of
25 subband samples in the corresponding locations in
LLy, i.e,

for corrupted

is correctly-received (or
HH,, LH,, and HH, are
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where 3t s the concealed subband sample in LH,
with wavelet coordinate (a,b)- The 25 weighting
coefficients {W form a weighting
coefficient vector for thls

B. LL,, LH,,and HH, are
correctly Feceived (or equivalently HH,
iscorrupted)

In this case, a subband sample in
correctly-received subband LH, can be further
classified into a significant or non-significant
subband sample. If the value of a subband sample is
greater than some threshold Tggn, it is  significant;
otherwise, it is a non-significant . For a subband
sample in LH,, there are four corresponding subband
sample in LH,. In this study, a subband sample in
LH,; to be concealed is classified as a significant
subband sample if any of the four corresponding
subband samplesin LH, is classified as a significant
subband sample.

As shown in Fig. 4(a), the corrupted significant
subband sample in LH; with wavelet coordinate
(a,b), yi, , isconcealed by linearly weighted sum of
57 sgnlflcant subband samples in the corresponding
locationsin LLy, LH,, and HH,, i.e.,
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On the other hand, as shown in Fig. 4(b), the
corrupted non-significant subband sample in LH,
with wavelet coordinate (4,5 ), Vi, , Is concealed by
linearly weighted sum of 12 non- sgnlﬂcant subband
samplesin the corresponding locationsin LH,, i.e.,
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The 57 and 12 weighting coefficients form the two
weighting coefficient vectors for concealing
significant and non-significant subband samples in
LH,;, respectively. Note that in Eqs (2) and (3),
m=0,4,and 6 in the symbol x” «p correspond to
LLo, LH,, and HH,, respectively, and the values of
w” .o 1IN Egs. (2) and (3) for concealmg significant
and non-significant subband samples in LH,; are
distinct.
C. LL,, HH,, LH,,and HH, are

correctly-received

Similar to case B (LLy,, LH,, and HH, are
correctly-received), the subband sample in
correctly-received subband LH, as well as the
corresponding subband sample in LH, to be
concealed can be classified into a significant or
non-significant subband sample by thresholding

(with some threshold Tgg,). Note that the thresholds
Tsgn Used in different cases may be distinct (depend
on the variance of the correctly-received subband for
making thresholding).

Within the proposed approach, as shown in Fig.
5(a), the corrupted significant subband samplein LH,
with wavelet coordinate (4,5), y?,,isconceaed by
linearly weighted sum of 62 sgnmcant subband
samples in the corresponding locations in LL,, HH,,
LH,, and HH,, i.e.,
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On the other hand, as shown in Fig. 5(b), the
corrupted non-significant subband sample in LH,
with wavelet coordinate (4,5 ), Vi , Is concealed by
linearly weighted sum of 12 non- SIgnlflcant subband
samples in the corresponding locationsin LH,, i.e.,
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where 31 isthe concealed subband samplein L.

Note that the other cases for the corrupted
subband LH,; are treated as the degenerate cases of
cases A, B, C. For example, for the corrupted
subband LH,, if the case is that LL,, HH;, and LH,
are correctly-received (or equivalently HH, is
corrupted), then the proposed approach uses the
proposed concealment algorithms for case C, i.e,
Egs. (4) and (5), to concea the subband samples of
LH;, where in Egs. (4) and (5), al the subband
samples from HH, are set to zeros.

Additionally, the similar  conceament
algorithms as that for the corrupted subband LH; are
proposed for the corrupted subbands HH; and HL; on
level 1, which are omitted here.

3.3 Proposed Error Concealment Schemes for
Subbandson Level 2

As the illustrated case shown in Fig. 6, where
LL, is correctly-received and any of the three
subbands ra,, HL,, and HH, is corrupted, for a
correctly-received subband samples X, in LL,:
there exist 4 corresponding “related” subband
samples in a subband on level 2 to be concealed. In
the proposed approach, the four “related” corrupted
subband samples in a subband on level 2 will be
concealed by linearly weighted sum of certain
subband samples in their corresponding locations in
related correctly-received subband(s) using four
distinct weighting coefficient vectors. In this study,
the four “related” subband samples in a subband on
level 2 are concealed using four distinct weighting
coefficient vectors.

3.3.1 Error concealment for corrupted subband



LH, on level 2

When Lp, is corrupted, there exist severa
cases to be discussed. Similarly, gz, and pr, as
well as al the subbands on levels 3-5 almost
contribute no information for conceding rn, ,
which are ignored in the proposed conceament
schemesfor rp,.

A. Only LL, is correctly-received (or
equivalentf]y LH,, HH,, and HH, are
corrupted)

In this case, because only the information in
LL, Can be used to concea rp,. Within this
approach, as shown in Fig. 6, the corrupted subband
sample in Ly, with wavelet coordinate (24,2p),
ys , (the upper-left subband sample of the four
“related” subband samples), is concealed by linearly
weighted sum of 9 subband samples in the
corresponding locationsin 1z, ,i.e,
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where P2 is the concealed subband sample in
LH, with Wavelet coordinate (2a,2b)- The other
three “related” subband samples in Lx,, namely,

(lower left), 2 (upper right), and
i (lower right), can be similarly concealed by
linearly weighted sum of 9 subband samples in the
corresponding locations in Lz, using distinct
weighting coefficient vectors.

B. LL,, LH,,and HH, are
correctly-received (or equivalently HH,
iscorrupted)

(6)
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For a subband sample in rp,, there are four
corresponding subband samples in the corrupted
subband £, . In this study, the four corresponding
(“related”) subband samplesin Ly, to be conceaed
are al classified as significant subband samples if
the corresponding subband sample in g, is
classified as a significant subband sample by
thresholding (using the threshold Tgg, depending on
thevariance of Lx,).

As shown in Fig. 7(a), the corrupted significant
subband sample in g, with wavelet coordinate
(2a,2b), ys , (the upper left subband sample of
the four “refated” subband samples), is concealed by
linearly weighted sum of 19 significant subband
samples in the corresponding locations in 17, ,
LH,ad HH i€,
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On the other hand, as shown in Fig. 7(b), the
non-significant subband sample in Ly, with
wavelet coordinate (za,2p), y: , (upper-left) is
concealed by linearly Weightécﬁ sum of 10
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“related” subband samples in 1, can be similarly

where

concealed using distinct
vectors.

C. LL,, LH,, HH,,and HH, are
correctly-received

weighting coefficient

For this case, as shown in Fig. 8(a), the
corrupted significant subband sample in .z, with
wavelet coordinate (24,2p), Ve o (upper left) is
linearly weighted sum of 49 significant subband
samples in the corresponding locationsin rr,, LH,,
HH,,and HH,,i.e,
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On the other hand, as show in Fig. 8(b), the
non-significant subband sample in g, with

wavelet coordinate (2q,2p), y: , (upper left), is
conceded by linearly weigﬁt’ed sum of 15
non-significant  subband  samples in  the

corresponding locations in rx,, HH,, ad HH,,
ie,
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where j2 - isthe concealed subband sample (upper
left) in Lp,. The other three “related” subband
samplesin Ly, canbesimilarly concealed by using
distinct weighting coefficient vectors.

Additionally, the similar error conceament
agorithms as that for the corrupted subband rp,
are proposed for the corrupted subbands #p, and
HL, onlevel 2, which are also omitted here.

Note that the weighting coefficient vectors in
the proposed error conceament schemes are
adaptively adjusted by (1) the position of the
corrupted block (in the wavelet transform domain),
(2) the condition of correctly-received corresponding
blocks in neighboring subbands, and (3) the
statistical property (variance) of the corrupted block.
The weighting coefficient vectors described in Egs.
(D-(10) are adaptively adjusted by the former two
properties. To use the third property, in this study,
based on the value of the variance (g?) of the
corrupted block, each weighting coefficient vector
for a particular case of a corrupted block has three
weighting coefficient sets. In particular, each
weighting vector for a corrupted block in HH, has
only two weighting coefficient sets. In this study, if
o?<T,, the weighting coefficient vector is a zero
vector. For the two cases.7,<g?<7, ad T,<g?,



the weighting coefficient vector is set to two distinct
weighting coefficient sets, respectively.

As described in Egs. (1)~(10), there exist 65
distinct weighting coefficient vectors. Additionally,
based on the variance of the corrupted block, each
weighting coefficient vector can be set to 3 distinct
weighting coefficient sets (including a zero vector).
Therefore, the proposed approach need to determine
and store 118 distinct weighting coefficient sets. The
119 (including the zero vector without storing)
distinct weighting coefficient sets are determined by
supervised learning using 10 distinct images. The
proposed error conceal ment approach is summarized
asFig. 10.

4. SSIMULATION RESULTS

Five test images “Airplane” “Baboon,”
“Lenna,” “Peppers,” and “Boat” with different bit
error rates (BER) and different average lengths of
burst errors (N,. ae used to evaluate the
performance of the proposed approach. The peak
signal noise ratio (PSNR) is employed in this study
as the objective performance measure. The ayerage
length of burst errors is defined as: V. =X ix7
where p is the prof)ability of a burst” error
containing ; successiveerror bits  with .-

In this study, for simplicity, n (the maximum
number of successive error bits of aburst error) is set
toSand y  will liewithin the range (1,5).

In terms of the PSNR in dB, the performance
comparison between the zero-substitution approach
and the proposed concealment approach for the test
image “Lenna’ with bit rate = 0.4bpp is listed in
Table 1. As subjective measure of the quality of the
processed (reconstructed) images, the original image,
the corrupted image, and the processed images by the
zero-substitution approach and by the proposed
concealment approach with bit rate = 0.4bpp, BER =
0.1%, and N,,, = 2 for the test image “Lenna’ are
shownin Fig. 10.

5. CONCLUDING REMARKS

Based on the simulation results obtained in this
study, several phenomena can be observed. (1) Under
the same bit rate (bpp), BER, and the same corrupted
condition, the more smooth the original image is, the
higher PSNR (dB) the corresponding error
concealment results have. (2) Under the same bit rate,
BER, and the same corrupted condition, if the
original image contains many texture areas (such as
“Baboon™), the quality as well as the PSNR values of
the processed JPEG-2000 images by the proposed
error concealment approach are relatively degraded.
(3) Under the same bit rate, BER, and the same
corrupted condition, if the original image contains
many edge information, the proposed error
concealment approach will have the better PSNR
gains over the “no error concealment” approach and
the zero-substitution approach. (4) For the higher

-5-

BER, the proposed error concealment approach have
the better PSNR gains over the “no error
concealment” approach. (5) Under the same bit rate
and BER, the corrupted condition (i.e, the
distribution of corrupted blocks over all the subbands
on levels 1-5), the threshold Tegge for significant/non-
significant subband sample classification, and the
two thresholds T; and T, of block variance for
selecting appropriate weighting coefficient set will
affect the processed results of the proposed error
concealment approach. (6) Under the same bit rate
and BER, a corrupted JPEG-2000 image with a
larger Nae Will usually produce the better processed
images with the higher PSNRs. That is because under
the same BER, the larger N, will usualy produce
the smaller number of corrupted blocks if the
distribution of the corrupted subband samples over
levels 1-5 are similar. (7) Under the same hit rate,
BER, and the same corrupted condition, if the
original image contains many texture areas (such as
“Baboon”), the proposed error concealment approach
will have the smaller PSNR gains over the
zero-substitution approach, in particular, when the bit
rate is very low. That is because when the bit rate is
very low, the values of subband samples in all
subbands (except LL,) are around some constant. The
concealment results of the zero-substitution approach
and the proposed approach are relatively similar.

Based on the simulation results obtained in this
study, the proposed approach can recover
high-quality JPEG-2000 images from the
corresponding corrupted JPEG-2000 images.
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Fig. 2. Basic organization of a JPEG-2000 bitstream.

Fig. 3. The relationship between the subband samples in correctly-received LL, and a concealed

subband sample in a corrupted subband LH,.
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Fig. 4. The relationship between the subband samples in correctly-received LL,, LH,, and HH, and a
concealed subband sample in a corrupted subband LH,.
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Fig. 5. The relationship between the subband samples in correctly-received LL,, HH;, LH,, and HH,
and a concealed subband samples in a corrupted subband LH,.
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Fig. 6. The relationship between the subband samples in correctly-received LL, and a concealed
subband sample in a corrupted subband LH..
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Fig. 7. The relationship between the subband samples in correctly-received LL,, LH,, and HH, and a
concealed subband sample in a corrupted subband LH..
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Fig. 8. The relationship between the subband samples in correctly-received LL,, LH;, HH, and HH,
and a concealed subband sample in a corrupted subband LH..
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Fig. 9. The proposed error conceament

approach.
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Table 1. The simulation results PSNR (dB) for
the case that errors only occur in subbands on
level 2 (or equivaently LH,, HL,, and HH,) and
all the other subbands are correctly-received of
the image “Baboon” with bit rate = 0.4bpp.

PSNR (dB)
BER | Nave| N6 1oss Corrupted Zsirt?_ Proposed
1| 36.14 23.94 |25.38| 27.58
2 | 36.14 23.97 26.76 | 30.82
002| 3 | 36.14 26.30 [27.04| 30.12
% 4 | 36.14 26.25 26.57| 30.12
5 | 36.14 27.46 29.36| 30.12
1| 36.14 27.11 29.36| 30.12
2 | 36.14 23.78 25.38| 27.58
005| 3 | 36.14 27.44 31.45| 31.45
% 4 | 36.14 25.97 27.04| 30.12
5 | 36.14 27.46 29.36| 29.82
1| 36.14 27.11 30.40| 3154
2 | 36.14 25.78 29.36| 29.82
01| 3| 36.14 2744 |3045| 30.64
% 4 | 36.14 25.97 29.36| 29.82
5 | 36.14 27.70 [29.36| 29.82
1| 36.14 20.06 25.38| 27.58
2 | 36.14 22.13 25.38| 27.59
02| 3 | 36.14 24.51 26.10| 30.82
% 4 | 36.14 26.42 27.04| 30.12
5 | 36.14 28.32 29.36| 29.82
1| 36.14 19.70 |25.38| 27.58
2 | 36.14 17.55 25.38| 27.58
05| 3| 36.14 19.36 | 25.38| 27.58
% 4 | 36.14 23.02 26.10| 30.82
5 | 36.14 23.19 26.13| 30.12
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Fig. 10. The original, corrupted, and processed test images of “lennd’ with bit rate = 0.4bpp, BER =
0.1%, N,,. = 2, and errors occur in LH;, and HH,: (a) the original image (PSNR = 36.14dB); (b) the
corrupted image (PSNR = 21.02dB); (c)-(d) the processed image by the zero-substitution approach
(PSNR = 22.82dB) and by the proposed concea ment approach (PSNR = 26.30dB).



