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Abstract—Most sensors used for Remote Sensing (RS)and 3D-BISK, the latter yielding the best coding perfor-
purposes capture more than one component to seize different mance, because BISK [6] is a coding system specifically
features from the earth surface. Usually, multispectral images devised to handle no-data regions. Also, TARP [7] and

acquired for RS applications are either corrected, or the . .
user/application determines valid regions within the image. WDR [8] can be generalized to a 3D SA version. Nev-

Consequently, regions without information may emergeifo-  ertheless, 3D coding systems entail some shortcomings:
data regions). This letter proposes to encode multispectral im- the Bitplane Encoder (BPE) does not allow component
ages with no-data regions through the JPEG2000 framework scalability and the whole image must be encoded at a time,
taking into account the lack of importance of these irrelevant causing a high computational resources requirement. On

regions. Experimental results, performed on data from real the other hand d h f di dat
scenarios, suggest that the best approach analyzed is a Shape!''€ OtN€r Nand, as a second approach for encoding no-data

Adaptive (SA) KLT to decorrelate the spectral redundancy, Multispectral images, in [9] and [10] each component is
and then shape-adaptive multi-component JPEG2000. The encoded independently from the others through a SA 2D

coding performance improvement over other coding systems coding system, and then a rate-control step is performed.

Zggzdiﬁres?\l(RBlESrlférSA WDR, and SA TARP) is from 5dB 0 Thjg strategy allows quality and component scalability, a

9y more efficient use of the resources (encoding one single

Index Terms—No-data region coding, shape-adaptive, component at a time in memory constrained systems),

JPEG2000, decorrelation transform, KLT, remote sensing and, finally, the encoding of all components could be
parallelised in hardware schemes.

| INTRODUCTION JPEG2000 [11] is one of the latest standards developed

Nowadays, digital images are an important source b¥ the Joint Photographic Experts Group (JPEG), struc-
data to enhance the abilities of devices and applicationsed in 13 different parts, addressing the encoding, tfrans
for Remote Sensing (RS). Consequently, storage capabilityission, security, and manipulation of images and video.
manipulation, and transmission of these images have Rart 1 [12] of the standard is the basis of the other parts.
come an important issue [1]. Most sensors capture imagi#3EG2000 is a wavelet-based coding scheme composed
containing multiple components. In some cases, imagef a two-tiered coding system built on the Embedded
contain regions without useful data, here namedadata Block Coding with Optimized Truncation (EBCOT) [13]
regions. In RS there are three main situations where no-dptradigm. JPEG2000 benefits from the Post Compression
regions arise: 1) geometric and radiometric correctioes aRate Distortion (PCRD), defined in EBCOT, that combines
devised to improve the accuracy of the images acquiratie bit-streams from code-blocks minimizing the overall
2) atmospheric events can cover large regions of tleeror. Among other features, the JPEG2000 core coding
earth surfacegg. clouds); and 3) regions of interest aresystem provides scalability by quality, spatial location,
determined by the user/application. Shape-Adaptive (SAgsolution, and component. These types of scalabilitylfulfi
coding systems are able to encode only certain regionsmbst of the requirements of remote sensing applications;
any arbitrary shape within the image (see [2]), making thenevertheless, approaches to eliminate the cost of coding
suitable to deal with no-data regions. no-data regions are not considered in JPEG2000 standard.

In the literature, several coding approaches for muln order to add support for shape-adaptive coding to
tispectral images containing no-data regions have be@REG2000 for mono-component images containing no-
presented. On one hand, there are SA two-dimensionkita regions, in [14] we proposed several pre-processing
(2D) coding systems extended to its three-dimensional (3&)chniques and modifications to JPEG2000 coding stages.
generalization. In [3]-[5] three different SA 3D codingResults suggested that the use of a shape-adaptive approach
systems are introduced: 3D-OB-SPIHT, 3D-OB-SPECK]early outperforms the other evaluated approaches. Later

in [15], a shape-adaptive version of JPEG2000 was com-
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Figure 1. Main stages of the JPEG2000 core coding systemglih diray: Sample Data Transformations Stage, Coding Stagerd@mization Stage,
and Rate-Control Stage. Dark gray boxes indicate our appezaand modifications introduced to allow the SA encoding dfispectral images.

the JPEG2000 framework, named as shape-adaptive muttiefficients that correspond to the data regions. These mod-
component JPEG2000 (SA-MC-JPEG2000). The scherifieations are detailed in Section II-A. On the other hand, in
may apply two different decorrelation approaches to tal&ection II-B, two different transformations are considkre
advantage of the similarity among components, and avoiis the Multi-Component Transform step to decorrelate
the cost of coding no-data regions, extending the mothe spectral redundancy of multispectral images: one-
ifications applied to the JPEG2000 in [14] and [15] taimensional DWT (1D-DWT), and the Karhunenéwe
the multi-component scenario, thus achieving high codifnigansform (KLT). Also, in the Rate-Control stage, a Multi-
performance results. Component PCRD (MC-PCRD) is considered to combine
This letter is structured as follows: Section Il introthe bit-stream from each component, minimizing the over-
duces the decorrelations and modifications carried aait distortion.
over JPEG2000 encoding scheme to encode multispectral
images containing no-data regions; Section Il presers th
data set, and assesses the coding performance reporting
several experimental results performed on data from real
applications; and in Section IV we draw some conclusions.
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Il. SHAPE-ADAPTIVE MULTI-COMPONENTJPEG2000 o/ 0 O
JPEG2000 core coding system consists of four main 00000000 O0O0
stages depicted in Figure 1 (in light gray). TBample Figure 2. Scanning order skipping no-data coefficients. fii@ients
Data Transformations Stage is devised to compact theorresponding to the no-data regions are depicted in black.
image energy, decorrelating the image through the Multi-
Component transform and the Discrete Wavelet Transform
(DWT). The Coding Stage encodes the coefficients fronf\. Shape-Adaptive Encoding of No-Data Regions
the Most Significant Bitplane (MSB) to the Least Slgnlf- An issue that comes up when app]ymg the DWT to an
icant Bitplane (LSB) using a fractional Bitplane Encodejmage is what happens at the image boundaries, i.e. how to
(BPE) based on EBCOT. The main function of tRate- deal with the non-existent samples —those samples outside
Control Stage is to manage the bit-rate and/or the distortiqRe image— needed for the application of the filter-bank.
of the final code-stream produced by the coding systemhis is commonly addressed carrying out a mirror effect
the PCRD is the most popular method to conduct thiaat virtually extends the image boundaries. The main idea
optimization process, using the bit-rate and the distortio pehind the SA DWT technique is to apply a mirror effect
pose the optimization problem. Finally, tRe-organization  at the boundaries of the data region [17]. In addition to the
Stage organizes the final code-stream in containers tig® 2D-DWT, the BPE is also modified to avoid the coding
encapsulate and sort the bit-stream segments using ongfho-data coefficients by skipping them in the fractional
several progression orders. bitplane encoder of the Coding Stage; this modification is

Figure 1 presents our proposal, depicting in dark gray tRgraightforward (see Figure 2).
decorrelation approaches and modifications carried out ove

the JPEG2000 main stages. On one hand, two modifications _ )

to JPEG2000 are needed to avoid completely the cdt Encoding of Multispectral Images

of coding no-data regions: a shape-adaptive version ofTwo different approaches to exploit the spectral redun-
the Discrete Wavelet Transform (SA 2D-DWT) is impledancy are considered: a SA one-dimensional DWT [1]
mented, and a SA BPE is performed to encode only tlapproach; and a SA version of the KLT (SA KLT), because




KLT is the transform known to produce the best resuldimensions, and percentage of data region of each image
for most situations [18], in particular it is optimal forare given in Figure 3.
Gaussian sources. The first approach is named as SA 1D-
DWT; the second approach is named as SA 1D-KLT. F
both approaches, a SA 2D-DWT may be applied in th
spatial domain. In [18], several approaches to decorrelateThe SA-MC-JPEG2000 has been implemented in our
the spatial and spectral domains in RS images are studilREG2000 Part 1 and Part 2 implementation BOI [20].
to improve the coding efficiency. These tests have been carried out using either SA 1D-
To allow scalability by quality, we must organize thdDWT or SA 1D-KLT as a spectral decorrelation approach.
information in the code-stream in decreasing order &for all the experiments, in the spatial domain, 5 levels
importance. After the application of a 2D coding system, @ DWT have been applied; in the spectral domain, the
Rate-Control stage is needed to combine all componenBVT number of levels depends on the total number of
bit-streams. The PCRD optimization procedure of EBCOgomponents: up to 5 levels have been applied. To evalu-
produces a rate-distortion optimal code-stream for a singite the coding performance results over different images,
component image. However, there are several ways that thignal-to-Noise Ratio (SNR) Energy has been computed,
single component truncation procedure can be extendedoy for data regions, at different bit-rates equivalently
the multispectral case. In [1] three different strategiageh spaced. It is defined as: SNR Energyl6 logm,\f@.
been evaluated: 1) Band Independent Fixed-Rate (BIFRhereE = Y 7°""7'** ;2 is the energy of the image (with
encodes each band independently and assigns identical rgtan image sample) and MSE is tiean Squared Error.
to all bands; 2) Band Independent Rate Allocation (BIRA) The first experiment pretends to evaluate the coding per-
also codes each component independently, however, refi@enance, in SNR Energy, achieved by our MC-JPEG2000
are allocated explicitly so that more important componenggftware when decorrelation transforms (1D-DWT and 1D-
are encoded with higher rate; 3) MC-PCRD performs theLT) are applied to an image composed of 11 components.
PCRD optimization across multiple components simult@&igure 4 shows a comparison between applying a spectral
neously, performing to the maximum of its potential andecorrelation followed by MC-JPEG2000 against the appli-
yielding the best coding performance. The MC-PCRD rateation of a plain MC-JPEG2000 without spectral decorre-
control method is thus selected for the experiments.  |ation, the former providing a superior coding performance
We can also see in Figure 4 that the choice of the spectral

. Coding Performance

I1l. EXPERIMENTAL RESULTS decorrelation has an important effect in the final coding
A Data Set performance, 1D-KLT providing superior results than 1D-
DWT.
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The proposed scheme has been tested using an image set _ o _ o
devised for RS real scenario, provided by ICC [19] anfiove . CASkmage sesimor oo eciont ) imoron
acquired through the Compact Airborne Spectrographic
Imager (CASI) sensor that can be programmed to obtainMost of the available implementations of the 2D coding
a maximum of 288 bands from red to near infrared. ABystems that are able to encode multispectral images with
images are from Spain. The set is composed of three-data regions do not consider a rate-control method. A
images (CASI-1, CASI-2, CASI-3) with a bit-depth of 16feasible approximation is to emulate 2D coding systems
bits per sample per component (bpspc). The lines capturfedm its 3D extension: the main idea is to replace the
by the sensor are affected by the movement of the airplamate-control method by the BPE of a 3D coding system,
therefore, it is necessary to geometrically correct thegenabecause, since the BPE is an embedded process, the rate-
and, as a consequence, no-data regions arise. First imagetrol is implicit when a 3D BPE is applied to the whole
used is CASI-1, a flight over Toledo, devised to captuiienage. To decorrelate the spectral and spatial redundancie
the main spectral features of water. Second image, CAS®H- 3D coding systems, a generalization of the SA 2D-
2, is a flight over Lleida, devised to capture the featurddWT is performed, named aSA 3D Squared [1]. The
of vegetation and farming for agriculture purposes. TH8A 3D Squared transform generates prismal subbands,
third image, CASI-3, is a flight over Cantabria, devisewhere the dimensions are determined by the number of
to capture distinct features from the earth surface. Namesmponents of the image and the number of levels applied



in the spectral domain; however, when the number of levels| CASK2 (4075:1088x11) - Data reglon: 44% .
applied to the spectral domain are set to 0, a SA 2D-DWT | — :_/:‘/""
is performed to each component. Consequently, if a 3D % 60 e

BPE is used, each subband will be composed glanes 5% *4.,/_*/

with a depth of1, instead ofl prism of depthn. This gw = ”,”/"/'

increases substantially the coefficient sets to be evaluate g = ‘.”//

With this strategy, no decorrelation in the spectral domain |” 7 e
would be performed, so, the SA 1D-KLT approach is | = = - - !
carried out before the 3D encoding process. Bits per sample per component (bpspc)

The second experiment evaluates the coding perf@igure 5. CASI-2 image rate-distortion curves for 3D-BISKings
mance provided by 2D coding systems followed by a ratéhe BPE as a rate-control method, and 2D-BISK implementing aimult
control method against that of 3D coding systems. Tablg oo™ interleaving process.
shows the results obtained with the QccPack software [21] ) ) . )
for the SA versions of 3D-WDR, 3D-TARP, and 3D-BISK results for different bit-rates. Three important pointg ar
Results suggest that the SA 1D-KLT decorrelation appligdorth noting from these results. The first point is that 2D
to a 2D coding system obtains better results than Sy@ding systems that implement a rate-control method (SA-
3D Squared for all bit-rates. Among the compared codifj C-JPEG2000, MC-JPEG2000, and 2D-BISK) obtain su-
techniques, the differences are meaningless when the s&tREOr coding performance than the SA 3D coding systems

decorrelation approach is considered. reported in Table I, for which the rate-control is emulated
by the 3D BPE (3D-WDR, 3D-TARP, and 3D-BISK). The
Image: CASI-1. Data region: 50% second point is that the SA 1D-KLT decorrelation approach
e 925 95 10 15 obtains better results than other considered approacées (s
SA 3D Squared| 9.73 2329 30.14 3756 43.38 Table | and Table Il). The last point is that the SA-MC-
SAIDKLT | 1981 2962 3649 4347 S057 JPEG2000 obtains the best coding performance among the
Siegg”segﬁ;’rgd el — coding systems evaluated, nevertheless, it does not grovid
SA 1D-KLT 19.58 28.73 3567 43.13 49.88 a JPEG2000 compliant bit-stream. On the other hand, MC-
Decorrelation 3D-BISK JPEG2000 generates a JPEG2000 compliant bit-stream and
SR 30 Squared| 1053 2288 30°> 3186 429 still achieves very competitive results compared to other

Table | shape-adaptive coding techniques (BISK, SA TARP, and

CODING PERFORMANCE FOR IMAGECASI-1. RESULTS REPORT THE SA WDR)-
SNR ENERGY IN DB FOR DIFFERENT BIFRATES.

Next coding performance evaluation is carried out be- IV.-CONCLUSIONS

tween two different rate-control methods: the 3D-BISK Images devised to Remote Sensing (RS) applications
from the QccPack software, and our 2D implementatiomay contain regions without information, here named as
of BISK (2D-BISK), where BISK is applied to eachno-data regions. In this letter, we propose a shape-adaptive
component independently and then an interleaving processling scheme for multispectral images containing no-data
is performed to produce the final bit-stream. To decorrelategions for the JPEG2000 framework (SA-MC-JPEG2000).
the spectral domain, the SA 1D-KLT approach is usde our approach, to properly exploit the spectral redunganc
for both rate-control methods. Figure 5 shows the ratef multispectral images, two different decorrelations are
distortion curves for the image CASI-2. Results suggeptoposed for the Sample Data Transformations stage (SA
that 3D-BISK is outperformed by a 2D-BISK followed by1D-DWT and SA 1D-KLT), and a Multi-Component Post
an interleaving process. Compression Rate Distortion (MC-PCRD) is performed
The 3D coding systems are devised to encode the whatethe Rate-Control Stage. Moreover, to avoid completely
image at a time. Thus, one MSB encoding is performed ftine cost of encoding no-data regions, two modifications
all the components, and it does not take into account thee JPEG2000 standard coding pipeline are introduced:
different amount of energy provided by each component, Shape Adaptive (SA) version of the Discrete Wavelet
consequently, the BPE execution has to mark the insignifransform (DWT) and of the Bitplane Encoder (BPE).
icance of many samples within low energy components Experimental results suggest that the best technique
for several bitplanes. Moreover, when the BPE from a 38 SA-MC-JPEG2000, which employs a SA 1D-KLT to
coding system is used as an implicit rate-control methodecorrelate the spectral domain, and then a shape-adaptive
the number of coefficient sets to consider is increaseaulti-component JPEG2000. Nevertheless, SA 1D-KLT
Thus, extra bits are needed to mark the insignificance dées not provide component scalability since all compo-
these sets, penalizing the final coding performance. nents are required to invert the transform, in contrast with
Our last coding performance evaluation is carried o®A 1D-DWT. Results also suggest that, for all images
among our proposal SA-MC-JPEG2000, MC-JPEG2006¢nsidered, the coding performance of compliant MC-
and 2D-BISK (all of them implementing a decorrelatingPEG2000 is similar to that 2D-BISK —followed by a
spectral transform). Table 1l shows the coding performancate-control process—, and superior to other shape-adapti



Image: CASI-1. Data region: 50% Image: CASI-2. Data region: 44% Image: CASI-3. Data region: 30%
0.0625 0.25 0.5 1.0 1.5]| 0.0625 0.25 0.5 1.0 1.5]| 0.0625 0.25 0.5 1.0 1.5

Decorrelation SA-MC-JPEG2000 SA-MC-JPEG2000 SA-MC-JPEG2000
SA 1D-DWT 24.64 32.25 38.01 44.44 49.8f 25.92 3349 38.77 4591 52.09 31.00 35.79 40.81 46.69 56.1
SA 1D-KLT 27.36 36.37 4160 48.15 53.3f 28.54 36.90 42.13 4841 5458 34.69 39.21 4360 48.78 57.6
Decorrelation MC-JPEG2000 MC-JPEG2000 MC-JPEG2000

1D-DWT 24.31 31.81 37.62 44.05 49.3f 2552 33.17 3841 4554 51.6f 30.58 3542 40.52 46.32 55.6
SA 1D-KLT 26.91 36.00 4127 47.81 5290 27.93 36.53 41.77 48.03 54.0§ 34.32 38.94 4336 4852 57.3
Decorrelation 2D-BISK 2D-BISK 2D-BISK
SA 1D-DWT 23.91 31.91 37.62 4420 4955 2533 32.82 38.09 4541 5135 30.42 35.22 4048 46.32 555
SA 1D-KLT 27.01 35.97 41.33 47.84 53.00 27.70 36.30 4155 48.03 54.1§ 34.24 38.99 43.31 4840 57.2

Table Il

CODING PERFORMANCE FORCASI DATA SET. RESULTS REPORT THESNR ENERGY IN DB FOR DIFFERENT BIFRATES.

coding techniques (SA TARP, and SA WDR). Moreovel10] M. Cagnazzo, S. Parrilli, G. Poggi, and L. Verdolivanproved
JPEG2000 framework considers many features and capabil-
ities that are not available in those other coding techrique
Finally, the use of several SA 3D coding systems like 3011]
WDR, 3D-TARP, and 3D-BISK, does not seem to work

properly for the data set considered.
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