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SPECTRUM Analysis of Multispectral Imagery in Conjunction
with Wavelet/KLT Data Compression

Jonathan N. Bradley and Christopher M. Brislawn
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Abstract

The data analysis program, SPECTRUM, is used
for fusion, visualization, and classification of multi-
spectral imagery. To facilitate data transmission and
storage, a compression algorithm is proposed based on
spatial wavelet transform coding and KLT decomposi-
tion of interchannel spectral vectors, followed by adap-
tive optimal mulliband scalar quantization. The per-
formance of SPECTRUM clustering and visualization
is evaluated on compressed multispeciral data. 8-bit
visualizations of 56-bit date show little visible distor-
tion at 50:1 compression and graceful degradation at
higher compression ratios.

I. SPECTRUM data visualization.

This paper describes the authors’ research on the
problem of compressing multispectral data prior to im-
age classification and analysis. The raw data used
in this study is Landsat Thematic Mapper (TM) 7-
channel imagery, with 8 bits of dynamic range per
channel. A typical quarter-frame of TM data is
roughly 3000 x 4000 pixels, or about 84 megabytes
of data. Displaying and manipulating this much data
on a workstation computer with an 8-bit monitor is
extremely time-consuming unless the raw data is first
reduced in size. The program and graphical user in-
terface, SPECTRUM [1], written by researchers at
Los Alamos National Laboratory and the University
of New Mexico, greatly facilitates supervised data
manipulation by operating on quantized multispec-
tral data. SPECTRUM is part of the public-domain
KHOROS image processing package distributed by the
University of New Mexico [2].

The 7-dimensional spectral vectors associated with
each spatial node in the image are clustered into 256
clusters using an accelerated variant of the k-means
algorithm [3], an unsupervised data clustering proce-
dure. Data is then vector quantized and displayed as
an 8-bit false color visualization of 256 characteris-
tic vectors (usually the cluster means) that represent
the 2°¢ possible raw data vectors. Since vectors with

similar spectral characteristics wind up in the same
cluster, the k-means clustering effects a fine-grained
classification of the data without any human inter-
vention. Supervised manipulation and analysis of the
data typically takes the form of identifying and high-
lighting or measuring spectrally similar regions in the
image that correspond to some surface feature of in-
terest, such as agriculture or urban development. By
associating each pixel in the display with a spectrally
homogeneous cluster and manipulating the 8-bit color
table identified with those clusters, SPECTRUM al-
lows the user to select instantaneously all pixels in
the dataset that belong to the same cluster. Thus,
for instance, the user can locate an identifiable region
of healthy vegetation, which might be displayed us-
ing pixel values representing 2 or 3 different clusters,
and then select all pixels in the image corresponding
to those clusters simply by manipulating the display’s
color map. This is much faster than operating on un-
clustered raw data with a 56-bit bandwidth.

II. Redundancy reduction.

Because there is a great deal of spatial redundancy
in high-resolution sensor data, it is desirable for t*ans-
mission purposes to compress the raw data. Moreover,
there also exists a certain degree of interchannel cor-
relation in multispectral data that car be exnloited
to produce additional compression. JCT-h sed im-
age coding algorithms have been used 1nt e post 9
remove the spatial component of this r ‘a a1 dancy, Cou
pled with an interchannel Karhune. ¢ ot trapsparin
(KLT) to remove interchannel cor:ciaticus: see duis-
man et al. [4]. One unfortunate sice efzc/| however,
is that block transform coding, sucl: as 1ie DO L, suf-
fers from tiling artifacts at high comprussier: ratios;
these artifacts are visually annoyizy w 4 car inter-
fere with automated data analysis ~ys:cws 7. eu-
ral network-based image classifiers). " l.:s ¢ r. serious
defect since the high-frequency noise renicval usually
associated with data compression tends to improve,
rather than degrade, the performance of automated
analysis systems [5].




More recently, multispectral compression schemes
have been proposed using wavelet transform cod-
ing to remove the spatial redundancy in multispec-
tral imagery. ELpstein et al. [6] performed an in-
terchannel KLT decomposition of TM data, followed
by a 2-dimensional spatial discrete wavelet transform
(DWT) using non-perfect reconstruction linear phase
quadrature mirror filters. The KLT/DWT output was
quantized using uniform scalar quantization and com-
pressed by run-length and Huffman coding. Use of
a wavelet transform eliminates tiling artifacts in the
compressed imagery, and the authors of [6] report that
the results are “suitable for rapid browsing applica-
tions” at compression ratios of around 80:1. This ap-
proach was refined by Markas and Reif (7], who inves-
tigated using histogram equalization to improve the
KLT coding gain and hierarchical bitmap encoding
of the quantized wavelet transform coefficients. They
report high-quality reproduction (“perceptually loss-
less” ) at compression ratios of around 20:1.

Also in recent work, the present authors combined
DWT coding and vector quantization (VQ) to com-
press multispectral data [8], an approach that requires
a training process to produce customized VQ code-
books. We have subsequently decided that, when
used in conjunction with subband coding, there is rela-
tively little additional gain to be had from vector—as
opposed to scalar—quantization. This conclusion is
based in part on our experiences while developing the
FBI's wavelet-scalar quantization (WSQ) specifica-
tion, a nation-wide standard for archival-quality com-
pression of digitized fingerprint images [9, 10]. The
WSQ algorithm is based on adaptive uniform scalar
quantization of a 64-subband DWT decomposition;
the findings of Hopper and Preston [11] indicate that
scalar quantization of a highly refined subband decom-
position produces results comparable to VQ coding by
allowing subband bit allocation to take advantage of
nonuniformities in the data’s spectrum and by spa-
tially decorrelating the data, which negates most of
the advantage of VQ. Advantages of the scalar ap-
proach include lower encoding complexity and the fact
that adaptive scalar quantization is image-dependent
and therefore requires no training stage.

III. DWT/KLT compression.

In this work we present our results on compressing
TM data using a DWT/KLT algorithm for removing
data redundancy. In contrast to the approach taken
in [6, 7], we have discovered that, at high bit rates,
we obtain superior results if interchannel KLT coding
1s done after the spatial DWT is performed. In addi-

tion to the numerical evidence to be presented later,
there are several plausibility arguments we can offer
as to why this should be so. First, the DWT pro-
duces coding gain by exploiting data correlations in
two dimensions and should therefore yield more cod-
ing gain than I-dimensional KLT coding. This assess-
ment is supported by the information-theoretic anal-
ysis of Chen et al. [12], who found that spatial corre-
lations are generally greater than interchannel corre-
lations and concluded that “there is little advantage
in using spectral information in addition to spatially
neighboring pixels.” While Epstein et al. [6] did es-
tablish that adding interchannel coding yields better
performance than spatial coding alone, performing the
KLT first disturbs the smoothness of the data with re-
spect to the spatial coordinates and therefore cuts into
the more significant DWT coding gain.

A second reason why it makes sense to perform the
spatial DWT first is that the spatial frequency sub-
bands that result are then KLT-encoded separately;
i.e., one computes KLT decompositions for N small
subbands rather than a single, large KLT for the whole
scene. We conjecture that image features from differ-
ent length or resolution scales probably have differ-
ent spectral characteristics, which means that KLT-
encoding them separately should yield better coding
gain. Since the total number of interchannel vectors
is not changed by the DWT, the cost of construct-
ing N subband covariance matrices is the same as the
cost of constructing a single covariance matrix for the
whole image. The additional computational cost of
performing 7 x 7 covariance matrix diagonalizations
for 16 subbands is a very small portion of the total
encoding task and adds little to the overall numeri-
cal complexity. KLT encoding of DWT subbands also
makes it easier to incorporate spectral data acquired
at different scanning resolutions. For instance, a ther-
mal channel scanned at twice the ground-sampling dis-
tance as shorter-wavelength channels can be identified
with first-level lowpass DWT subbands for the sake of
forming interchannel vectors for KLT coding.

It is interesting to note that the early work of Huis-
man et al. [4] using DCT coding applied the spatial
transform prior to interchannel KLT coding, which
was done on a block-by-block basis rather than ac-
cording to frequency subbands. Since there is no
blocking inherent in the DWT, compressed images ex-
hibit no tiling artifacts at high compression ratios.
Instead, image degradation takes the more graceful
form of a gradual blurring or loss of fine details as
the compression ratio increases. At moderate com-
pression ratios, this has the effect of acting as a high-
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Figure 1: Frequency support of DWT subbands.

pass noise filter, and Hopper and Preston [11] ob-
served improved success rates for minutiae detection
using WSQ-compressed images (versus uncompressed
data) with the UK Home Office’s automated finger-
print matcher; DCT-based JPEG compression consis-
tently decreased minutiae-detection performance.

IV. Numerical results.

A WSQ/KLT algorithm was applied to Landsat
TM images of the former Soviet Union, which were
clustered by SPECTRUM for data visualization. The
filters were T-tap/9-tap linear phase perfect recon-
struction filters corresponding to a family of regu-
lar biorthogonal wavelets, implemented using sym-
metric boundary extrapolation. The subband decom-
position used in these experiments is the 5-octave
splitting shown in Figure 1. Each of the 16 multi-
spectral subbands was then transformed into its op-
timal 7-dimensional KLT decomposition, resulting in
7 x 16 = 112 DWT/KLT subbands. Uniform scalar
quantization of these subbands was performed using a
bit allocation that minimizes a weighted mean-square
distortion metric subject to a user-imposed constraint,
r, on the overall compression; quantizer output was
compressed by zero-run-length and Huffman coding.
Thus, the user can specify a target bit rate of, e.g.,
r=0.5 bits/pixel (bpp) per channel, which would cor-
respond to 16:1 compression for 8 bpp/channel data,
and the quantized data will come in at a compression
ratio of around 16:1. Actual observed compression ra-
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Figure 2: Rate-distortion curve, Chernobyl image.

tios are normally somewhat higher than predicted due
to variable amounts of lossless coding gain, principally
from run-length coding of zeros in highpass-filtered
subbands. The important point is that r gives the user
control over the lossy component of the compression
process, namely, the quantization of the floating-point
wavelet/KLT coefficients. Except for the addition of
KLT interchannel coding, this strategy is similar to
the one employed in the FBI standard [9, 10].

Two TM images were processed in this experiment:
a 1024 x 1024-pixel scene of the region surrounding the
Chernobyl power plant, taken a few months before the
unfortunate reactor malfunction, and a 2048 x 2048 im-
age of Moscow and surrounding countryside. (We be-
lieve in testing on large, statistically heterogeneous im-
ages.) Both images were compressed using the above
DWT/KLT procedure at a variety of bit rates, r, be-
tween 1 and 0.1 bpp/channel. For comparison, the im-
ages were also processed, at the same bit rates, with
the interchannel KLT performed before the spatial
DWT (the KLT/DWT method). The rate-distortion
characteristics of both methods on the Chernobyl im-
age are shown in Figure 2; the curves for the Moscow
image are nearly identical. Distortion is reported as
root mean-square error (RMSE) per channel, the av-
erage RMSE for the 7 spectral channels. Bit rates are
the actual observed compression factors; e.g., at r=1
bpp/channel, both methods achieved sufficient addi-
tional lossless coding gain to come in at just under



0.8 bpp/channel (just over 10:1 comnpression).

At this high bit rate one can see the advantage of
the DWT/KLT approach over the KLT/DWT method
in the form of slightly lower RMSE. The trend is con-
sistent throughout the range of bit rates tested, al-
though most significant in the high-quality regime,
and also occurs in the Moscow image with compara-
ble magnitude. In our presentation we will also show
an example of a KLT/DWT artifact from the Cher-
nobyl image at »=0.5 bpp/channel in which a road
appearing in the visible spectrum—but not present in
thermal channel #6—gets “smeared” into the ther-
mal channel by the KLT and appears in the visualiza-
tion of channel 6; this artifact does not appear with
DWT/KLT compression.

Figure 3 displays a portion of a SPECTRUM visu-
alization of the Chernobyl image, both before and af-
ter DWT/KLT compression with r=0.15 bpp/channel
(53.3:1); the actual observed compression ratio was
63.3:1 and the RMSE/channel was 4.92. SPECTRUM
generated an 8-bit color map for a 256-vector code-
book of cluster means by using blue to display the
pixel intensity in channel 1 (visible blue), red for chan-
nel 4 (near IR), and green for channel 5 (mid IR); the
image has been converted to gray-scale for this pub-
lication. The same color formula was used to display
the compressed data. The Chernobyl reactor is lo-
cated in the developed region at the upper end of the
lake. A man-made dike extends from the shore near
the power plant down the middle of the lake, separat-
ing warm water released by the power plant from the
colder water at the upper end of the lake.
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