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Hyperspectral Image Compression: Adapting SPIHT
and EZW to Anisotropic 3-D Wavelet Coding
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Abstract—Hyperspectral images present some specific charac-
teristics that should be used by an efficient compression system.
In compression, wavelets have shown a good adaptability to a
wide range of data, while being of reasonable complexity. Some
wavelet-based compression algorithms have been successfully
used for some hyperspectral space missions. This paper focuses
on the optimization of a full wavelet compression system for
hyperspectral images. Each step of the compression algorithm is
studied and optimized. First, an algorithm to find the optimal 3-D
wavelet decomposition in a rate-distortion sense is defined. Then,
it is shown that a specific fixed decomposition has almost the same
performance, while being more useful in terms of complexity
issues. It is shown that this decomposition significantly improves
the classical isotropic decomposition. One of the most useful prop-
erties of this fixed decomposition is that it allows the use of zero
tree algorithms. Various tree structures, creating a relationship
between coefficients, are compared. Two efficient compression
methods based on zerotree coding (EZW and SPIHT) are adapted
on this near-optimal decomposition with the best tree structure
found. Performances are compared with the adaptation of JPEG
2000 for hyperspectral images on six different areas presenting
different statistical properties.

Index Terms—Compression, EZW, hyperspectral, JPEG 2000,
SPIHT, zerotrees.

. INTRODUCTION

MAGE sensors, whether used to observe the Earth from

space or to explore deep space and distant bodies, always
seek better data quality to improve the scientific or the strategic
value of the information provided. Improving the performance
of such sensors often requires an increase in the spatial res-
olution, the radiometric precision and possibly the number of
spectral bands. High-spectral resolution instruments, fall within
this global evolution. Such sensors, named either imaging spec-
trometers or hyperspectral sensors, are becoming increasingly
common nowadays.
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Fig. 1. Example of a hyperspectral data cube (Moffett Field): The front of the
cube is a color composite of three spectral bands while the other sides display
the spectra of the side pixels.

Significant constraints limiting the performance of a new
instrument are the available transmission bandwidth and the
on-board storage capacity. The compression step, therefore,
becomes a crucial part of the acquisition system as it enhances
the ability to store, access and transmit information. ldeally,
the compression should be lossless to ensure preservation of
the scientific value of data. However, lossless compression
techniques provide compression ratios of about two or three,
a limitation which is enforced in the hyperspectral case due to
the noise inherently present is such high-resolution sensors [1].
Near lossless compression becomes an increasingly acceptable
choice during the sensor definition.

Hyperspectral imagery, or spectral imagery, involves ob-
serving the same scene at different wavelengths (Fig. 1).
Typically, each image pixel is represented by hundreds of
values, corresponding to various wavelengths. These values
correspond to a sampling of the continuous spectrum emitted
by the pixel. This sampling of the spectrum at very high res-
olution allows pixel identification (materials, minerals, gases,
etc.). The availability of the spectral information for each pixel
leads to new applications in all fields that use remote sensing
data (agriculture, environment, or military), and can help to
improve the understanding of the solar system (mineral or
gas identification). Hyperspectral data are in a way similar to
video data, where wavelength corresponds to time, but their
statistical properties are different: there is no motion between
hyperspectral spectral planes but changes in color, as illustrated
in Fig. 2.
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Fig. 2. Example of hyperspectral data (Moffett Field): the same scene at four different wavelengths (taken from the 224 bands of the original image) at 458 nm
(a), at 664 nm (b), at 712 nm (c), and at 1211 nm (d). Strong similarities exist between the images, the relevant information is present in the details.

Due to the huge amount of information and specific proper-
ties involved, compressing hyperspectral images is a challenge
[2]. A suitable and adapted compression system is still being
awaited. Many actual hyperspectral instruments do not make
use of compression, thus limiting the amount of data that can
be stored and transmitted.

Existing work focuses mainly on two different techniques,
namely vector quantization and wavelets. This paper concen-
trates on the wavelet approach and more precisely on zerotree
based methods. Zerotree have demonstrated a good ability to
compress hyperspectral data [3] and are successfully used in
several space missions. Section Il presents the JPEG 2000 com-
pression standard and proposes various adaptations for hyper-
spectral images corresponding to several trade-offs between per-
formance and complexity. Section Il defines an algorithm to
find the best 3-D wavelet decomposition for hyperspectral im-
ages in a rate-distortion sense. Section IV proposes two adap-
tations of the zerotree structure and bit plane coding based on
the proposed anisotropic near-optimal wavelet decomposition.
The first adaptation closely follows EZW and the second one
is closer to SPIHT. The results obtained from various hyper-
spectral images are compared to the performance of JPEG 2000
algorithms in term of PSNR in Section V. We conclude and
present perspectives in Section VI.

Il. JPEG 2000 FOR HYPERSPECTRAL DATA

JPEG 2000 is the latest international standard for still image
compression, on which exhaustive bibliography can be found
(4], [5]-

Parts 1 and 2 of the JPEG 2000 standard [6], [7] are targeted
at still images in grey level or with three color bands, and pos-
sibly, a fourth alpha band. In these parts, no interband trans-
form is defined apart from color transforms. Part 2, however,
makes provisions for arbitrary spectral decorrelation, including
wavelet transform. Part 10, also known as JP3D, is targeted for
3-D images which are, however, as isotropic as possible [8].
This requirement does not suit hyperspectral images, for which
the spectral dimension involves a much higher correlation than
the spatial dimensions [9]. As a consequence, the JP3D part of
the standard is not ideally suited to hyperspectral image com-
pression. Instead, we propose to use the extensions of the JPEG
2000 standard by introducing transform on the spectral compo-
nents before applying the JPEG 2000 encoder.

The reference implementation of the JPEG 2000 compres-
sion system is the Verification Model (VM). The VM is used
by the JPEG 2000 committees as a vehicle for core experiments
and will ultimately evolve into an implementation of the final
JPEG 2000 standard [10]. During this study, VM 9.1, the latest
version to date, is used to evaluate the performance of JPEG
2000 compression standard on hyperspectral images. With the
options used here, performance is very similar to the one ob-
tained with another well-known implementation of JPEG 2000:
version 5.0 of Kakadu.

As already stated, Parts 1 and 2 do not include specifica-
tions for the case where the image has more than three bands
(color transform). However, the VM let the user specify a com-
ponent transform matrix, allowing Discrete Cosine Transform
(DCT) or Karhunen—Loeve Transform (KLT) (-Mlin option of
the VM). An option which applies a wavelet transform (DWT)
through the components is available as well (-Mtdt option). In
these cases, the 1-D transform is applied in the spectral dimen-
sion before JPEG 2000 encoding of each resulting image. The
Lagrangian rate-distortion optimization is also a very useful in-
gredient, since the various components have very different sta-
tistical properties, due to the energy compaction property of the
transform (-Flra option).

Fig. 3 compares the impact of various transforms, namely
DCT, KLT interband decorrelations or wavelet transform in
terms of Peak Signal to Noise Ratio (PSNR) (1) as a function
of bit per pixel per band (bpppb)
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MSE being the Mean Square Error. The high dynamics of the
image (16 bits) explains the high values reached by the PSNR.

As expected, introducing a decorrelation prior to the JPEG
2000 encoder greatly improves the results. The relative position
of the KLT and DWT are similar to the results obtained in [11].
However, the DCT provides smaller PSNR’s in our study.

The KLT depends on the image and requires more complex
operations: computation of the covariance matrix and eigenvec-
tors. This high complexity is still a deterrent for on-board im-
plementation, especially when the number of components in-
creases even if some work is done to reduce its complexity [12],
[13]. The wavelet transform approach seems more suitable, es-
pecially in the hyperspectral case where the number of compo-
nents is important. The wavelet transform also provides higher
performance than DCT.
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