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Abstract

This paper deals with a compression of image data in applications in astronomy. Astronomical images have typical
specific properties — high grayscale bit depth, size, noise occurrence and special processing algorithms. They belong
to the class of scientific images. Their processing and compression is quite different from the classical approach of
multimedia image processing. The database of images from BOOTES (Burst Observer and Optical Transient Exploring
System) has been chosen as a source of the testing signal. BOOTES is a Czech-Spanish robotic telescope for observing
AGN (active galactic nuclei) and the optical transient of GRB (gamma ray bursts) searching. This paper discusses
an approach based on an analysis of statistical properties of image data. A comparison of two irrelevancy reduction
methods is presented from a scientific (astrometric and photometric) point of view. The first method is based on a
statistical approach, using the Karhunen-Loève transform (KLT) with uniform quantization in the spectral domain. The
second technique is derived from wavelet decomposition with adaptive selection of used prediction coefficients. Finally,
the comparison of three redundancy reduction methods is discussed. Multimedia format JPEG2000 and HCOMPRESS,
designed especially for astronomical images, are compared with the new Astronomical Context Coder (ACC) coder based
on adaptive median regression.

Keywords: astronomical image compression, Karhunen-Loève transform, dark frame compression, loss less compression
algorithm, Astronomical Context Coder (ACC), JPEG 2000.

1 Introduction
This paper deals with scientific image data com-
pression. The data for analysis was collected dur-
ing work on the international (Czech-Spanish-Italian)
BOOTES experiment (Burst Observer Optical Tran-
sient Exploring System) [2]. BOOTES has been in
service since 1998 as the first Spanish robotic tele-
scope for sky observation [4]. This system is one of
three similar systems in full operation in the world,
and has three main stations. The first one is located
in the southern Spain (in Mazagon, near Huelva), and
has been in full operation since July 1998. The first
version of the system was completed in July 2001.
The main aim of the project is to observe extra-
galactic objects and to detect a new optical transient
(OT) of gamma ray burst (GRB) sources. BOOTES
has been operated in very close co-operation with
a satellite observation of the gamma and roentgen
universe INTEGRAL satellite. INTEGRAL is an or-
bital astrophysics laboratory of the European Space
Agency (ESA) and it has been in space since Novem-
ber 2002.

Due to the limited capacity of storage media, an
efficient data compression algorithm has to be ap-
plied. Lossless compression algorithms are often used
in scientific applications, but their efficiency is lim-
ited. The maximum achieved compression ratio de-
pends above all on the data type and on the amount

of image signal entropy. The usual dictionary or en-
tropy lossless algorithms are Run Length Encoding
(RLE), Lempel Ziv Welch (LZW), Huffman or arith-
metic coding. The typical compression ratios of these
lossless algorithms are from 1 : 1.1 to 1 : 5 for astro-
nomical images [1].

The second approach involves the use of compres-
sion techniques characterized by decorrelated param-
eters. Typical examples of this option are JPEG and
JPEG2000 standards, but data impairment has to
be taken into account in the case of lossy coding.
It is necessary to consider whether algorithms opti-
mized for multimedia applications and human vision
are suitable for compressing scientific image data.

Astronomical image data stored in archives is of-
ten accessed later to perform a new study, new com-
parisons and measurements. It is not possible to fix
a set of investigation methods which may be applied
to the astronomical image in the future. It is there-
fore not possible to determine in advance an admissi-
ble loss of image information during the compression
process. The best way to guarantee maximally ac-
curate and reliable results from post-processing an
astronomical image is to preserve the image without
any change or loss of information. For this reason
lossless compression techniques are often preferred in
this area.

Recent lossy and lossless still image compression
formats are powerful tools for compressing all kinds of
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Fig. 1: Correction image data from the BOOTES project (1 024 × 1 536 × 16 bits) a) image for correcting non-uniform
sensitivity of the whole detection system flat field (FF), b) map of the dark current of the CCD sensor — dark image
(DI)

a) b)

Fig. 2: Input image data from the BOOTES project (1 024 × 1 536 × 16 bits) a) Image from wide field camera M7 and
Milky Way with many objects (size smaller than 10 pixels), b) M42 nebulae with a satellite tray. Image obtained from
the DEEP SKY camera

common images (pictures, text, schemes, etc.). The
performance of a compression algorithm generally de-
pends on its ability to anticipate the image function
of the processed image. In other words, a compres-
sion algorithm, in order to be successful, has to take
fullest advantage of coded image properties. Astro-
nomical data forms a special class of images that have
general image properties, and also some specific char-
acteristics. If a new coder is able to make correct
use of knowledge of these special properties, this will
lead to superior performance on this specific class
of images, at least in terms of the compression ra-
tio. Applying special compression algorithms based
on specific properties of wavelet, fractal or Karhunen-
Loève transform [9] seems to be a better solution for
astronomical image data compression.

2 Astronomical images

The data coder has been optimized for four image
types:

• image for correcting the non-uniform sensitivity
of the whole detection system flat field (FF) (see
Figure 1a). Note the shadow of the dust particle
in the left part of the center of the image.

• a map of the dark current of the CCD sensor –
dark frame (DF) (see Figure 1b). Note the bad
CCD column in the right part of image.

• light images (LI) from wide and ultra-wide field
cameras (EQ focus length shorter than 100 mm)
(see Figure 2a). The size of the objects (espe-
cially stars) does not exceed 10 square pixels.

• light image with high spatial resolution — deep
sky images (DSLI) (see Figure 2b).

Light and flat field images are not corrected
with the map of dark current, and isolated hot pix-
els are noticeable in these images. These artifacts
are close to an uncorrelated signal, and are diffi-
cult to compress. These test images come from our
DEIMOS [3] database, which is available as open
source (http://www.deimos-project.eu/). This image
database covers a broad range of image content from
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scientific image data in astronomy and multime-
dia [6].

3 Lossless astronomical image
compression

3.1 JPEG2000

The core part of the JPEG2000 standard [8] also en-
ables lossless compression. For the lossless mode,
the reversible color transformation and the reversible
wavelet transform can be used to decorrelate the in-
put data in terms of the color components and the
spatial dependencies. These transformations convert
input integer data into integer results. The reversible
color transformation and the reversible 5/3 wavelet
filter can also be used for lossy coding. Thanks to
the sophisticated JPEG2000 format structure, it is
then very simple to work with the quality or reso-
lution progression, from a lossy image overview un-
til lossless maximum resolution image data. The
ROI (Region of Interest) technique also provides the
most accurate data for the specific part of an image
with reasonable bandwidth requirements. Although
the compression performance of the reversible trans-
formations is limited for the lossy case, they show
results that are almost comparable with the irre-
versible transformations dedicated to lossy compres-
sion.

3.2 HCOMPRESS

HCOMPRESS was developed at the Space Telescope
Science Institute (STScI, Baltimore), and is com-
monly used to distribute archived images from Digi-
tal Sky Survey DSS1 and DSS2. This compression
format is based on the Haar transform (2 × 2 pi-
xels). The computation is extremely fast, since the
Haar transform does not require any multiplication.
Wavelet coefficients are linearly quantized, quad tree
coded on bitplanes, and the statistical redundancy is
reduced by the Huffman code. Besides lossy cod-
ing, this compression format also enables lossless
compression, since the Haar wavelet transform is re-
versible. A definition of this format can be found
in [14].

3.3 CCSDS-LDC or Rice algorithm

The Consultative Committee for Space Data Sys-
tem published in 1997 a recommendation standard
for lossless data compression based on modified Rice
algorithm [15]. LDC stands for Lossless Data Com-
pression. This coding should exhibit better results
than JPEG-LS under the same conditions. The orig-
inal Rice’s algorithm can be found in [16].

3.4 ACC Coder

ACC stands for Astronomical Context Compression.
This format is currently under development in the
radio engineering department of FEE of CTU in
Prague, and is being designed especially for astro-
nomical images, focusing on their specific character-
istics. However, it can also be applied for general
raster images. ACC consists of the following main
parts:
• background estimation
• successive spatial decomposition
• context computation based on noise evaluation
• context-based pixel estimation, using linear re-

gression
• RLE and arithmetic coding

Background estimation is the first part of the cod-
ing process, and it is important. It is based on tiled
median computation and subsequent filtering. The
estimated background is extracted from the original
image data, and the background-free image is further
processed. This background separation improves the
coding performance of the following methods.

The background-free image is then decomposed
in several steps. In each step, a different set of pixels
from the input pixel array is coded. Each pixel is
coded just once, so the sets of the pixel are disjunc-
tive. This spatial decomposition is optimized for the
specific astronomical image data, where many singu-
larities in the image function are expected. The de-
composition scheme differs from the wavelet dyadic
decomposition, where the input pixel array is pro-
cessed in a successive pyramidal way.

Astronomical images are usually contaminated by
a significant noise level. The key to the ACC al-
gorithm is to measure the local noise characteristics
and to differentiate the input image pixels into in-
compressible noise and significant data. According
to the significance of the local data, the context is
computed and assigned to each coded pixel. Pixels
having the same context are then coded together.

4 Achievable compression
ratios

The performance of the three compression formats
presented above was measured and compared in
terms of the lossless compression ratio that was
achieved. The measurement was made on three
image sets, each set representing a different astro-
nomical image type. In the first set, there were
26 deep sky astronomical images. The second and
the third set contained 22 correction dark frames
and 5 correction flat fields, respectively. All tested
files were 1 536×1 024 single component images with
16 bit/pixel depth.
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Fig. 3: Noise bits versus the lossless compression ratio

Table 1: Average lossless compression ratio

IMAGE SET HCMOPRESS JPEG2000 RICE ACC

Deep sky 1.77 1.85 0.51 1.96

Dark frames 2.69 2.85 1.52 5.63

Flat field 1.71 1.74 0.49 1.74

Figure 3 shows the measured compression ratio
versus the Gaussian noise equivalent bits. All image
sets are included. The Gaussian noise bits are com-
puted by the fpack utility [12]. Among the standard
coders, the JPEG2000 standard achieved slightly bet-
ter results than HCOMPRESS. Its main benefit is the
MQ entropy coder. However, the static 5/3 DWT
filter is not optimal in many cases. For example,
the Haar wavelet used in HCOMPRESS produces
less high amplitude coefficients in the case of isolated
singularities, which are common in astronomical im-
ages.

The results show clearly that the ACC coder ex-
hibits very good results on all tested images. It shows
superior compression ratios in almost all test cases.
The strength of the context-based estimation opti-
mization can be exploited particularly in the dark
frames test set, where the average improvement of
this novel method compared to the other algorithms
was particularly evident. The dark frames usually in-
clude much less Gaussian-like noise, and this enables
it to have better theoretical compression ratios, e.g.
compared with the deep sky images.

5 Lossy astronomical image
compression

The algorithms required by astronomers are lossless.
Their efficiency is limited. Unfortunately, they do
not offer a higher compression ratio than 5 : 1 [10].
Is this enough? Inadequate results can be enhanced
by the use of lossy algorithms. They provide a much
better compression ratio, up to 100–200 : 1 for spe-
cific kinds of images. However, they also lead to in-
creased errors in the reconstruction images. JPEG
and JPEG2000 are the most widely known loss com-
pression standards. They are preferred by graphics
and web users. However, their usage for astronomical
data compression is not optimal. These standards are
optimized for human vision (i.e. perception based)
and for so-called multimedia applications.

We are searching for optimal compression algo-
rithms with the following characteristics
• highly efficient, with a good compression ratio
• lossless, or loss with known and optimized defect

reconstruction
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• a fast decompression algorithm — e.g. the coder
and decoder of an archive machine can be non-
symmetrical.

Scientific data is not processed by the human
eye, but sophisticated algorithms are usually used.
They are sensitive to other parameters than the eye.
The mean square error is usually used for estimating
the good quality of an approximated image signal.
A special compression technique is therefore studied
in this paper. We can compare it with algorithms
based on the unique properties of wavelets and frac-
tals as alternative coding methods [13]. The tech-
nique described in this paper has the lossy coder of
the spectral coefficients of the Karhunen-Loève trans-
form [11, 5]. It seems to be a better solution.

5.1 Distortion measurement of lossy
coders

The measurement confirms the possibility of arrang-
ing the coder blocks to produce an accepted error
and a sophisticated data stream. First, the most
principal spectral components are important for a
preview of the image and background function es-
timation, together with sensitivity correction. Next,
the components can be used for searching objects and
for high-precision astrometric and photometric mea-
surements with a profile fitting. Suboptimal KLT
decomposition has been found to be very suitable for
astronomical data compression. The KLT coding of
correction sensitivity images (so-called flat fields) can
be performed up to 100 : 1, according to the image
characteristics [9].

The light images are very well reconstructed for
compression ratios about 30–60 : 1 (see Figure 4).
A comparison of the impact of the wavelet, DCT
and KL transforms on the deep sky is shown in Fi-
gure 5. The dark frames are a map of the thermally
generated charge in the CCD structure. They are
very difficult to code, due to their noise and their
very stochastic character. Application of the de-
signed KLT provides an insignificant result. The
maximal accepted error of the reconstructed images

corresponds to a compress ratio of about 5 : 1. The
lossless variant of the KLT coder is recommended
for use for these images. Figure 4 shows a com-
parison of the mean error of the object position for
the Karhunen-Loève coder and the adaptive wavelet
transform, based on the JPEG 2000 standard.

Fig. 4: Error of the astrometry position measurement for
the suboptimal Karhunen-Loève expansion and the adap-
tive wavelet transform

6 Conclusion
The lossy compression technique described here can
be considered as a good alternative for known com-
pression algorithms (JPEG and JPEG2000). The
disadvantages of the KLT-based coder are its exten-
sive computational requirements due to the need to
calculate the eigenvectors of the covariance matrix. It
can be improved by using the suboptimal KLT coder.
Further improvement of technique can be achieved
by sophisticated filtering methods and suitable image
data organization. The lossless ACC (Astronomical
Context Coder) has been designed and optimized for
specific astronomical data properties. The proposed
new compression method is based on noise estimation
and pixel contextual modelling using median regres-
sion. For a given context, this pixel estimation is
optimal in the sense of the estimation error sum.

a) b) c)

Fig. 5: Comparison of the impact of irrelevancy reduction for the Adaptive Wavelet Algorithm JPEG 2000 (a – left),
DCT (JPEG) (b – central), and DKLT (c – right) based coder. Detail of object, stars and satellite tray in fig. 2b)
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[11] Páta, P., Hanzĺık, P., Schindler, J., Vı́tek, S.:
Influence of Lossy Compression Techniques on
Processing Precision of Astronomical Images,
6th IEEE ISSPIT conference, Athens, Greece,
2005.

[12] Pence, W. D., Seaman, R., White, R. L.: Fpack
FITS Image Compression Utility, [online], 2010,
http://heasarc.gsfc.nasa.gov/fitsio/fpack/
fpackguide.pdf.

[13] Starck, J. L., Murtagh, F., Louys, M.: CCMA
Conference on Data and Information Fusion.
Grenada, 1997.

[14] White, R., Postman, M., Lattanzim, M.: Digi-
tized Optical Sky Survey, Kluver, pp. 167–175,
1992.

[15] CCSDS: Lossless Data Compression, Recom-
mendation for space data system standards,
CCSDS, Vol. 121.0-B-1, 1997.

[16] Rice, R. F., Yeh, P.-S., Miller, W.: Algorithms
for a very high speed universal noiseless coding
module, JPL Publication 91-1, Jet Propulsion
Laboratory, Pasadena, CA, 1991.

Jaromı́r Schindler
Petr Páta
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