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ABSTRACT 
 
 
Satellite data compression is very important for scientific missions, which often send 
large amounts of data during operations. Modern examples are Euclid, Solar Orbiter 
and the several Earth observation missions. However, for each mission and type of 
data the optimum solution can be different. Here we focus on compression of 
simulated images following the design specifications of the Euclid and Solar Orbiter 
missions, and on real images from NOAA and Eumetsat Earth Observation missions. 
We aim to achieve the best solution for the compression of these images, mainly 
regarding compression ratio, but also paying attention to the compression time – that 
is, trying to minimize the onboard processing requirements. 
 
Data compression research at the Institute for Space Studies of Catalonia (IEEC) has 
led to new algorithms that in some cases perform better than the consolidated 
standards of the CCSDS (Consultative Committee for Space Data Systems). The so-
called Fully Adaptive Prediction Error Coder (FAPEC) is a new entropy-coding 
algorithm for data compression that provides an excellent coding efficiency even 
when large fractions of outliers are present in the data. It competes with the CCSDS 
121.0 recommendation. On the other hand, the CCSDS 122.0 recommendation for 
image compression, based on the Discrete Wavelet Transform (DWT), can be used 
to produce both lossy and lossless compression. Previous studies have combined 
FAPEC with the 122.0 standard by compressing non-scaled DC and AC coefficients 
from the DWT stage, allowing FAPEC to achieve better compression ratios than the 
standard bit-plane encoder. The result, called DWTFAPEC, was able to work with 
FITS and raw images, both lossless and lossy. 
 
In this work we modify DWTFAPEC to differentially code the DC coefficients, further 
improving the performance – up to 10% in the lossy case. DWTFAPEC has been 
tested on a variety of realistic images (from Euclid, Solar Orbiter and Earth 
observation missions) to evaluate its performance and to demonstrate its eventual 
applicability to any space mission. For each of the cases studied here we show which 
is the optimum data compression solution among FAPEC, DWTFAPEC, CCSDS 
121.0 and 122.0, both for lossless and lossy (where applicable), and for different 
options of the compressors. In all cases we consider both compression ratios and 
computing times. In some cases, due to the lack of capability to work with colour 
images we partitioned the images in sub-streams – one for each of the colour bands. 
This approach makes possible to use DWTFAPEC and FAPEC for colour images. 
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Chapter 1 

INTRODUCTION 
 
 
Since the first payload was launched to space in 1957, space technologies have 
quickly evolved, allowing the operation of heavier and much more powerful satellite 
payloads. The number of scientific missions has increased to hundreds of current 
operating satellites in orbit. Nowadays, with the development of new technologies in 
the space sector, from launchers to satellite subsystems, the amount of transferred 
data has increased to the order of gigabytes of daily telemetry, astronomical and 
communication data. Launchers are able to put much heavier satellites into higher 
orbits and also satellites are able to provide more accurate data from their sensors, 
cameras, or other instruments. Much more efficient power generators combined with 
large-capacity batteries has increased the accessible power required by advanced 
instruments. All in all, it implies that the amount of information generated by satellite 
payloads has grown exponentially over the last decades. 
 
Due to the space environment and its restrictions, space technology is often several 
years behind the state-of-the-art technologies available on-ground. Therefore, 
important efforts are put in order to minimize the energy and processing 
requirements of a mission. Nevertheless, engineers keep getting challenges to make 
on-board instruments as powerful as demanded by the mission requirements, but 
always within the limits imposed by the spacecraft specifications. 
 
Data compression systems for satellite payloads are a particular example of this 
problem. Such systems use to have several tight restrictions. First, one must use 
small data blocks in order to avoid losing large amounts of data in the case of 
transmission errors. More precisely, data should be compressed in small 
independent data blocks. This is at odds with the fact that most adaptive data 
compression systems perform optimally only after a large amount of data is 
processed. Secondly, the processing power for software implementations (or 
electrical power, in hardware implementations) is limited in space. Therefore, the 
compression algorithm should be as simple and quick as possible. Finally, the 
required compression ratios are increasing as new missions, which handle huge data 
amounts of data, are conceived and launched. 

1.1. Data and image compression 
 
From some decades ago, data compression techniques have existed to solve the 
problem of insufficient onboard storage and downlink capacity. These techniques can 
be classified in different ways. Due to the nature of the work described here, only the 
following classification is used: 
 

• Lossy methods, which transform the data in a way that implies an intentional 
data loss (usually limited by the user). 
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• Lossless methods, in which the data integrity is maintained and can be 
completely recovered through a reversible process. 

Both techniques are widely used, each of them being selected depending on the 
specific application. While lossy data compression is usually applied in fields like 
imaging, video and sound, lossless compression methods are preferably used when 
the full integrity of the data is mandatory, such as accurate scientific measurements 
or in general-purpose compressors for computer files. It must be said that the 
techniques and algorithms involved in these methods largely vary depending on the 
chosen option. 
 
The Consultative Committee for Space Data Systems (CCSDS) issued its 121.0 
recommendation for lossless data compression with the intention of offering a 
solution to data compression requirements in space missions. The proposed solution 
is a very simple (thus quick) algorithm that operates in blocks of just 8 or 16 samples. 
This recommendation has been used in several missions, including hardware 
implementations, due to the reasonable compression ratios achieved with low 
processing requirements. Despite its powerful features, this standard compression 
system is not exempt of problems either. The critical problem arises at the coding 
stage, as the Rice algorithm is not intended to compress noisy data. In fact, its 
efficiency abruptly decreases when noise is present in the data. This is a major issue 
since most space-based measurements are contaminated with noise and outliers. 
Therefore, the CCSDS 121.0 recommendation is not an optimum solution in some 
cases. This weakness is solved by the Fully Adaptive Prediction Error Coder 
(FAPEC), a highly-optimized data compression algorithm which offers much better 
resiliency regarding outliers [1,2]. 

1.2. FAPEC 
 
FAPEC stands for Fully Adaptive Prediction Error Coder, a new entropy-coding 
algorithm for data compression that provides an excellent efficiency even when large 
fractions of outliers are present in the data. The typical application of FAPEC is as 
the coding stage of a data compression system, after a first stage performing some 
kind of pre-processing on the data to be compressed, leading to prediction errors – 
hereby the name of FAPEC. Such prediction errors, in the form of signed integer 
values, are expected to be much smaller than the original data, and from that FAPEC 
will generate short binary codes leading to an output smaller than the original data.  
 
FAPEC acts as the second stage of such a two-stage data compression strategy. 
Specially, the goal was to design an optimal entropy coder, initially aimed at lossless 
data compression (although it can be used for lossy compression as well). First, the 
prediction error coder (PEC) was designed based on a segmentation strategy that 
makes it adequate for data described by unusual statistical distributions (contrary to 
Golomb-based coders). The efficiency of PEC never drops below 40%, even when 
very large values are received, since it limits the maximum code length to less than 
twice the original size, while the Rice compressor can sometimes lead to prohibitive 
code lengths [3]. 
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1.3. DWTFAPEC 
 
The CCSDS released its 122.0 recommendation to define a particular payload image 
data compression algorithm. The algorithm is intended to be suitable for use onboard 
a spacecraft. In particular, the algorithm complexity is designed to be sufficiently low 
to make a high-speed hardware implementation feasible. The compression technique 
described in the CCSDS standard can be used to produce both lossy and lossless 
compression. The compressor adopted in the CCSDS 122.0 standard relies on a 
Discrete Wavelet Transform (DWT).  
 
Previous studies looked for the right place of the implementation of the 122.0 
standard where the FAPEC coder can be inserted to obtain a better performance. In 
order to have an optimal integration, it was decided to use the DC and AC non-
scaled coefficients from the DWT stage, which lets the FAPEC compressor to 
achieve higher compression ratios than the standard bit-plane encoder (BPE) based 
on the Rice algorithm. This solution allowed a better performance of FAPEC when 
integrated in the CCSDS 122.0. Moreover, the no pre-processing option of FAPEC 
helped further to achieve higher compression ratios. 
 
Although the standard implementation only accepts raw images, DWTFAPEC is 
compatible with FITS images (Flexible Image Transport System). In addition to the 
implementation of the lossless image data algorithm, DWTFAPEC was modified to 
allow for lossy compression as well [2,4]. 

1.4. Goals of this master thesis 
 

The goal of this work is to improve further the performance of DWTFAPEC, and to 
test it with several scientific images – either simulated or real – following the design 
specifications of different missions such as Solar Orbiter, Euclid, or EUMETSAT and 
NOAA Earth observation missions. This study presents the performance of each 
image data compression code considering the mission requirements regarding lossy 
or lossless compression. The goal is to indicate which is the best solution depending 
on the kind of images and on the lossless or lossy needs. 
 
Increasing the efficiency of DWTFAPEC in terms of compression ratio and also 
compression time is the priority of this study. Nevertheless, DWTFAPEC is only able 
to handle grey scale images, so adding the capability to work with colour images 
would also be extremely interesting for this project. 
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1.5. Definitions and Acronyms 
 
CODEC Coder/Decoder 
DWT Discrete Wavelet Transform 
FAPEC Fully Adaptive Prediction Error Coder 
DWTFAPEC Discrete Wavelet Transform Fully Adaptive Prediction Error Coder 
CCSDS Consultative Committee for Space Data Systems 
PEC Prediction Error Coder 
IEEC Institut d’Estudis Espacials de Catalunya 
LSB Least Significant Bit 
MSB Most Significant Bit 
UB Universitat de Barcelona 
UPC Universitat Politècnica de Catalunya 
wrt With Respect To 
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Chapter 2 
 

Improvements to DWTFAPEC 
 
 

2.1. Improvements to the code  
 
The concept behind the improvement to the original DWTFAPEC implementation 
presented here is quite easy. We simply take the DC coefficients generated by the 
DWT stage, determine the differences between consecutive coefficients, and provide 
them to the coder. In the decoding stage we just have to do the reverse operation – 
summing each new coefficient to the previous one in order to recover its original 
value. 
 
The original DWTFAPEC code for the compressor was the following, leading to 
absolute values in the coefsDC[] array passed to the coder: 
 

coefsDC[i] = BlockString[0+i*BLOCK_SIZE][0] 

 
With the improvement proposed here, the code is now as follows: 
 

AUXcoefsDC[0]=0; 
  for(i = 0; i < TotalBlocks; i++){ 
  coefsDC[i]=BlockString[0+i*BLOCK_SIZE][0]-AUXcoefsDC[i]; 
  AUXcoefsDC[i+1] = BlockString[0+i*BLOCK_SIZE][0]; 

 
As can be seen, the coefsDC[] array now holds the differences between consecutive 
DC coefficients. 
 
The decoder just has to undo this simple differential coding to reconstruct the image: 
 

for(i = 0; i < TotalBlocks; i++){ 
  if (i==0) { 
  BlockString[0+0*BLOCK_SIZE][0] = coefsDC[0]; 
  } 
  else { 
  BlockString[0+i*BLOCK_SIZE][0]=coefsDC[i]+BlockString[0+(i- 
  1)*BLOCK_SIZE][0]; 
  } 

 
Whereas the original decoder was just: 
 

BlockString[0+i*BLOCK_SIZE][0] = coefsDC[i]; 

 
The software framework has been revised so that we can select the DC coding 
option – either absolute or differential. In this way the eventual improvements can be 
easily tested, as shown below. Unless explicitly specified, the default option is now 
the differential DCs coding. 
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2.2. Test images 
 
For this section we have used all the images available from previous studies in the 
IEEC data compression group. Our image database contains a variety of different 
images, from astronomical to ground observation images. Also different formats are 
available such as raw binary, FITS and IMG. For a better comparison (specially on 
the compression times) we have rerun the tests that were previously done using 
these files, thus using up-to-date reference results. 
 
Of the 29 images that have been used for this section, here we provide more details 
on three of them: Banyoles, Eixample and Galaxia. These three images are 
important because they are quite representative of different situations in which our 
compressor can be used. Banyoles and Eixample are both Earth observation images 
but covering different areas. The first one covers an agricultural area with a lake and 
a small city, and the second one shows a crowded central part of the city of 
Barcelona. Galaxia, on the other hand, is an example of an astronomical image. 
 
 
 

 
 

Figure  2.1  Earth observation test image (Banyoles). 
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Figure  2.2 Earth observation test image (Eixample). 
 

 
Figure  2.3  Astronomical test image (Galaxia). 
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2.3. Results for lossless compression 
 
Table 2.1 shows the results of the complete set of tests that have been run on the 
images database. To represent the current differential DC coefficients improvements, 
comparing to non-differential DC coefficients. 
 
Table  2.1 Compression ratios and times for lossless DWTFAPEC. 

Image name Absolute DC coding Differential DC coding 
 Ratio CPU time (ms) Ratio CPU time (ms) 
com0001.fits  2.03 152 2.06 152 
disco_acrecion.fits  13.76 13 13.73 12 
for0001.fits  3.21 86 3.24 120 
for0002.fits  4.67 114 4.74 100 
fuente_ruidosa.fits  11.10 667 11.09 456 
gal0001.fits  2.81 126 2.85 87 
gal0002.fits  2.35 68 2.38 101 
gal0003.fits  3.96 522 4.06 526 
gal0004.fits  3.87 517 3.96 791 
galaxia.fits  1.90 56 1.92 91 
nebuloso 10.36 43 10.60 59 
ngc0001.fits  1.69 146 1.69 162 
ngc0002.fits  2.44 99 2.44 131 
OMAHA.IMG  1.17 40 1.18 48 
SENA.IMG  2.14 28 2.16 51 
SENSIN.IMG  1.97 30 1.99 49 
sgp0001.fits 3.62 96 3.73 94 
sgp0002.fits  4.42 79 4.60 81 
simu7135_tr1_SM1_6.fits  3.56 891 3.68 861 
SINAN.IMG  2.09 31 2.11 72 
suelo_1.raw  1.46 5273 1.47 5356 
suelo_2.raw  1.99 12000 2.01 12000 
tuc0003.fits  3.15 61 3.17 141 
tuc0004.fits  3.28 59 3.29 129 
banyoles-1024x600.raw 1.40 452 1.41 281 
catedral-1024x600.raw 1.14 352 1.14 301 
eixample-1024x600.raw 1.20 327 1.20 575 
field-1024x600.raw 1.31 839 1.32 285 
pirineus-1024x600.raw 1.41 586 1.41 282 

 
 
As can be seen, the compression ratios have slightly increased for almost all the 
images. The CPU time required has also slightly increased yet not significantly. It is 
worth mentioning that, as otherwise expected, the image format does not affect the 
result considerably. 
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The improvement achieved with this Differential DC Coding approach is marginal and 
depends on the image, but in almost all the lossless tests we have a larger 
compression ratio. The reason for such marginal improvement is the small number of 
DC coefficients with respect to the number of AC coefficients in the DWT stage. 
Regarding the compression time, in some cases it has increased, but in general the 
result is reasonable – especially considering the intrinsic inaccuracy when measuring 
the exact run time of the software. 

 
Figures 2.4 to 2.6 show the histograms of the DWT coefficients obtained with this 
technique from the three reference images previous shown. 
 

 
Figure  2.4 Histogram of the lossless DWT coefficients of the Banyoles image. 
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Figure  2.5 Histogram of the lossless DWT coefficients of the Eixample image. 

 

 
Figure  2.6 Histogram of the lossless DWT coefficients from the Galaxia image. 
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2.4. Results for lossy compression 
 
Table 2.2 shows the overall results obtained for the case in which lossy compression 
is employed, selecting a quality level of 2 – that is, removing all the grandchildren AC 
coefficients. As can be seen in this table, better improvements are achieved in terms 
of compression ratio, while the processing times are still very similar. The reason of 
this significant improvement is that the DWTFAPEC code simply gets rid of many AC 
coefficients when selecting the lossy option. Thus, when coding the DC coefficients 
differentially we are affecting a larger fraction of the total number of coefficients. 
 
Table  2.2 Compression ratios and times for lossy DWTFAPEC. 

Image name Absolute DC coding Differential DC coding 
 Ratio CPU time (ms) Ratio CPU time (ms) 
com0001.fits  7.69 102 8.10 65 
for0001.fits  8.97 58 9.28 43 
for0002.fits  10.82 39 11.27 40 
fuente_ruidosa.fits  39.11 242 39.91 235 
gal0001.fits  10.39 40 10.98 42 
gal0002.fits  7.91 41 8.28 45 
gal0003.fits  13.94 242 15.39 245 
gal0004.fits  13.78 243 15.22 246 
galaxia.fits  6.59 26 6.80 26 
nebuloso 28.50 23 32.18 24 
ngc0001.fits  5.22 45 5.27 45 
ngc0002.fits  6.79 68 6.84 44 
OMAHA.IMG  3.86 14 3.92 14 
SENA.IMG  5.73 22 5.95 14 
SENSIN.IMG  4.95 13 5.08 13 
sgp0001.fits 10.61 28 11.66 28 
sgp0002.fits  12.51 29 14.17 28 
simu7135_tr1_SM1_6.fits  11.95 366 13.51 366 
SINAN.IMG  5.09 13 5.24 13 
suelo_1.raw  4.58 2707 4.70 2706 
suelo_2.raw  6.29 6565 6.53 6306 
tuc0003.fits  8.16 30 8.33 43 
tuc0004.fits  8.46 36 8.58 29 
banyoles-1024x600.raw 4.37 142 4.45 138 
catedral-1024x600.raw 3.69 140 3.73 257 
eixample-1024x600.raw 3.80 144 3.85 255 
field-1024x600.raw 4.27 139 4.34 139 
pirineus-1024x600.raw 4.31 141 4.41 138 

 
As in the lossless case, Figures 2.7 and 2.9 illustrate the histograms of the resulting 
DWT coefficients. 
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Figure  2.7 Histogram of the lossy DWT coefficients of the Banyoles image. 

 

 
Figure  2.8 Histogram of the lossy DWT coefficients of the Eixample image. 
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Figure  2.9 Histogram of the lossy DWT coefficients from the Galaxia image. 

 
Figures 2.10 to 2.12 illustrate the quality of the recovery of the compressed images, 
when the lossy option is selected. As can be seen, all the images are well recovered 
and have good quality, even with this quite high level of losses (level 2 in 
DWTFAPEC). Other quality levels have also been tested, but they have not included 
here for the sake of conciseness. 
 
 

 
Figure  2.10 Recovered Banyoles image after level 2 lossy compression. 
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Figure  2.11 Recovered Eixample image after level 2 lossy compression. 

 

 
Figure  2.12 Recovered Galaxia image after level 2 lossy compression. 
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Table  2.3 PSNR values obtained with level 2 lossy DWTFAPEC compression. 
LOSSY DIFERENTIAL DC IMAGES PSNR (dB) 
com0001.fits  12.90 
for0001.fits  12.82 
for0002.fits  13.83 
fuente_ruidosa.fits  24.89 
gal0001.fits  13.02 
gal0002.fits  11.62 
gal0003.fits  21.69 
gal0004.fits  13.65 
galaxia.fits  19.63 
nebuloso 18.82 
ngc0001.fits  20.82 
ngc0002.fits  17.36 
OMAHA.IMG  7.30 
SENA.IMG  9.67 
SENSIN.IMG  9.01 
sgp0001.fits 19.22 
sgp0002.fits  14.35 
simu7135_tr1_SM1_6.fits  6.49 
SINAN.IMG  8.55 
suelo_1.raw  9.38 
suelo_2.raw  13.30 
tuc0003.fits  8.99 
tuc0004.fits  2.38 
banyoles-1024x600.raw 11.53 
catedral-1024x600.raw 10.75 
eixample-1024x600.raw 10.92 
field-1024x600.raw 12.93 
pirineus-1024x600.raw 10.21 

 
For the lossy tests presented here, the peak signal-to-noise ratio (PSNR) has also 
been calculated. The PSNR is defined using the following expressions:  
 

  
2

1010 log ( )IMAXPSNR
MSE

=       (2.1) 

 

1020 log ( )IMAXPSNR
MSE

=      (2.2) 

 
  10 1020 log ( ) 10log ( )IPSNR MAX MSE= −     (2.3) 

 
From a practical point of view can be calculated using the width and the height of the 
image. Specifically, from the width and height of the image (w,h) it is possible to 
calculate the PSNR with the following piece of code: 
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for(r = 0; r < h;  r++) 
 {  
  for(i = 0; i < w; i++){ 
   mse += pow((OriginalImage[r][i] - LossyImage[r][i]),2)
   } 
 } 
  
 mse = (mse/(w*h)); 
 
 if(b == 16) 
  maxval = 65535; 
 else 
  maxval = 255; 
   
 psnr = 20*log10(maxval) - 10*log10(mse); 

 
The corresponding results are summarized in Table 2.3. 
 

2.5. Summary 
 
Figures 2.13 and 2.14 show the enhancement in the compression ratio (in 
percentage), both for the lossy and lossless cases. 
 

 
Figure  2.13 Lossless compression ratio improvement in percentage. 
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Figure  2.14 Lossy compression ratio improvement in percentage. 

 
 
From the results obtained in the tests presented in this report, the clear conclusion is 
that differential DC coding improves the compression ratios, both in the lossless case 
and (specially) in the lossy case. The compression time is just slightly increased with 
this technique, but in general it is better to use this as the default option for the 
DWTFAPEC compressor. In the lossless tests, the ratios are improved by up to 4%, 
whereas in the lossy tests the enhancement is of up to 12%. Using differential DC 
coefficients improves the final result of the DWTFAPEC compressor in any image 
format and also almost in any image type. The restored images after level 2 lossy 
compression have also an acceptable quality when compared to the original images, 
without artefacts or noise in the images obtained. 
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Chapter 3 
 

TESTS ON SOLAR OBSERVATION IMAGES 
 
 
 
 
The goal of Solar Orbiter is to address the central question of heliophysics: how does 
the Sun create and control the heliosphere? This, in turn, is a fundamental part of the 
second science question of the Cosmic Vision programme of ESA: “How does the 
Solar System work?” Solar Orbiter is specifically designed to identify the origins and 
causes of the solar wind, the heliospheric magnetic field, solar energetic particles, 
transient interplanetary disturbances, and the magnetic field of the Sun itself [5]. 
 
The Sun is our closest star and it supports the ecosystem of the Earth so we can live 
on this planet. Despite of that, we know surprisingly little about how the Sun works. 
For example, we do not fully understand how it creates the solar wind. Under 
extreme solar wind conditions, its interaction with the Earth has led to local knockouts 
of the electrical grid. There have been missions in the past that have observed the 
Sun and the solar wind. Some of those missions are Helios, Ulysses, Yohkoh, 
SOHO, TRACE, RHESSI, Hinode, STEREO and SDO [5]. Those missions have 
given us a good foundation for our understanding of the solar corona, solar wind and 
the three-dimensional heliosphere. But none of these missions has been able to fully 
explore the interface region. This region is where the solar wind is created and the 
structure of the heliosphere is formed. The Solar Orbiter mission will answer the 
previously enunciated central question in heliophysics. 
 
Solar Orbiter is planned to launch in January 2017 from Cape Canaveral. It will be 
placed on a ballistic trajectory that will be combined with gravity assist manoeuvres at 
Earth and Venus, to decrease the perihelion distance. The science phase is where 
the measurements by all scientific instruments will be done. In the science phase, the 
closest distance to Sun of Solar Orbiter will be approximately 0.28 AU and the 
farthest is approximately 0.90 AU. During the cruise phase there will be several years 
time to test scientific instruments and to understand what one can expect. 
 
Solar Orbiter is a sun-pointed, 3-axis stabilized satellite with a heat shield to protect 
the satellite against high levels of solar flux. There will be feed-through in the heat 
shield for those instruments that require full field of view of Sun. The scientific 
instruments that Solar Orbiter will carry are the following [6]: 
 

• The Solar Wind Analyser instrument suite (SWA, PI: C. J. Owen, UK) will fully 
characterize the major constituents of the solar wind plasma (protons, alpha 
particles, electrons, heavy ions) between 0.29 and 1.4 AU.  

• The Energetic Particle Detector experiment (EPD, PI: J. R. Pacheco, Spain) 
will measure the properties of suprathermal ions and energetic particles in the 
energy range of a few keV/n to relativistic electrons and high-energy ions (100 
MeV/n protons, 200 MeV/n heavy ions).  
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• The Magnetometer experiment (MAG, PI: T. S. Horbury, UK) will provide 
detailed in-situ measurements of the heliospheric magnetic field.  

• The Radio and Plasma Waves experiment (RPW, PI: M. Maksimovic, France) 
will measure magnetic and electric fields at high time resolution and determine 
the characteristics of electromagnetic and electrostatic waves in the solar wind 
from almost DC to 20 MHz [5] 

 

 
Figure  3.1 Solar Orbiter Satellite. 

 
The remote-sensing instruments: 
 

• The Polarimetric and Helioseismic Imager (PHI, PI: S. K. Solanki, Germany) 
will provide high-resolution and full-disk measurements of the photospheric 
vector magnetic field and line-of-sight velocity as well as the continuum 
intensity in the visible wavelength range.  

• The Extreme Ultraviolet Imager (EUI, PI: P. Rochus, Belgium) will provide 
image sequences of the solar atmospheric layers from the photosphere into 
the corona.  

• The Spectral Imaging of the Coronal Environment EUV Spectrograph (SPICE, 
PI: D. M. Hassler, USA) will provide spectral imaging of both the solar disk and 
in the corona to remotely characterize plasma properties of regions at and 
near the Sun [5].  

• The Spectrometer/Telescope for Imaging X-rays (STIX, PI: A. O. Benz, 
Switzerland) provides imaging spectroscopy of solar thermal and non-thermal 
X-ray emission from ~4 to 150 keV.  

• The Multi Element Telescope for Imaging and Spectroscopy Coronagraph 
(METIS/COR, PI: E. Antonucci, Italy) will perform broad-band and polarized 
imaging of the visible K-corona, narrow-band imaging of the UV and EUV 
corona, and UV and EUV spectroscopy in a coronal sector of 32° width.  
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• The Solar Orbiter Heliospheric Imager (SoloHI, PI: R. A. Howard, USA) will 
image both the quasi-steady flow and transient disturbances in the solar wind 
over a wide field of view by observing visible sunlight scattered by solar wind 
electrons. 

Since the telemetry rates from Solar Orbiter are limited, the spacecraft will be 
equipped with a large mass memory to allow for variable downlink speeds. However, 
the instruments are not limited to taking data at one rate and a number of 
coordinated and targeted data rate selection mechanisms will be implemented [7]. 

3.1. Test images 
 
Figure 3.2 displays the image provided by the Solar Orbiter team. This image has 
been used for the data compression tests. As can be seen, the image is mostly dark 
pixels, just with the solar corona around the dark circle (produced by the mask) in the 
center of the image. This image is 1024x1024 pixels (16-bit greyscale). Figure 3.3 
shows a histogram of the image. 
 
 

 
Figure  3.2 Solar image used in tests. 
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Figure  3.3 Solar image histogram. 

 

3.2. Results for lossless compression 
 
These are the compression tests done with the FAPEC compressor on the sample 
picture of the Solar Orbiter mission. Table 3.1 shows the results of the compression 
tests performed using different pre-processing options. In particular, we have used 
the following filters: 
 

• Level 1: Simple differential (delta coding)  
• Level 2: Second order filter  
• Level 3: Third order filter  
• Level 4: Fourth order filter  

 
The symbol size of the data is 16 bits/pixel. Different values for the interleaving in the 
pre-processing have also been tested, but they did not yield better results.  
 

Table  3.1 FAPEC simulation results. 
 LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Mosaic10 2.41 0.12 2.04 0.11 1.86 0.11 1.86 0.11 
 
 
Here, we show the tests done with DWTFAPEC using the lossless option. Table 3.2 
below shows the compression ratios and CPU times. We have chosen the no pre-
processing option for these DWTFAPEC lossless tests in order to achieve higher 
compression ratios. That is, we just apply the DWT stage without further pre-
processing, followed by FAPEC coding. 
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Table  3.2 Lossless DTWFAPEC simulation results. 
Image Comp. Ratio CPU Time (s) 
Mosaic10 2.26 0.54 

 
Table  3.3 Lossless CCSDS 122.0 simulation results. 

Image Comp. Ratio CPU Time (s) 
Mosaic10 2.55 692884 

 
 
Table  3.4 Lossless CCSDS 121.0 Simulation results. 

Image Comp. Ratio CPU Time (s) 
Mosaic10 2.51 128041 

 
It is worth noting that these results are better than those obtained with the original 
DWTFAPEC, since we have implemented a differential DC coding leading to slightly 
higher compression ratios, although; these ratios are slightly worse than those 
obtained with FAPEC. Table 3.3 shows the result obtained when using the lossless 
CCSDS 122.0 image compression recommendation, as well as the corresponding 
CPU time, whereas Table 3.4 shows the result for the CCSDS 121.0 solution. 
 

3.3. Results for lossy compression 
 
Lossy compression is a requirement in the Solar Orbiter mission. This section 
compares the two lossy solutions available in this study, namely, the CCSDS 122.0 
standard and our own DWTFAPEC. As usual, we will provide compression ratios and 
CPU times. 
We have tested four quality levels for lossy compression, that is, from 1 (higher 
quality) to 4 (lower quality). The final results are summarized in Table 3.5, whereas 
the pre-processed image histograms for the different quality levels are shown in Figs. 
3.4 to 3.7. As in the lossless case, these tests have been done using the differential 
DC coding in DWTFAPEC, so the results are slightly better than what would be 
obtained with the original DWTFAPEC from (up to almost 10%). 
 
Table  3.5 Lossy DTWFAPEC results. 

 LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Mosaic10 3.21 0.44 8.41 0.26 10.79 0.43 26.22 0.33 
 
Table  3.6 Entropy of the DWTFAPEC coefficients for different quality levels. 

Image 
Quality level 1 

Entropy 
(bits) 

Quality level 2 
Entropy 

(bits) 

Quality level 3 
Entropy 

(bits) 

Quality level 4 
Entropy 

(bits) 
Mosaic10 9.02 8.84 8.62 8.25 
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In order to get a quantitative evaluation of the lossy compression results, the peak 
signal-to-noise ratio (PSNR) shows the ratio between the maximum possible power 
of a signal and the power of corrupting noise that affects the fidelity of its 
representation. PSNR is most commonly used to measure the quality of 
reconstruction of lossy compression CODECs (such as in our case, that is, image 
compression). The signal in this case is the original data, and the noise is the error 
introduced by lossy compression. For the lossy tests presented here, the PSNR has 
also been calculated and the results are summarized in Table 3.7. 
 
Table  3.7 PSNR results for Lossy DWTFAPEC  

Image Quality level 1 
PSNR 

Quality level 2 
PSNR 

Quality level 3 
PSNR 

Quality level 4 
PSNR 

Mosaic10 12.45 dB 11.98 dB 11.85 dB 11.70 dB 
 

The data histograms obtained for 4 different lossy quality level simulations are shown 
in figures 3.4 to 3.7  
 

 
Figure  3.4 DWTFAPEC histogram for quality level 1. 
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Figure  3.5 DWTFAPEC histogram for quality level 2. 

 

 
Figure  3.6 DWTFAPEC histogram for quality level 3. 

 



Tests on Solar Orbiter images   25 

 
Figure  3.7 DWTFAPEC histogram for quality level 4. 

 
Fig. 3.8 shows the restored images after lossy compression tests in order to see the 
lossy effects for each quality level. We have equalized each image in the figures in 
order to see a bit better the possible effects. From left to right and from top to bottom 
they correspond to quality level 1 to 4, as labelled. 
 
We also show the losses caused by the lossy DWTFAPEC compression on the 
reconstructed images by comparing, pixel by pixel, each reconstructed image against 
the original image for the 4 quality levels. Fig. 3.9 shows this qualitative comparison. 
As otherwise expected, the lossy artefacts increase from level 1 to 4. That is, level 1 
(with the lowest compression ratio) has the minimum artefacts in the reconstructed 
image, whereas level 4 (with the highest compression ratio) has the highest number 
of artefacts in the reconstructed image. Nevertheless, even in level 4 we achieve a 
quite good quality in the reconstructed image, which can also be seen in the small 
decrease of PSNR shown in Table 3.7. 
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Figure  3.8 DWTFAPEC lossy restored images. 
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Figure  3.9 Comparison of lossy DWTFAPEC image artefacts. 

 
For the case of lossy CCSDS 122.0, also quality levels from 1 to 4 have been 
considered. We have followed the same lossy approach as in DWTFAPEC in order 
to get comparable results. The test results are summarized in Table 3.8. 
 
Table  3.8 Lossy CCSDS 122.0 results. 

 LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 

Image Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Mosaic10 3.24 0.74 7.94 0.47 9.94 0.41 23.28 0.30 
 
Table  3.9 Entropy of the 122.0 DWT coefficients. 

Image 
Quality level 1 

Entropy 
(bits) 

Quality level 2 
Entropy 

(bits) 

Quality level 3 
Entropy 

(bits) 

Quality level 4 
Entropy 

(bits) 
Mosaic10 9.02 8.84 8.62 8.25 
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For the lossy tests presented here with CCSDS 122.0, the PSNR has also been 
calculated and the results are summarized in Table 3.10. As otherwise expected, 
they are almost identical as in the DWTFAPEC case, because we are following the 
same lossy approach. 
 
Table  3.10 PSNR results for lossy CCSDS 122.0. 

Image Quality level 1 Quality level 2 Quality level 3 Quality level 4 

Mosaic10 12.45 dB 11.98 dB 11.85 dB 11.70 dB 
 
 

 
Figure  3.10 Lossy CCSDS 122.0 recovered Images. 

 
Fig. 3.10 shows the restored images after lossy compression tests in order to see the 
lossy effects on each image. Again, we have equalized each image in the figures in 
order to highlight the possible effects. From left to right and from top to bottom they 
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are labelled as Lossy Quality Level 1 to 4. As otherwise expected, it shows the same 
results as what we achieved for DWTFAPEC simulation. We also show the artefacts 
caused by lossy CCSDS 122.0 on reconstructed images by comparing them, pixel by 
pixel, against the original image for the four lossy quality level tests. These qualitative 
results are shown in Fig. 3.11. 
 

 
Figure  3.11 Comparison of lossy CCSDS 122.0 reconstructed images. 
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Figure  3.12 Lossy CCSDS 122.0 histograms Quality Level 1. 

 

 
Figure  3.13 Lossy CCSDS 122.0 histogram Quality Level 2. 
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Figure  3.14 Lossy CCSDS 122.0 histogram Quality Level 3. 

 

 
Figure  3.15 Lossy CCSDS 122.0 histogram Quality Level 4. 
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Noise levels for 1% and 10% have been added to the DWT coefficients to check how 
the final performances of DWTFAPEC and 122.0 are affected when contaminated 
(noisy) images are compressed. Tables 3.11 and 3.12 show the results for 
DWTFAPEC, whereas the results for 122.0 are shown in tables 13 and 14. As can be 
seen, the CCSDS 122.0 algorithm is more affected by noise than DWTFAPEC. 
 
Table  3.11 Lossy DTWFAPEC results with 1% noise. 

 Quality level 1 Quality level 2 Quality level 3 Quality level 4 

Image Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Mosaic10 2.96 0.46 7.93 0.27 10.07 0.25 24.31 0.21 
 
 

Table  3.12 Lossy DTWFAPEC results with 10% noise. 
 Quality level 1 Quality level 2 Quality level 3 Quality level 4 

Image Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Mosaic10 2.35 0.51 6.50 0.28 8.37 0.25 20.99 0.20 
 
 
Table  3.13 Lossy CCSDS 122.0 results with 1% noise. 

 Quality level 1 Quality level 2 Quality level 3 Quality level 4 

Image Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Mosaic10 1.8 0.67 3.67 0.66 4.14 0.62 6.0 1.02 
 
 

Table  3.14 Lossy CCSDS 122.0 results with 10% noise. 
 Quality level 1 Quality level 2 Quality level 3 Quality level 4 

Image Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Comp. 
Ratio 

CPU 
Time 
(s) 

Mosaic10 1.19 2.63 1.54 2.44 1.55 1.90 1.58 2.47 
 
 

3.4. Summary 
 
Based on the lossy results (which are the main objective of the present study), the 
highest compression ratios and lowest compression times achieved in these tests 
reveal that DWTFAPEC is the best option. Fig. 3.16 shows that Lossy DWTFAPEC 
offers at least the same ratios than Lossy 122.0, whereas Fig. 3.17 shows that lossy 
DWTFAPEC compression times are similar (levels 3 and 4) or significantly faster 
(levels 1 and 2) than lossy 122.0. 
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Figure  3.16 Comparison of lossy DWTFAPEC & CCSDS 122.0 compression ratios. 

 

 
Figure  3.17 Comparison of lossy DWTFAPEC & CCSDS 122.0 compression times. 
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Figure  3.18 Original Image vs. DWTFAPEC with quality level 2. 

 

 
Figure  3.19 Histogram of the original image vs. DWTFAPEC quality level 2. 

 
As a final conclusion for this test, we consider Lossy DWTFAPEC with quality level 2 
as the best compromise between compression ratio, quality, and speed. Fig. 3.18 
shows the comparison between the original image and the reconstructed one after 
level 2 DWTFAPEC compression, and Fig. 3.19 displays the corresponding 
histograms.
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Chapter 4 
 

TESTS ON SIMULATED EUCLID IMAGES 
 
 
 
Understanding the acceleration of the expansion of the Universe is one of the most 
compelling challenges of cosmology and fundamental physics. Euclid is an ESA 
mission to map the geometry of the dark Universe. The mission will investigate the 
distance-redshift relationship and the evolution of cosmic structures. It achieves this 
by measuring shapes and redshifts of galaxies and clusters of galaxies to a look-
back time of 10 billion years. It will therefore cover the entire period over which dark 
energy played a significant role in accelerating the expansion. The Euclid surveys will 
show how cosmic acceleration modifies the expansion history and the 3-dimensional 
distribution of matter in the Universe. To achieve this, Euclid will measure the shapes 
of over a billion galaxies and will obtain accurate redshifts of tens of millions of 
galaxies for weak gravitational lensing and galaxy clustering studies. The Phase A 
study of Euclid has led to a payload and a mission design concept able to support the 
requirements imposed by the need of high visible image quality, and of near-infrared 
imaging photometry and slit-less spectroscopy over a very large sky area. With the 
expected mission performance and exquisite control of systematics, the Euclid space 
mission puts Europe in a leading position to address a most fascinating question that 
may revolutionise physics [8]. 
 

 
Figure  4.1 Euclid satellite configuration. 

 
The Euclid payload consists of a 1.2 m telescope designed to provide a large field of 
view. The telescope directs the light to two instruments via a dichroic filter in the exit 
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pupil. The reflected light is led to the visual instrument (VIS) and the transmitted light 
from the dichroic feeds the near infrared instrument (NISP), which contains a slit-less 
spectrometer and a three-band photometer. Both instruments cover a large common 
field-of-view of ~0.54 deg2. These instruments are shown in Fig. 4.2. 
 
VIS is equipped with 36 CCDs (see Fig. 4.3). It measures the shapes of galaxies with 
a resolution better than 0.2 arc sec (PSF FWHM) with 0.1 arc sec pixels in one wide 
visible band (R+I+Z). The NISP photometer contains three NIR bands (Y, J, H), 
employing 16 HgCdTe NIR detectors with 0.3 arc sec pixels. The spectroscopic 
channel of NISP operates in the wavelength range 1.1-2.0 micron at a mean spectral 
resolution λ/Δλ ~ 250, employing 0.3 arc sec pixels. While the VIS and NISP operate 
in parallel, the NISP performs the spectroscopy and photometry measurements in 
sequence by selecting a grism wheel in case of spectroscopy and a filter wheel in 
case of photometry [8,9]. The architecture of the proposed electronics to control and 
read out the 36 CCDs (see Fig. 4.3) has been developed based on experience of 
previous projects, most notably Gaia [9]. 
 
 

 
Figure  4.2  Euclid instruments. 

 
Euclid will be launched in 2018 on a Soyuz ST-2.1B rocket, with an all-year round 
launch window. A direct transfer of ~30 days is targeted to a large-amplitude free-
insertion orbit at the second Lagrange point of the Sun-Earth System. It takes 6 years 
to complete a wide survey with the deep survey interspersed. Spacecraft 
commissioning, performance verification and initial calibration require an additional 3-
6 months. The sky-mapping mode is step and stare. Image stability is maintained by 
scanning the sky along circles of constant solar aspect angle. Possible variations in 
the solar aspect angle between fields are kept to a maximum of 5 deg to minimise 
overheads for thermal stabilisation. It is foreseen that the science data from the 
spacecraft will amount at most 850 Gbit over a daily pass time of 4 hours [9]. 
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A constraining condition is the daily telemetry rate for the science data that are 
collected by the experiments. For K-band communications, the maximum daily 
downlink telemetry rate is 0.85 Tbits/day for a daily telemetry communication period 
of 4 hours. Due to the large information content of the Euclid data, no specific 
scientific data processing will be done on board to extract the science content. The 
data rate provides an upper limit for the number of detectors (although other 
considerations may provide tighter constraints) and hence the maximum field of view 
which can be fitted for a given pixel size. It also limits the maximum number of 
independent exposures (e.g. by using filters or by dithering), which can be collected 
during one day. 
 
 

 
Figure  4.3 Euclid CCDs configuration. 

 
Low gain antennas in the X-band are used to support the telecommanding of the 
satellite and the transfer of instrument and spacecraft real time housekeeping data. 
As mentioned, the nominal downlink science data is performed by K-band (26 GHz) 
together with the stored housekeeping data at a maximum data volume of 850 
Gbit/day. A steerable K band high gain antenna is used to downlink the science data. 
To avoid the antenna pointing mechanism induced perturbations, antenna re-pointing 
is allowed in between steps or scans. Due to the strong dependency of the K band 
link margin on ground station elevation, two ground stations are envisaged, one on 
the Northern and one on the Southern hemisphere with seasonal operations to 
ensure high elevation. Euclid will be the first ESA science mission to require K band 
capability at SEL2, it is likely to bear the costs of ground station upgrades. 
 
The solid-state mass memory (SSMM) stores and encodes the compressed 
instrument data. SpaceWire links are used for reception of the instrument science 
and housekeeping telemetry from the on-board computers. The SSMM provides re-
transmission capabilities for data that have not been received properly on ground. 
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Taking a maximum data volume of 850 Gbit/day and a three-day storage capability, 
the SSMM capacity has been sized to ~4 Tbits with margins [8,9]. 
 

4.1. Test images 
 
Figure 4.4 displays the images provided by the Euclid team. These images have 
been used for the data compression tests. From left to right and from top to bottom 
they are labelled as 30deg, 60deg, 90deg and VISCCD. Note that we show them 
using a logarithmic scale in order to reveal the very faint details (specifically, using 
the minmax log scale of the ds9 viewer). Nevertheless, as can be seen, the images 
are mostly dark pixels, just containing a few stars and also traces of cosmic rays or 
solar protons. 
 

 
Figure  4.4 Euclid images used in the tests. 

 

4.2. Results for lossless compression 
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In the following we first discuss the results of the compression tests done with 
FAPEC on the sample pictures of the Euclid mission. Table 4.1 shows the results of 
the compression tests performed using different pre-processing options. In particular, 
we have used the following filters: 
 
 Level 1: Simple differential (delta coding)  
 Level 2: Second order filter  
 Level 3: Third order filter  
 Level 4: Fourth order filter  
 
The symbol size of the data is 16 bits/pixel. Different values for the interleaving in the 
pre-processing stage have also been tested, but they did not yield better results.  
 
Table  4.1 FAPEC results. 

 LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

30deg 3.52 1.38 3.61 1.46 3.63 1.51 3.02 1.37 
60deg 3.55 1.38 3.66 1.45 3.69 1.47 3.06 1.37 
90deg 3.55 1.40 3.55 1.40 3.68 1.47 3.05 1.42 
VISCCD 3.51 1.39 3.60 1.47 3.61 1.47 3.02 1.40 

 
 
Based on the test results obtained using FAPEC, the third-order filter (level 3) has 
the highest compression ratio with almost the same range of compression time. 
 
We have also obtained the histograms of the values received by FAPEC after the 
third-order pre-processing filter, which are shown in Figs. 4.5 to 4.8 hereafter. As 
otherwise expected, these histograms reveal that FAPEC receives very low values in 
most cases. 
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Figure  4.5 Histogram for ‘30deg’ data after 3rd-order filtering. 

 

 
Figure  4.6 Histogram for ‘60deg’ data after 3rd-order filtering. 
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Figure  4.7 Histogram for ‘90deg’ data after 3rd-order filtering. 

 

 
Figure  4.8 Histogram for ‘VISCCD’ data after 3rd-order filtering. 

 
Next, we turn our attention to the tests done using DWTFAPEC employing the 
lossless option. Table 4.2 below shows the compression ratios and CPU times.  We 
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have chosen the no pre-processing option for these DWTFAPEC lossless tests in 
order to achieve higher compression ratios. That is, we just apply the DWT stage 
without further pre-processing, followed by FAPEC coding. 
 
Table  4.2 Lossless DWTFAPEC results. 

Image Compression Ratio CPU Time (s) 
30deg 3.45 9.07 
60deg 3.49 8.92 
90deg 3.49 8.96 
VISCCD 3.45 9.05 

 
It is worth noting that these results are better than those obtained with the original 
DWTFAPEC, since we have implemented a differential DC coding leading to slightly 
higher compression ratios. Although these ratios are slightly worse than those 
obtained with FAPEC, they are better than the ones obtained with the CCSDS 121.0 
and 122.0 standards, as it will be shown later. 
 
As in the case of FAPEC, Figs. 4.9  to 4.12 illustrate the histograms obtained after 
the lossless DWT stage – that is, the values arriving to the FAPEC coder. 

 

 
Figure  4.9 Histogram for ‘30deg’ data after lossless DWTFAPEC pre-processing. 
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Figure  4.10 Histogram for ‘60deg’ data after lossless DWTFAPEC pre-processing. 

 

 
Figure  4.11 Histogram for ‘90deg’ data after lossless DWTFAPEC pre-processing. 
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Figure  4.12 Histogram for ‘VISCCD’ data after lossless DWTFAPEC pre-processing. 
 
 
Table 4.3 shows the results obtained when using the lossless CCSDS 122.0 image 
compression recommendation, as well as the corresponding CPU time for each test, 
and Figs. 4.13 to 4.14 show the histograms obtained after its pre-processing (DWT-
based) stage. 
 
Table  4.3 Lossless CCSDS 122.0 results. 

Image Compression Ratio CPU Time (s) 
30deg 3.43 10.44 
60deg 3.47 10.56 
90deg 3.47 10.57 
VISCCD 3.43 10.72 

 
 

Although the compression ratio with lossless CCSDS 122.0 is close to that of 
lossless DWTFAPEC, the CPU time is significantly higher. Basically, for both the 
FAPEC and DWTFAPEC solutions, the results are better both in terms of 
compression ratio and compression time. 
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Figure  4.13 Histogram for ‘30deg’ data after lossless CCSDS 122.0 pre-processing. 

 

 
Figure  4.14 Histogram for ‘60deg’ data after lossless CCSDS 122.0 pre-processing. 
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Figure  4.15 Histogram for ‘90deg’ data after lossless CCSDS 122.0 pre-processing. 
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Figure  4.16 Histogram for ‘VISCCD’ after lossless CCSDS 122.0 pre-processing. 

 
In what follows we show the tests done for the Euclid sample images using the 
CCSDS 121.0 standard. The final results are summarized in Table 4.4 for both the 
compression ratio and the CPU time. Figs. 4.17 to 4.20 show the histograms 
obtained. 
 
Table  4.4 CCSDS 121.0 results. 

Image Compression Ratio CPU Time (s) 
30deg 3.26 2.22 
60deg 3.30 2.25 
90deg 3.29 2.21 
VISCCD 3.26 2.22 

 
 

These are the worst results obtained in the lossless compression case, at least in 
terms of compression ratios. The compression times are quite reasonable, though 
still worse than those obtained with FAPEC. 
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Figure  4.17 Histogram for ‘30deg’ data after CCSDS 121.0 pre-processing. 

 

 
Figure  4.18 Histogram for ‘60deg’ data after CCSDS 121.0 pre-processing. 
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Figure  4.19 Histogram for ‘90deg’ data after CCSDS 121.0 pre-processing. 

 

 
Figure  4.20 Histogram for ‘VISCCD’ data after CCSDS 121.0 pre-processing. 
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4.3. Results for lossy compression 
 
Lossy compression is not considered in the Euclid mission requirements. 
Nevertheless, being plain image data, we have tested lossy compression for the sake 
of completeness. In this section we compare the two lossy solutions available in this 
study, namely, the CCSDS 122.0 standard and our own DWTFAPEC. As usual, we 
will provide compression ratios and CPU times. 

 
For each image in these simulations we have tested four quality levels for the losses, 
that is, from 1 (higher quality) to 4 (lower quality). The final results are summarized in 
Table 4.5, and the pre-processed image histograms (for quality level 2) are shown in 
Figs. 4.21 to 4.24. Figs. 4.25 to 4.28 show the restored images after using a level 2 
lossy compression, to see the lossy effects on each image. We have equalized each 
image in the figures in order to see a bit better the possible effects. As in the lossless 
case, these tests have been done using the differential DC coding in DWTFAPEC, so 
the results are slightly better than what would be obtained with the original 
DWTFAPEC (up to almost 10%). 
 
Table  4.5 Lossy DWTFAPEC results. 
 Quality level 1 Quality level 2 Quality level 3 Quality level 4 
Image Comp. 

Ratio 
CPU 

Time (s) 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

30deg 4.58 7.36 11.91 4.39 15.40 4.26 38.86 3.23 
60deg 4.65 7.95 12.15 4.39 15.74 3.99 39.88 3.25 
90deg 4.64 7.94 12.12 4.24 15.70 4.01 39.83 4.35 
VISCCD 4.55 8.02 11.74 4.39 15.16 3.40 38.04 4.60 
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Figure  4.21 Histogram for ‘30deg’ data for level 2 lossy DWTFAPEC. 

 

 
Figure  4.22 Histogram for ‘60deg’ data for level 2 lossy DWTFAPEC. 
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Figure  4.23 Histogram for ‘90deg’ data for level 2 lossy DWTFAPEC. 

 

 
Figure  4.24 Histogram for ‘VISCCD’ data for level 2 lossy DWTFAPEC. 
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The images below are obtained from level 2 lossy tests to compare their quality with 
the original images. A detailed comparison shows that all the images with very high 
compression ratios in lossy tests still have very good quality. 

 
Figure  4.25 Reconstructed 30deg image from level 2 lossy DWTFAPEC. 

 
Figure  4.26 Reconstructed 60deg image from level 2 lossy DWTFAPEC. 
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Figure  4.27 Reconstructed 90deg image from level 2 lossy DWTFAPEC. 

 

 
Figure  4.28 Reconstructed VISCCD image from level 2 lossy DWTFAPEC. 
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For the case of CCSDS 122.0 tests, also lossy quality levels from 1 to 4 have been 
considered. The test results are summarized in Table 4.6. 
 
Table  4.6 Lossy CCSDS 122.0 results. 
 Quality level 1 Quality level 2 Quality level 3 Quality level 4 
Image Comp. 

Ratio 
CPU 

Time (s) 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

30deg 4.39 8.65 10.60 5.79 13.21 5.41 30.12 4.09 
60deg 4.44 8.54 10.76 5.70 13.44 5.33 30.73 4.06 
90deg 4.44 8.55 10.74 5.72 13.41 5.35 30.68 4.05 
VISCCD 4.38 8.86 10.50 5.76 13.07 5.44 29.77 4.12 

 
 

 
Figure  4.29 Histogram for ‘30deg’ data for level 2 lossy CCSDS 122.0. 
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Figure  4.30 Histogram for ‘60deg’ data for level 2 lossy CCSDS 122.0. 

 
 

 
Figure  4.31 Histogram for ‘90deg’ data for level 2 lossy CCSDS 122.0. 
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Figure  4.32 Histogram for ‘VISCCD’ data for level 2 lossy CCSDS 122.0. 

 
Similarly as for lossy DWTFAPEC, in what follows we show the images restored from 
lossy CCSDS 122.0 compression for quality comparison with the original images. 

 
Figure  4.33 Reconstructed 30deg image from level 2 lossy 122.0. 
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Figure  4.34 Reconstructed 60deg image from level 2 lossy 122.0. 

 
Figure  4.35 Reconstructed 90deg image from level 2 lossy 122.0. 
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Figure  4.36 Reconstructed VISCCD image from level 2 lossy 122.0. 

 

4.4. Summary 
 

In Table 4.7 we list the best compression results obtained for the lossless case, 
which are those obtained with FAPEC using a third-order filter pre-processing stage. 
Clearly, a high compression ratio is obtained with a very low CPU load. The same 
information is graphically displayed in Figs. 4.37 and 4.38, where we compare the 
results from all the lossless solutions tested here. 
 
Table  4.7 Best compression results (FAPEC with 3rd order filter pre-processing). 

 FAPEC Level 3  
Image Comp. 

Ratio 
CPU time 

(s) 
30deg 3.63 1.51 
60deg 3.69 1.47 
90deg 3.68 1.47 
VISCCD 3.61 1.47 
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Figure  4.37 Comparison of lossless compression ratios for all systems. 

 
Figure  4.38 Comparison of lossless compression times for all systems. 
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From Tables 4.6 and 4.7 it can be seen that the best lossy results are obtained with 
DWTFAPEC, which offers higher compression ratios and lower processing times. In 
Figs. 4.39 and 4.40 we show the overall comparison between all lossy simulations. 

 
Figure  4.39 Comparison of lossy compression ratios for all systems. 

 
Figure  4.40 Comparison of lossy compression times for all systems. 
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Our results indicate that FAPEC is definitely the best compression algorithm, both in 
terms of compression ratios and CPU load, either in the lossless case (otherwise 
mandatory for the mission) as well as in the lossy case (in its DWTFAPEC 
implementation). In the lossless case, FAPEC not only has the highest compression 
ratio, but when compared to CCSDS 121.0 and 122.0 standards, it is significantly 
quicker. Specifically, the FAPEC ratios are about 10% higher than those of 121.0, 
about 6% higher than those of 122.0, and about 5% higher than those of 
DWTFAPEC. Regarding the performance, it is about 40% faster than 121.0, 7 times 
faster than 122.0, and 6 times faster than DWTFAPEC. It is worth mentioning that the 
differential DCs option in DWTFAPEC improves the results, making DWTFAPEC 
even better than the CCSDS 122.0 standard. In the lossy case, the results obtained 
using DWTFAPEC are significantly better in terms of compression ratios compared to 
CCSDS 122.0 at any quality level. Specifically, the ratios improve about 4% for level 
1 (best quality), 16% for level 3, 26% for level 4 (worst quality), and for level 2 we 
even double the ratios when compared to 122.0. The compression speed is about 
6% to 30% faster. To summarize, FAPEC is definitely the best solution fulfilling the 
lossless compression requirements of the Euclid mission. In case lossy compression 
would be needed, DWTFAPEC is the best solution. 
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Chapter 5 
 

TESTS ON METEOROLOGICAL IMAGES 
 
 

Weather affects almost every known activity of man either directly or indirectly; and 
the probability of success of many enterprises, civil and military, can be noticeably 
increased if the weather factor can be accurately forecasted. The various weather 
services are constantly striving to provide this knowledge, either in the form of actual 
data concerning current weather or in the form of a forecast of future conditions. In 
either case, the information provided is only as good as the weather data available to 
the meteorologist. 

It is well known that there is in operation a worldwide weather data collection network 
supported by most developed nations. Furthermore, these data are freely 
disseminated to all nations participating in the collection program. While there 
appears to be a great wealth of information available, it is unfortunately true that 
there are large areas of the world (e.g., the oceans and the Polar Regions) from 
which very little day-to-day weather information is available. The only means 
presently available for filling these gaps in weather data is reconnaissance by aircraft 
or the positioning of weather observing ships. At best, even with such a great and 
expansive effort, only spotty information can be provided which by its very nature 
lacks one quality of observation most necessary to synoptic meteorology, that of 
complete continuity in time and space [10,11]. 

The National Oceanic and Atmospheric Administration (NOAA) environmental 
satellites provide data from space to monitor the Earth to analyse the coastal waters, 
relay life-saving emergency beacons, and track tropical storms and hurricanes. 
NOAA operates two types of satellite systems for the United States - geostationary 
satellites and polar-orbiting satellites.  Geostationary satellites constantly monitor the 
Western Hemisphere from around 22,240 miles above the Earth, and polar-orbiting 
satellites circle the Earth and provide global information from 540 miles above the 
Earth. Satellites enable us to provide consistent, long-term observations, 24 hours a 
day, 7 days a week. They track fast breaking storms across “Tornado Alley” as well 
as tropical storms in the Atlantic and Pacific oceans.  Data from satellites are used to 
measure the temperature of the ocean, which is a key indicator of climate change.  
Satellite information is used to monitor coral reefs, harmful algal blooms, fires, and 
volcanic ash.  Monitoring the Earth from space helps us understand how the Earth 
works and affects much of our daily lives.  A listing of all satellite products is available 
on the website of NOAA's Satellite and Information Service. 

NOAA's satellites provide other services beyond just imaging the Earth.  Monitoring 
conditions in space and solar flares from the Sun help us to understand how 
conditions in space affect the Earth.  Satellites also relay position information from 
emergency beacons to help save lives when people are in distress on boats, 
airplanes, or in remote areas.  Scientists also use a data collection system on the 
satellites to relay data from transmitters on the ground to researchers in the field. 
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Historical data from these satellites, and other air-based and ground-based 
observation platforms, is archived for public use at NOAA’s world-class national data 
centres [11].   

The European Organisation for the Exploitation of Meteorological Satellites 
(EUMETSAT) is an intergovernmental organisation and was founded in 1986. Its 
purpose is to supply weather and climate-related satellite data, images and products 
to the National Meteorological Services of the Member and Cooperating States in 
Europe, and other users worldwide. 

The POES satellite system offers the advantage of daily global coverage, by making 
nearly polar orbits 14 times per day approximately 520 miles above the surface of the 
Earth. The Earth's rotation allows the satellite to see a different view with each orbit, 
and each satellite provides two complete views of weather around the world each 
day. NOAA partners with EUMETSAT to constantly operate two polar-orbiting 
satellites – one POES and one European polar-orbiting satellite [10]. The POES 
instruments include the Advanced Very High Resolution Radiometer (AVHRR) 
instrument and the Advanced TIROS Operational Vertical Sounder (ATOVS) suite. 
The EUMETSAT provided Microwave Humidity Sounder (MHS) instrument completes 
the ATOVS suite. The AVHRR/ATOVS provides visible, infrared, and microwave 
data, which is used for a variety of applications such as cloud and precipitation 
monitoring, determination of surface properties, and humidity profiles. Data from the 
POES series supports a broad range of environmental monitoring applications 
including weather analysis and forecasting, climate research and prediction, global 
sea surface temperature measurements, atmospheric soundings of temperature and 
humidity, ocean dynamics research, volcanic eruption monitoring, forest fire 
detection, global vegetation analysis, search and rescue, and many other 
applications.  

GOES satellites provide the kind of continuous monitoring necessary for intensive 
data analysis. They circle the Earth in a geosynchronous orbit, which means they 
orbit the equatorial plane of the Earth at a speed matching the Earth's rotation. This 
allows them to hover continuously over one position on the surface. The 
geosynchronous plane is about 35,800 km (22,300 miles) above the Earth, high 
enough to allow the satellites a full-disc view of the Earth. Because GOES satellites 
stay above a fixed spot on the surface, they provide a constant vigil for the 
atmospheric triggers for severe weather conditions such as tornadoes, flash floods, 
hail storms, and hurricanes. When these conditions develop the GOES satellites are 
able to monitor storm development and track their movements. GOES satellite 
imagery is also used to estimate rainfall during the thunderstorms and hurricanes for 
flash flood warnings, as well as estimates snowfall accumulations and overall extent 
of snow cover [10]. 

5.1. Test images 
 
Figures 5.1 and 5.2 display the test images selected from the NOAA and 
EUMETSAT websites. Initially, these images were in JPEG format, and were 
converted to RAW format to be compatible with all compression codes. 
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Figure  5.1 723585main from NOAA satellite. 

 

 
Figure  5.2 Pyrenees image from EUMETSAT. 
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After converting both images to raw format, we split each of them into three sub-
streams (or files), each with a single band (or colour). The reason is that the FAPEC 
compression code is still limited to grey-scale (single-band) images whereas the test 
images are in RGB colour (Red-Green-Blue). For dividing the image into three grey-
scale images we have used the following code (taken from the streampart utility): 
 
#include <stdio.h> 
#include <stdlib.h> 
#include <string.h> 
#include "gaia_bit.h"     // Bit-based file I/O 
#define NUM_SUBSTREAMS 3  // Number of sub-streams 
unsigned char substream_samplebits[NUM_SUBSTREAMS];  // Sample depths 
int main(int argc, char *argv[]) { 
  int i,j; // Iterators 
  unsigned int s[NUM_SUBSTREAMS]; // Sample read per substream 
  char outfname[NUM_SUBSTREAMS][64];  // Output filename 
  BIT_FILE *inf;  // Input file 
  BIT_FILE *outf[NUM_SUBSTREAMS];  // Output files 
  FILE *auxf;  // Ancillary file, for determining the file size 
  int fsize;  // Input file size 
  // Definition of the sample depths per substream: 
  substream_samplebits[0]=8; 
  substream_samplebits[1]=8; 
  substream_samplebits[2]=8; 
  // Determine input file size: 
  auxf = fopen(argv[1],"rb"); 
  if (auxf == NULL) { 
    fatal_error("Error while opening %s for data readout\n",argv[1]); 
    return(-1); 
  } 
  fseek(auxf,0L,SEEK_END); 
  fsize=ftell(auxf); 
  fclose(auxf); 
  // Open input file: 
  inf = OpenInputBitFile(argv[1]); 
  if (inf == NULL) 
    fatal_error("Error while opening %s for data readout\n",argv[1]); 
  // Open output files: 
  for (i=0; i<NUM_SUBSTREAMS; ++i) { 
    sprintf(outfname[i],"%s.%d",argv[1],i); 
    outf[i] = OpenOutputBitFile(outfname[i]); 
    if (outf[i]==NULL) 
      fatal_error("Error while opening %s for data write\n",argv[2]); 
  } 
  printf("Processing substreams...\n"); fflush(NULL); 
  // Process the input file: 
  while ((ftell(inf->file)+1) < fsize) { 
    // Process each substream: 
    for (i=0; i<NUM_SUBSTREAMS; ++i) { 
      // Get the value: 
      s[i] = InputBits(inf,substream_samplebits[i]); 
      // Output substream to adequate file: 
      OutputBits(outf[i],s[i],substream_samplebits[i]); 
    } 
  } 
  printf(" Done!\n"); 
  // Close output files and input file: 
  for (i=0; i<NUM_SUBSTREAMS; ++i) { 
    CloseOutputBitFile(outf[i]); 
  } 
  CloseInputBitFile(inf); 
  return(0); 
} 
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Figs. 5.3 and 5.4 illustrate the results obtained for one of the colour bands: 
 

 
Figure  5.3 723585main one band grayscale image from NOAA satellite. 

 

 
Figure  5.4 Pyrenees one band grayscale image from EUMETSAT. 
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The histograms for the three sub-streams (or bands) are very similar. Figs. 5.5 and 
5.6 show the histograms for one of the bands. 
  

 
Figure  5.5 723585main histogram. 

 
 
 

 
Figure  5.6 Pyrenees histogram. 

 
 



Tests on meteorological images  69 

5.2. Results for lossless compression 
 
In this section we discuss the compression tests done with FAPEC on the sample 
pictures of NOAA and EUMETSAT satellites. Table 5.1 shows the results of the 
compression tests performed using different pre-processing options. In particular, we 
have used the following filters:  
 

Level 1: Simple differential (delta coding)  
Level 2: Second order filter  
Level 3: Third order filter  
Level 4: Fourth order filter  

 
The symbol size of the data is 8 bits/pixel. Different values for the interleaving in the 
pre-processing have also been tested, but they did not yield better results. 
 
Table  5.1 FAPEC Simulation results 

 LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 1.58 0.3 1.49 0.31 1.43 0.31 1.61 0.15 
pyrenees.1 1.59 0.16 1.49 0.16 1.44 0.16 1.61 0.16 
pyrenees.2 1.59 0.15 1.49 0.17 1.44 0.16 1.61 0.19 
723585main.0 1.86 0.93 1.74 0.91 1.67 0.91 1.87 1.63 
723585main.1 1.85 1.82 1.73 1.77 1.67 1.02 1.87 0.92 
723585main.2 1.85 0.9 1.73 0.91 1.67 1.28 1.86 0.91 

 
Based on the test results obtained using FAPEC, the Simple differential filter (level 4) 
has the highest compression ratio with almost the same value of computing time. 
Histograms for two pre-processed sub-streams (pyrenees.2 and 723585main.2) are 
shown in Figs. 5.7 and 5.8. 
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Figure  5.7 723585main.2 Level 4 pre-processed FAPEC histogram. 

 
 
 

 
Figure  5.8 Pyrenees.2 level 4 pre-processed FAPEC histogram. 
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In the following we show the tests done with DWTFAPEC using the lossless option. 
Table 5.2 below shows the compression ratios and CPU times. We have chosen the 
no pre-processing option for these DWTFAPEC lossless tests in order to achieve 
higher compression ratios. That is, we just apply the DWT stage without further pre-
processing, followed by FAPEC coding. 
 
Table  5.2 Lossless DTWFAPEC results. 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 1.79 1.65 
pyrenees.1 1.80 0.85 
pyrenees.2 1.79 1.62 
723585main.0 2.10 8.52 
723585main.1 2.01 9.69 
723585main.2 2.08 5.60 

 
 
It is worth noting that these results are better than those obtained with the original 
DWTFAPEC, since we have implemented a differential DC coding leading to slightly 
higher compression ratios. Also, these ratios are slightly better than those obtained 
with FAPEC. Table 5.3 shows the results obtained when using the lossless CCSDS 
122.0 image compression recommendation, as well as the corresponding CPU time 
for each test. 
 
Table  5.3 Lossless CCSDS 122.0 results. 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 1.93 1.08 
pyrenees.1 1.93 1.06 
pyrenees.2 1.92 1.67 
723585main.0 2.27 9.01 
723585main.1 2.27 9.05 
723585main.2 2.24 8.93 

 
 
Next, we show the CCSDS 121.0 tests done for the sample images, with the final 
results summarized in Table 5.4 for compression ratio and CPU time. 
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Table  5.4 Lossless CCSDS 121.0 results. 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 1.72 0.21 
pyrenees.1 1.72 0.21 
pyrenees.2 1.72 0.42 
723585main.0 2.01 1.3 
723585main.1 2 2.44 
723585main.2 1.99 2.41 

 
 

5.3. Results for lossy compression 
 
Lossy compression is often a requirement for meteorological and Earth observation 
missions. In this section two lossy solutions are compared, namely the most 
frequently used one, that is, the CCSDS 122.0 standard and our own image 
compressor, DWTFAPEC. As usual, we will provide compression ratios and CPU 
times. For each sub-stream in these simulations we have tested four quality levels for 
the losses, that is, from 1 (higher quality) to 4 (lower quality). The final results are 
summarised in Table 5.5, whereas some pre-processed image histograms are shown 
in Figs. 5.13 and 5.14. As in the lossless case, these tests have been done using the 
differential DC coding in DWTFAPEC, so the results are slightly better than what 
would be obtained with the original DWTFAPEC (up to almost 10%). 
 
Table  5.5 Lossy DTWFAPEC results. 

 Quality LEVEL 1 Quality LEVEL 2 Quality LEVEL 3 Quality LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 2.08 0.72 5.02 0.44 6.36 0.38 16.08 0.34 
pyrenees.1 2.09 0.71 5.03 0.42 6.38 0.38 16.11 0.31 
pyrenees.2 2.08 1.29 5.03 0.41 6.38 0.38 16.17 0.31 
723585main.0 2.42 4.2 5.76 2.59 7.29 2.99 18.25 2.15 
723585main.1 2.42 4.23 5.76 2.54 7.29 2.36 18.23 2.69 
723585main.2 2.4 4.29 5.77 2.77 7.3 2.36 18.47 2.03 

 
Preprocessed histograms achived for lossy quality level-4 of one substream are 
displayed in Figs. 5.9 and 5.10.  
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Figure  5.9 pyrenees.2 level 4 pre-processed DWTFAPEC histogram. 

 

 
Figure  5.10 pyrenees.2 level 4 pre-processed DWTFAPEC histogram. 

 
Figs. 5.11 and 5.12 show the restored images of one band with the worst quality 
compression (level 4), to see the lossy effects on each image. 
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Figure  5.11 723585main.2 DWTFAPEC lossy restored image. 

 

 
Figure  5.12 pyrenees.2 DWTFAPEC lossy restored image. 

 
We also show the effects of DWTFAPEC lossy compression on reconstructed 
images by comparing, pixel by pixel, each reconstructed image against the original 
image, for the four lossy quality levels. Figs. 5.13 and 5.14 show this qualitative 
comparison between the original and the reconstructed image for the quality level 4 
case, for just 1 band of the colour image. Large differences can be seen as white or 
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black pixels here, whereas small differences are shown as grey pixels. As otherwise 
expected, some of the edges or shapes coming from the original images can be 
seen, since the DWT-based lossy approach is less accurate there. Nevertheless, the 
overall impression is that the quality loss is almost negligible. 
 

 
Figure  5.13 723585main.2 DWTFAPEC lossy test image comparison. 
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Figure  5.14 pyrenees.2 DWTFAPEC lossy test image comparison. 

 
The peak signal-to-noise ratio (PSNR) shows the ratio between the maximum 
possible power of a signal and the power of corrupting noise that affects the fidelity of 
its representation. PSNR is most commonly used way to measure the quality of 
reconstruction of lossy compression CODECs (such as in our case, image 
compression). The signal in this case is the original data, and the noise is the error 
introduced by compression. For the lossy tests presented here, the PSNR has also 
been calculated and the results are summarized in Table 5.6. 
 
Table  5.6 DWTFAPEC Peak Signal to Noise Ratio. 

Image Quality LEVEL 1 
PSNR 

Quality LEVEL 2 
PSNR 

Quality LEVEL 3 
PSNR 

Quality LEVEL 4 
PSNR 

pyrenees.0 7.75 7.67 7.58 7.48 

pyrenees.1 7.94 7.86 7.65 7.81 

pyrenees.2 8.34 8.09 8.26 8.11 

723585main.0 8.24 8.19 8.07 7.84 

723585main.1 8.26 8.14 7.94 7.78 

723585main.2 7.84 7.78 7.61 7.52 

 

For the case of CCSDS 122.0 tests, also lossy quality levels from 1 to 4 have been 
considered. The test results are summarized in Table 5.7. Figs. 5.15 and 5.16 show 
the restored images after level 4 lossy compression, to analyse the effects of lossy 
compression on each image. 
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Table  5.7 Lossy CCSDS 122.0 results. 
 Quality LEVEL 1 Quality LEVEL 2 Quality LEVEL 3 Quality LEVEL 4 

Image 
Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

Comp. 
Ratio 

CPU 
Time (s) 

pyrenees.0 2.25 1.64 4.81 0.61 5.86 0.57 13.74 0.41 
pyrenees.1 2.26 0.87 4.82 0.61 5.88 0.59 13.79 0.42 
pyrenees.2 2.24 0.88 4.82 0.61 5.87 0.57 13.83 4.42 
723585main.0 2.63 4.97 5.54 3.53 6.74 3.37 15.69 2.54 
723585main.1 2.63 6.13 5.54 3.52 6.74 3.37 15.66 2.53 
723585main.2 2.60 4.97 5.53 3.52 6.72 3.35 15.82 2.53 

 
 

 

 
 

Figure  5.15 Reconstructed 723585main.2 image after level-4 lossy CCSDS 122.0. 
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Figure  5.16 Reconstructed pyrenees.2 image after level-4 lossy CCSDS 122.0.  
 
Figs. 5.17 and 5.18 show the same qualitative results previously shown for the 
DWTFAPEC case, whereas Table 5.8 shows the quantitative results as PSNR. 
 

 
Figure  5.17 723585main.2 CCSDS 122.0 lossy test image comparison. 
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Figure  5.18 pyrenees.2 CCSDS 122.0 lossy test image comparison. 

 
Pre-processed histograms for the same images are presented in Figure 5.19 and 
5.20. 
 

 
Figure  5.19 CCSDS 122.0 histograms for Quality Level 1. 
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Figure  5.20 CCSDS 122.0 histogram for Quality Level 2. 

 
 
For the lossy tests presented here with CCSDS 122.0, the PSNR has also been 
calculated and the results are summarized in Table 5.8. 
 
Table  5.8 CCSDS 122.0 Peak Signal to Noise Ratio. 

Image Quality LEVEL 1 
PSNR 

Quality LEVEL 2 
PSNR 

Quality LEVEL 3 
PSNR 

Quality LEVEL 4 
PSNR 

pyrenees.0 7.58 7.70 7.70 8.00 

pyrenees.1 7.81 7.86 7.89 8.17 

pyrenees.2 8.17 8.22 8.32 8.54 

723585main.0 7.90 8.06 8.05 8.33 

723585main.1 7.92 8.03 7.95 8.29 

723585main.2 7.5 0 7.68 7.61 7.79 
 

5.4. Summary 
 
In Figure 5.21 we compare the best compression results obtained for the lossless 
case, which are those obtained with CCSDS 122.0. Clearly, the compression ratio is 
obtained with a very high CPU load. This in contrast with the performance of 
DWTFAPEC, which achieves compression ratios close to those obtained using the 
CCSDS 122.0 algorithm with shorter compression times. The same information is 
graphically displayed in Fig. 5.22, where we compare the compression time of all the 
lossless solutions tested here. The fastest algorithm is FAPEC, overwhelming the 
performance of other compression algorithms. In terms of compression ratios the 
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difference between the DWTFAPEC algorithm and the CCSDS 122.0 standard is 
less than 7 per cent. 
 

 
Figure  5.21 Comparison of the lossless compression ratios. 

 

 
Figure  5.22 Comparison of the lossless CPU loads. 

 
Based on these results, the highest compression ratio and the lowest compression 
load is achieved using DWTFAPEC. If the quality level is increased this difference 
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becomes larger in terms of compression ratio. Figures 5.23 and 5.24 we display the 
results for worst case, quality-level 4. 
 

 
Figure  5.23 Comparison of DWTFAPEC and CCSDS 122.0 lossy compression ratio.  
 

 
Figure  5.24 Comparison of DWTFAPEC and CCSDS 122.0 lossy CPU load. 
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Based on the previously discussed simulations for both the lossless and the lossy 
cases, we have proven the capability of our codes to work on any colour images as it 
is possible to divide colour images to 3 gray-scale sub-streams and compress 
individually each image. Using this technique and our algorithms we achieve similar 
or even better results when lossy compression is considered than those obtained 
employing other compression standards, like the CCSDS 122.0 and 121.0 ones. In 
lossless simulations the CCSDS 122.0 algorithm achieved higher compression ratios, 
although it is much slower than FAPEC and DWTFAPEC. Actually, FAPEC and 
DWTFAPEC are faster by about 100%. Regarding the compression ratio we have 
obtained that DWTFAPEC outperforms the CCSDS 122.0 algorithm, and moreover is 
much faster. DWTFAPEC generates very few artefacts in the reconstructed images 
with compression ratios of approximately 15 or even more. In all cases the quality of 
the reconstructed images is very good and it is very hard to detect undesired noise in 
the decoded images. 
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Chapter 6 
 

CONCLUSIONS  
 
 
 
In this work we have proved that FAPEC can be efficiently used as the encoding 
stage of an image data compression system such as the CCSDS 122.0 standard. 
DWTFAPEC with its modifications has proven to be a better option than the CCSDS 
122.0 standard when it comes to lossy image compression, whereas in the case of 
lossless compression the results are very similar. In almost all cases with different 
type of astronomical images, DWTFAPEC is much faster than standard CCSDS 
122.0. 
 
The tests performed using DWTFAPEC clearly demonstrate that employing 
differential DC confidents increases the compression ratios by 5% to 10%. In the rest 
of cases, DWTFAPEC has been tested on a variety of realistic images provided by 
different research groups to check its performance and also to study its applicability 
to any space mission. Its high performance in terms of compression ratio and 
compression time makes DWTFAPEC a unique algorithm, which outperforms 
comparison other available standards. 
 
Specifically, we have obtained that for the Solar Orbiter satellite, lossy DWTFAPEC 
with quality level 2 is the best compromise between compression ratio, quality, and 
speed, performing better than the CCSDS 122.0 standard, while for the Euclid 
satellite, our results indicate that FAPEC is definitely the best solution, both in terms 
of ratios and compression speed, either in the lossless case (otherwise mandatory 
for the mission) as well as in the lossy case (in its DWTFAPEC implementation).  
Finally, by using the streampart code we demonstrated the feasibility of using 
DWTFAPEC for colour images. In our simulations we obtain quite acceptable final 
compression ratios for colour images. This is true for both NOAA and EUMETSAT 
images. 
 
Summarizing, we have implemented and successfully tested a complete solution with 
its modifications for image data compression, with selectable lossless/lossy 
operation. The resulting DWTFAPEC image compressor has been explored with 
satisfactory results. It is a fast, simple and robust entropy coder capable of 
processing colour images in both raw and FITS formats and yields excellent 
compression ratios in almost any situation with very small requirements of processing 
resources. 
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