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ABSTRACT of directional bases built by grouping wavelet coefficients along the
) o ) same direction and transforming them in discrete polynomial bases.
This paper presents a satellite image compression scheme based on |, this paper, the goal is to prove that it is possible to enhance
a post-processing of the wavelet transform of images. The banne compression performance by further decorrelation of the wavelet
delet transform is a directional post-processing of wavelet coeffizefficients. We first analyze the directional bases built in [8] for the
cients. Thanks to a low computational complexity, this transformy o\ ning bandelet transform and then, we propose new bases which
is a good candidate for future on-board satellite image compressiokye petter suited to decorrelate the wavelet coefficients in the differ-
systems. First, we analyze the ability of the bandelets to exploit dignt subbands. In section 2, we briefly review how the directional
rectional correlations between wavelet coefficients. This study leadsandelet bases have been built as well as the practical bandelet com-
to an improved post-processing with a better decorrelation of adja;ression scheme. In section 3, we analyze the ability of the bandelet
cent wavelet coefficients in the vertical or in the horizontal directionyy ;g5 to capture directional correlations. Based on the observation
taking into account th_e wavelet subband orl_entatlon_s. _To performys tnis section, we propose extended grouping configurations in sec-
even better decorrelation, bases are also build by Principal Compg, 4 and we build new dictionaries of orthogonal bases which bet-
nent Analysis (PCA). This results in an improved compression pefger decorrelate wavelet coefficients. Even better decorrelation is ob-
formance without increasing the computational complexity. tained with bases learned by Principal Component Analysis (PCA).
Index Terms— Image coding, wavelet transforms, decorrela- Finally, in section 5, we compare compression results obtained with
tion, discrete transforms, satellite applications the new dictionaries on a test set of Earth observation images to the
results obtained using an implementation of the bandelet transform,
the CCSDS coder [4], and JPEG2000 [3] and show that better decor-
1. INTRODUCTION relation leads to better compression results.

The discrete wavelet transform associated with subband coding pro-
vides high image compression ratio. Although the wavelet trans- 2. BANDELET TRANSFORM

form pgrforms well on smooth areas, the wayelet represgntation (ﬁfhis section presents an overview of the grouping bandelet trans-
edges is not sparse. Indeed, wavelgt coefficients have high Magdibrm which has been proposed in [8] for image compression. The
tude _around the edges and carrelations between those coeff_|(:|e der is referred to [7, 8] for a complete overview of the bandelet
remain. Therefore, great efforts have been made in the design eory. In the following, the size of blocks is set4o< 4. This size
coding schemes to handle the redundancy near the edges. 'V'Ofpf}?as been determined based on empirical compression results and on

IOgiCal coding schemes [1, 2.] are examples of_c_oders desig_neq mtra-band statistical analysis of wavelet coefficients. Indeed, the
exploit clusters of high magnitude wavelet coefficients. The signif-

icance propagation pass in EBCOT coder [3], which is part of thezva\i/)t(aétlast coefficient dependency is very low for a distance larger than
JPEG2000 standard, has the same goal. The CCSDS (Consultativé) '
Committee for Space Data Systems) recommendation forimage daﬁal
compression [4] specially targets on-board spacecraft compression.™
In this recommendation, wavelet coefficient redundancy is exploited he grouping bandelet dictionary proposed in [8] is composed of
in a tree-like coding scheme. Np = 12 directional bases. They have been built by linking coeffi-
Some transforms derived from the wavelets provide sparser refsi€nts along the same direction as displayed on figure 1. Neverthe-
resentations of edges. Some of them are not suited for image cor2Ss, some coefficients cannot be linked in the appropriate direction.
pression since they use redundant representations [5, 6]. On tﬂ'é’nose cqeﬁlglents are thus linked either in the vertical or in the hor-
contrary, the orthogonal bandelet transform [7] is critically sampledzontal direction.
which makes it attractive for image compression. It is an adap- Discrete orthonormal Legendre polynomial bases are assigned
tive linear post-processing of an orthogonal wavelet transform. Th& each of these groupings. Those bases have been plotted on figure
wavelet subbands are split into blocks and transformed using an of- Polynomials up to a degree— 1 are used for the groupings of
thogonal basis selected in a dictionary. A practical bandelet scheme coefficients. This finally results in a dictionafy = {B,},%, of
for image compression has been proposed in [8]. Itis called the barlVz = 12 bases oR™ denoted byB, = {¢s.m }2_;. As the block
delet transform by grouping. It is easier to implement than [7] andsize is4 x 4, M = 16. The M vectorsg, .., of two of these bases
thus a better candidate for on-board compression. It uses a dictionaaye displayed on figure 3.

Grouping bandelet bases dictionary
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The probabilitie(f»a) are estimated by the histogram of wavelet
Fig. 2. Discrete orthonormal Legendre bases in dimension 2 to 4. coefficients in each subband.

The second par®,, is the bit-rate needed for the signaling of the best

basis according to the rate-distortion criterion (1) and is estimated

2.2. Bandelet analysis by:
. . —— . . if b=
The bandelet analysis proces_s is the following: Ry — —log,pp With py— 0.5 | b=0
Wavelet transform of the image 0.5/Ns ifbe{l,...,Ng}
foreach subbanddo o ) )
Split the subband into blocks4 x 4 This gives greater importance to the wavelet representation of the
foreachblock f do coefficients of a blocki( = 0). As in [7], the Lagrangian parameter
foreach basisB3; of the dictionaryD do \ in the rate-distortion criterion (1) is set to:
Transform the block of wavelet coefficienfsn 3A2
the basisf3,: = with v = 7.
M 40
fo= Z < f,o,m > dv,m The quantized bandelet coefficients are encoded using an adap-
m=1 tive arithmetic coder. The signaling of the best basis for each block

is also coded using an arithmetic coder and is part of the final bit-
stream. In section 5, the same compression scheme is used but with
new dictionaries of bases. Note that on-board spacecraft, embed-
ded coder with lower complexity are preferred. For example Rice-
Golomb codes are used in the bit plane encoder of the CCSDS [4].

Quantize the coefficient,: foa = Qa(/fs)
end
Keep the representatigfj,, which minimizes the
rate-distortion criterion:

L(fea) = D(fon) + AR(foa) @)
. 3. ANALYSIS OF INTRA-BLOCKS WAVELET
foa = argmin L(fon) CROSS-CORRELATIONS
{fontp 5
end This section analyzes first the intra-block cross-correlations between
end each pair of wavelet coefficients dnx 4 blocks and second the abil-

ity of the directional bases to capture these correlations. A bandelet
In the previous formulaQa represents a dead zone uniform @nalysis has been performed on a training set of 7 large4(x

quantizer and\ the quantization step. The best representafipn 1024) _12-b|t satellite images. This analysis is done_ off-line and dif- _

of one block may be its representation into quantized wavelet coferentimages were used for the tests of compression performance in

efficients denoted byfoa with b = 0. In this case, no bandelet S€ction 5. The quantization step as been sek te- 40. With this
transform is applied to this block. quantization step, the resulting bit-rate is about 2 bpp which is the

targeted bit-rate for on-board compression.

For the analysis of intra-band wavelet correlations, the subbands
HL,, LH; and HH, of the wavelet transforms of the whole training
The distortionD( f,a ) in the rate-distortion criterion (1) is the square set of images are processed separatgly.sets of blocks of wavelet

2.3. Rate-distortion criterion

error between the coefficienfs and the quantized coefficienfsa: coefficients are build. The seb#ontains the blocks of wavelet coef-
) ficients f for which the rate-distortion criterion (1) is minimized by
D(foa) = [1fs = foall the quantized representatigsn . In other words, the set#ontains

the blocks of wavelet coefficients which should be transformed in the
directional basid3, for the compression. This basis corresponds to
R(fsa) = Re(foa) + Ry the grouping configurationt#n figure 1. Once thes&/s sets have

The estimated bit-rat®( fa ) is decomposed into two parts:
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a block for the sets #1 and #2 in the three subbands HH., and
HH:. The wavelet coefficients are numbered column-wise in th
blocks.

Fig. 6. Bases #2 for the HL subbands extracted from the new dictio-
%ary of groupings and the dictionary built by PCA.

HL, LH, HH,

been built, the correlation matrix is computed for the blogkim

the same set. This shows the intra-block cross-correlations between
wavelet coefficients. Correlation matrices of the sets #1 and #2 in
the subbands HL, LH;, and HH are displayed in absolute values
on figure 4. The wavelet coefficients are numbered column-wise in
the blocks.

On figure 4, strong correlations can be observed between hor-
izontally adjacent wavelet coefficients in the subband tahd be-
tween vertically adjacent wavelet coefficients in the subbang. LH
These negative correlations are due to the high-pass filtering in the
wavelet decomposition. On the correlation matrices of figure 4,
the coefficients associated to the groupings shown on figure 1 are 6 30 48 o4 0 6 32 48 e 0 6 30 48 o4
marked with a cross. For example, in configuration #1, the coeffi-_, . . .
cients 2 and 13 are linked together, so there is a cross on the cdrid- /- Comp_a_rlsons of mtra-l_)and cross-correlations _bfetween the
relation matrices at the coordinates (2,13) and (13,2). Strong corr ._avelet coefficients (dashed line), the bandelet coefficients (solid

lations were expected at these coordinates due to the groupings h) tg'e co%ffi%etr)lts;gre ne;w ba.s?‘s O.f groupingsh(_bol!d Iin%, and
the rate-distortion minimization. Nevertheless, it can be seen th Pt € bases build by on the training image set (thin line). Corre-

the cross-correlation between linked wavelet coefficients are smal tion coefficients have been computed on a testimage set and sorted

except for the coefficients linked with their neighbors in the vertical'h decreasing order. Only the first 64 correlation coefficients are plot-
or horizontal directions. The same observation can be done for d for the blocks in the set #1 and #2. Cross-correlations in the new

the grouping configurations of figure 1. ases are lower than the ones in the bandelet bases.

In conclusion, the directional bandelet bases fail in catching di-
rectional correlations. This can be explained by the low correlations
between non-adjacent wavelet coefficients and in other directiomshe groupings of the bandelet transform are extended in the vertical
than horizontal or vertical. Furthermore, consider a subband of aand horizontal directions. As the correlations are different in the sub-
image and the best directional bases for each block of that subbangknds, the new grouping configurations differ for the subbands HL,
It can be observed that only a few of them correspond to an underly-H and HH. Parallel groupings of same size are horizontally linked
ing edge in the good direction. Yet, compression results with thesg the HL subbands, they are vertically linked in the LH subbands
directional bases are good. Consequently, these directional grougnd linked in either directions in the HH subbands. The new group-
ings are kept in the new grouping configurations proposed in théng configurations for the HL subbands are plotted in figure 5. As
next section. groupings are now bi-dimensional, 2D bases of Legendre polynomi-

4. NEW DICTIONARIES OF BASES als_ ha}ve been built_ by tens_or_products of 1D Legendre polynomials.

This finally results in one dictionary @z = 12 bases for each HL,

It has been shown in section 3 that the strongest correlations atdd and HH subband. The basis #2 extracted from the dictionary for
between wavelet coefficients which are adjacent in the horizontal dithe subband HL is displayed on figure 6.
rection in the HL subbands and between wavelet coefficients which  Figure 7 shows that the cross-correlations between coefficients
are adjacent in the vertical direction in the LH subbands. Correlain the new bases of groupings are lower than the ones in the bandelet
tions between coefficients linked in other directions are low. Thusbases. Since the grouping configuration #1 has not been changed in
to enhance the compression performance, two different approachése subband HL (figure 5), the results are the same for the bandelets
are proposed. and the new coefficients in this case.
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4.2. Bases learned by PCA 1.6 + 1 JPEG2000

Cross-correlations can also be eliminated by PCA on each dfthe Mgl
sets of blocks per subband built in section 3. Those PCA generate =2
Np bases which define one dictionary of linear transforms per sub- 5
band learned on the training set of images. On figure 6, the basis
built by PCA on the set of blocks #2 extracted from the subbands
HL is displayed. Figure 7 shows that on the test image set, the cor- £Z¢.5
relations between coefficients in bases learned by PCA are very low. %

The dictionaries of bases are then used to compress the test im- *~ 0.6 T
age set to obtain the results shown in section 5. We shall see that

Bases learned by PCA

Bandelets

0.4
both approaches to build new bases give better compression results 2 P
A
than the bandelets. 0.2 / N~ CCSDS
5. COMPRESSION RESULTS 0 i
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In this section, the results obtained with the new dictionaries are Bit-rate (bpp)

compared to the results obtained with the bandelet transform, thejq g comparison of compression performance using the extended

CCSDS coder for on-board spacecraft compression and JPEG20QQoypings and the bases learned by PCA to the bandelet transform.

The compression results reported on figure 8 are averaged resufthe results are plotted relative to the compression performance of

obtained on six Earth observation images from PLEIADES satelye wavelet transform coupled to the same arithmetic coder as the

lite and PELICAN airborne sensor. PLEIADES first satellite is to begther transforms. JPEG2000, and the CCSDS use different coders.

launched in 2009 and images used are simulated images. PLEIADES

and PELICAN ima_ges_haveaspatial resolut_ion_of respe_ctively_?O Ccale of4 x 4 blocks, compression is mainly improved in the two

and 20 cm, their size i5024 x 1024 and their bit-depth is 12-bits.  gjrections of the wavelet filters. At last, to achieve even better com-

The target PSNR for on-board compression is 50 dB. pression performance, an adapted EBCOT coder can be applied after
For the evaluation of the performance, the same lossy wavelghe proposed transforms. However, on-board compression requires

transform as in [4] is used: 9/7 CDF (Cohen-Daubechies-Feauveay) |ow computational complexity and thus the design of a coder in-

filters and three levels of decomposition. Differences between the regpjred from the CCSDS recommendation should be preferred.
sults obtained with the two proposed transforms, the bandelet trans-

form and the wavelet transform, all followed by the same adaptive 7. ACKNOWLEDGMENTS
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