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We have carried out an in-depth investigation into the effects of image compression on
synthetic Probe for On-Board Autonomy – Vegetation (PROBA-V) scenes and Landsatderived image tiles. The two image compression implementations used were the TER
implementation and a bespoke implementation of the Consultative Committee for Space
Data Systems (CCSDS) Blue Book standard, which are functionally identical but
operate on different image architectures. This work included (1) the development of
an approach for producing synthetic scenes that were appropriate in terms of structure
and content, and (2) evaluation of the image compression approach on the two kinds of
image in terms of their usefulness for land-cover mapping. The synthetic image (SI)
generation approach has been rigorously tested and produces images that are statistically
similar to real scenes, both compressed and uncompressed. The results of our work
show that the effects of image compression vary significantly between bands and with
different compression ratios, and that the impact of image compression on image quality
does vary with spatial scale. We also found indications of increased error rate at
boundaries within the imagery. While the SI generation process and the processing
chain of this imagery are not completely consistent with PROBA-V imagery, agreement
was found among many of the results produced by the two approaches.

1. Introduction
The need to improve on-board image compression methods has been an issue for several
years. Mura, Dionisio, and Oricchio (1997) highlighted, amongst other requirements, the
need for effective image compression within the expanding Earth observation market of
the 1990s, while Tintrup, De Natale, and Giusto (1998) compared several image compression algorithms (including Joint Photographic Experts Group (JPEG), which is an example of a discrete cosine transform (DCT), and a number of wavelet-based approaches) in
an effort to identify the most effective method of reducing downlink and storage costs.
Chen (1997) identified an increasing trend in the use of wavelet transforms for remotesensing image compression. In the same year, Schwarz and Datcu (1997) investigated the
potential of wavelets for a range of image-processing and archiving activities. While great
improvements in both quality and standardization have taken place since then, the effects
of data compression on image classification and mapping remain an issue to the present
day (Addink, Van Coillie, and de Jong 2012).
Li, Yang, and Jiang (2011) and Yu and Song (2012) have demonstrated lossy and
lossless image compression approaches, respectively, both based on wavelets and both
suitable for satellite-based remote sensing due to low computational costs. The wavelet
approach has been demonstrated to provide better data compression results than other
approaches such as DCT (Nichols et al. 2009), a variant of which was used on board
*Corresponding author. Email: alessandro.gimona@hutton.ac.uk
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SPOT 4 and SPOT 5 (Système Pour l’Observation de la Terre; Moury and Latry 2003). In
addition to on-board lossy compression, some work has been carried out on the restoration
of image data following transmission (e.g. Li and Hu 2001). This has the potential to
allow the impact of high-compression ratio lossy compression to be partially or totally
mitigated. However, in comparison with the development of on-board compression, this
aspect has been relatively unexplored.
The on-board compression of remote-sensing imagery is a rapidly developing field, with
several new and/or adapted approaches having been published in the last few years (e.g.
Magli et al. 2007; Pan, Zou, and Ao 2008; Lu and Deng 2009; Jang et al. 2011) in addition
to comparisons of existing approaches under different conditions (e.g. Yu, Vladimirova, and
Sweeting 2009). One of the most important constraints in relation to on-board compression
is available CPU power, which is limited by a combination of size, weight, and power
availability conditions. Work on low-complexity image-compression algorithms is therefore
a priority (Lambert-Nebout, Latry, and Moury 2001; Cagnazzo et al. 2006). Recent work
(Sepehrband et al. 2011) has improved the potential of the JPEG2000 wavelet-based
compression approach using an enhanced differential pulse code modulation (DPCM)
transformation approach. DPCM is a method by which signals are encoded by removing
the redundancy present due to positive correlations with nearby pixel values. This approach
and related ones have been used a number of times for image compression (see e.g. Mozelle
et al. 1997; Mielikainen and Toivanen 2003) and for compression of other spatial data sets
such as digital elevation models (DEMs) (e.g. Kidner and Smith 2003).
The Consultative Committee for Space Data Systems (CCSDS) was formed in 1982 to
address problems in space-based data management. Various standards (termed Blue
Books) have been published by this committee in relation to the acquisition, handling,
and archiving of space-related data. The CCSDS 122.0-B-1 standard describes and
implements the on-board compression (lossless or lossy) of remote-sensing-acquired
imagery (CCSDS 2005), based on a number of investigations and recommendations
(Mozelle et al. 1998; Yeh, Moury, and Armbruster 2002). The standard is similar, but
not identical to, the JPEG2000 compression approach (which was evaluated as one of the
candidates for its adoption as the standard approach (Lambert-Nebout et al. 2000;
Grangetto et al. 2001)). The accepted CCSDS standard has been implemented on Probe
for On-Board Autonomy – vegetation (PROBA-V), and also on Formosa Satellite 5
(FORMOSAT-5), which is due to be launched in 2014 by SpaceX (Lin et al. 2010).
Since its publication in 2005, further work and recommendations for the CCSDS standard
on image data compression have been proposed to extend its capability in relation to
quality and compression ratio, and towards hyperspectral imagery implementations
(Thiebaut et al. 2007; Garcia-Vilchez and Serra-Sagrista 2009).
One of the pre-processing approaches that can be used to reduce both pixel error and
image data size is ‘binning’, where pixels are clustered into coarser resolutions. A
comparison of the relative merits of pixel binning and low compression ratios versus no
binning and higher compression ratios to produce the same data set size concluded that
overall it is preferable to use the higher compression ratios and no binning (Livens and
Kleihorst 2009). This is the approach that is used on PROBA-V, but there has been little
published work to show the impact of image compression on the quality and suitability of
the resultant images for land cover mapping and landscape monitoring.
Zabala, Pons, and Diaz-Delgado (2006) showed that JPEG2000 lossy compression of
remote-sensing imagery prior to its classification for land-cover mapping resulted in
overall reduced classification accuracy as compression ratio increased. A further study
(Zabala and Pons 2011) showed that this effect was minimal for areas with low
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fragmentation, but that it increased with higher fragmentation. Hu et al. (2004) have
shown that for areas that have low fragmentation in relation to pixel size, high compression rates (CRs) of hyperspectral imagery are also not greatly affected in relation to
vegetation-relevant metrics. Zhai, Tang, and Li (2006) found that while mean pixel grey
level, variance, and entropy did not change very much with compression ratio, JPEG2000
lossy compression did influence image texture. Zabala, Cea, and Pons (2012) also
investigated the effect of lossy image compression on segmentation-based classification
results for Quickbird imagery, and found that, while compression ratios up to a ratio of
10:1 did not increase overall classification errors by a significant amount, the shape and
size of small segments could be altered.
This has potential significance for the mapping of complex landscapes with multiple
land-cover types, where it is important to be able to identify not only the total area of each
land-cover class but also their spatial distribution and connectivity. Li and Wu (2008)
discussed the need for an approach capable of handling the complex image textures and
weak local correlation of remote-sensing imagery, further highlighting the potential issues
here. Possible partial solutions to this problem have been identified recently, for example
by Sun et al. (2009), who developed an adaptive threshold compression approach that
varies the compression ratio in accordance with image entropy. This does not, however,
get past the problem that higher compression ratios may be required regardless of image
entropy, due to on-board energy budgets and other technical constraints.
In this work, we investigate the impact of the image data compression algorithm to be
implemented on board the PROBA-V satellite on image quality. Specifically, we investigate overall error rates and the spatial distribution of errors caused by different compression ratios. This is achieved using a combination of synthetic PROBA-V imagery
generated using two different approaches, and two different implementations of the
compression algorithm.

2. Methods
2.1. Generation of synthetic images
The aim of the synthetic image (SI) generation process is to produce images with local
variation around a known global spatial structure. The advantage of SIs is that they have a
specifiable global spatial pattern, with stochastic variations that allow for testing of the
effect of variation in local spatial pattern and in length of edges. How the compression
error is influenced by such factors was the main question to be answered with this
approach.
We calculated the spatial structure of the SIs from the variograms and cross-variograms of four bands taken from real Landsat TM scenes. The bands used were 1, 3, 4, and
5, which correspond closely (although not perfectly) with the spectral bands used by
PROBA-V. We then applied a series of steps to generate 100 realizations (i.e. 100 fourband scenes, each at 30 m resolution) that broadly respected the original global spatial
structure (i.e. reproduced the variogram and cross-variograms mentioned above). The
procedure employed for this was lengthy and would require more space than is available
in this paper, but we have provided a summary of the procedure in the flowchart in
Figure 1.
The methods used draw heavily from the geostatistical simulation literature (e.g.
Goovaerts 1997, in particular Chapter 8; Cressie and Wikle 2011).
For each SI, we also reproduced the spatial pattern of the classes of the original image.
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Figure 1. Flowchart of the methodology used to create SIs. TER compression here refers to the
implementation of the CCSDS-122 standard. For the data handling unit (DHU) compression stage,
classification was not carried out.

2.2. SI buffering
The rationale for creating a buffered pixel boundary around the SIs was primarily to
reproduce the size of PROBA images (5200 × 5200) prior to compression. This was
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(b)

Figure 2. Example of a buffered realization. (a) 1024 × 1024 pixels unconditional simulated
buffer; (b) 5200 × 5200 pixels uniform distributed values and 1024 × 1024 pixels unconditional
simulated buffer.

considered to provide a more realistic test because the compression software would work
on ‘PROBA-size’ input. As it was not known what possible differences might be
introduced by the compression algorithm and software through tiling of using incorrectly
sized images, this stage was therefore precautionary.
Reproducing spatial patterns for large images is computationally expensive. To reduce
the computation time that would have been required by creating SIs of the final size, the
buffer around each SI was composed of a spatially structured part (1024 × 1024 pixels),
immediately around each SI, and an unstructured part around the latter (5200 × 5200
pixels, see Figure 2). We abbreviate these images as buffered simulation images (BSIs).
2.3. Image degradation and CCSDS-122 standard compression
Images were degraded to reproduce more accurately the range of ground resolution of the
PROBA-V pixels. We degraded the 30 m images to 300 and 1000 m prior to compression,
which was not fully appropriate and reflected a lack of complete understanding of the
actual PROBA-V processing chain ((A) acquisition and compression at pixel resolutions
between 100 and 330 m, (B) transmission, (C) binning to resolutions between 300 and
1000 m). Our processing chain compressed pixels of lower resolution (300–1000 m) and
did not include the binning step. As a result of this, further work was carried out at a later
stage (see later) to ensure that accurate representation of the processing chain was
incorporated into the methodology. Although the processing chain used at this point is
not fully representative of the PROBA-V system, it was considered useful in providing
information about trends in the impact of compression ratios on different wavelength
bands and at different spatial scales.
To achieve this analysis, we therefore investigated the effects of different compression
ratios on synthetic PROBA-V images at different spatial scales and on different bands,
across SIs with a range of image characteristics. Each of the degraded buffered images
(DBSIs) was compressed and decompressed using the TER software implementation of
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the CCSDS-122 standard provided. A total of five CRs were used: 1.9, 2.4, 5.4, 7.2, and
10.8. A total of 62,500 compressed/uncompressed image pairs were analysed and compared. These were obtained from 625 permutations of CRs on different bands, with 100
SIs (realizations of the stochastic pattern) for each permutation.
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2.4. Effects of compression
The effects of image compression were assessed with regard to digital number (DN) and
image classification. The root mean square error (RMSE) measure was used to compare,
band by band, the DNs of the compressed bands to their corresponding uncompressed
values. We also tested for differences in RMSE distributions between resolution and CRs.
For each CR, we also calculated the normalized difference vegetation index (NDVI)
for each of the 100 SIs, and compared it (pixel-wise) to the original NDVI, thus obtaining
a distribution of 100 values. We also mapped the median RMSE over the 100 images. For
each of the resolutions above, we performed unsupervised classification of each uncompressed image and of its compressed versions. Class-wise agreement was then assessed
using kappa statistics (κ). The Kruskal–Wallis test was used to detect statistically significant differences among CRs.
The agreement in the ‘per pixel’ classification (i.e. the class membership) between
uncompressed and compressed versions of the images was recorded. For each pixel this
was defined by testing whether it belonged to the same class before and after the
compression. The frequency (i.e. probability) of agreement was calculated over the 100
SIs. We also investigated which factors were able to explain the observed frequencies of
agreement between images.
Morphological spatial pattern analysis (MSPA) (Soille and Vogt 2009) was used to
investigate which portion of each image is more subject to misclassification due to compression. Each image was segmented into different categories prior to comparative analysis.
(1) Core: pixels whose distance to the background is greater than the given sizeparameter.
(2) Islet: connected components that do not contain any core pixel.
(3) Connector pixels: groups of pixels linking core-connected components.
(4) Boundary pixels: (perforation and edge) pixels whose distance to the core pixels
is lower than or equal to the given size-parameter.
(5) Branch: pixels that do not belong to any of the previous categories. They emanate
from boundaries or connectors.

2.5. Statistical analysis
The frequency of agreement was related to MSPA, band DNs, and image texture measures, using a generalized additive modelling framework (Wood 2006). The band CR
permutation and SI realization were used as random effect in separate models
(n = 62,500).
2.6. DHU compression
Owing to concerns stated above that the SI generation process and the order in which
images were processed (resampling followed by compression, rather than compression
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followed by resampling), a further set of work was carried out in which image tiles of size
352 × 128 pixels, with spatial resolution of 100 and 200 m were generated from Landsat
scenes. A total of 12 image tiles, each with four spectral bands corresponding to the
PROBA-V bands, were generated at both spatial resolutions (96 tiles in total). These tiles
were compressed using the DHU compression software provided by Michael Francois and
colleagues at the European Space Agency (ESA), following conversion to RAW format.
The DHU package, like TER, is an implementation of the CCSDS-122 Blue Book
standard, but the design difference enables more rapid compression and evaluation of
single tiles than the TER package. Each tile was compressed using a bit difference of 0
(no compression), 1, 2, 3, 4, 5, 6, and 7 and then decompressed and resampled to 333 m
or 666 m using bicubic interpolation. The bit differences resulted in compression ratios of
4.8, 2.4, 1.6, 1.2, 1.005, 1.0001, and 1, respectively. Comparison was made between the
uncompressed and compressed tiles for individual bands, and for NDVI, but not for image
classification results due to staff time allocation requirements.
2.7. Software used
The analyses were performed using open source software.
(1) Geographic Resources Analysis Support System Geographic Information System
(GRASS GIS) (GRASS Development Team 2012) for data management, preparation and visualization.
(2) R software (R Core Team 2012) for the models. The following packages were
used: (i) mgcv for generalized additive model (GAM) and spatially autocorrelated
GAM (Wood 2006); (ii) geoR (Ribeiro and Diggle 2001) for fitting the variograms; (iii) gstat (Pebesma 2004) for kriging; and (iv) rgdal for data management
(Keitt et al. 2009).

3. Results
3.1. Generation of SIs, and buffering
An example of a buffered realization is provided in Figure 2. See also the flowchart for
some examples of the original and SIs. The SI is surrounded by a buffer with a similar
spatial structure, while the larger ‘unconditionally simulated’ buffer has no autocorrelated
spatial structure. The latter is correctly expanded in Figure 2(b).
3.2. Effects of compression on synthetic imagery
The CR had a statistically significant impact on DNs. Figure 3 shows the distribution of
RMSE values for the different bands, resolutions, and CRs. The Kruskal–Wallis test was
significant for the different resolutions and CRs, with the exception of band 5, at 1000 m.
Figure 4 presents the results for NDVI. The maps show the median RMSE values for
the two resolutions. Higher values occurred along class edges. The curves show the
distribution of RMSE for NDVI at different CRs and resolutions.
It should be noted that in this set of images the distributions for all CRs are very
similar. Hence NDVI seems not to be affected by the CR. This could be explained if the
ratio between the errors introduced in the numerator and denominator terms in the NDVI
were similar across the CRs.
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show the distribution of RMSE for NDVI at different CRs and resolutions.

There was no evidence that increasing compression ratio had a significant impact on
classification. The distributions of the kappa statistics for each CR are shown in Figure 5.
Although the distributions appear different, their wide variability is such that the Kruskal–
Wallis test results were not significant. This is because there is an image-specific effect
that transcends CR (i.e. there is more variation caused by using different images than that
caused by using different compression ratios).
The map of the frequency of per-pixel agreement is shown in Figure 6. The class
edges appear to have higher misclassification, which was confirmed by the GAM
statistical analysis that showed that the image portion had a significant effect on misclassification with MSPA ‘edges’ (islet, connector, boundary, and branch) increasing the
probability of misclassification, while belonging to a ‘core area’ decreased it. Variations
caused by using different SI realizations also had a significant effect indicating, again, that
specific details of an image are influential on misclassification after compression. GAM
plots are shown in Figure 7.
Figure 8 shows the RMSE for each of the bands across all tiles, for 100 and 200 m
resampling followed by compression, decompression, and resampling to 333 or 666 m,
respectively. The pixel range in these tiles is 16-bit, leading to higher absolute RMSE
values than in the results above but lower proportional RMSE values.
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3.3. DHU compression package: effects of compression
From Figure 8, it can be seen that for both image resolutions (100 and 200 m), the bands
worst affected by compression are 3 and 5, while bands 1 and 4 are less affected. This is
in agreement with the results given for SIs above. The DHU compression results also
show a clear trend of increasing RMSE with increasing compression ratio (lower bit
difference), and a clear trend of the 200 m imagery having higher RMSE values than
100 m for the same band/compression combination. Figure 9 shows the effect of different
CRs on NDVI for the two spatial resolutions, and demonstrates also that at 200 m, the
effects of compression on NDVI are worse than at 100 m.
A final piece of analysis on the image tiles compressed with the DHU compression
tool was used to determine the correlation between pixel difference and rate of change of
pixel values within the image. We found that for all bit differences of 2 or more (i.e.
compression ratios of 2.4 or less), there was no statistical relationship between absolute
pixel difference (between compressed and uncompressed) and the edge detection values
achieved by applying a Sobel operator to the decompressed tiles (R2 < 0.01). However, for
a bit value of 1 (CR of 4.8), there was weak correlation between pixel difference and edge
detection values for 100 m resolution imagery (R2 values were between 0.03 and 0.08).
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This indicates that there is slightly increased error introduced at edges for high compression ratios, consistent with the results given in Figure 8 but not as strong an effect.

4. Discussion
The ability of the results to represent real data sets has been tested as thoroughly as
possible as part of this project, and we are confident that for the image characteristics and
spatial resolutions used in our work, the measurements of image data loss are accurate for
real imagery for the results obtained with the DHU compression tool. For the synthetic
imagery, the effects of compression using the TER implementation of the CCSDS-122
standard are slightly greater than for compression using the DHU software package on
Landsat imagery for all compression ratios, possibly due to the use of a random buffer at
the edge of each image that is hard to compress. However, both methods do demonstrate
that Landsat bands 3 and 5, which correspond to PROBA-V bands 2 and 4, are more
strongly affected by compression than Landsat bands 1 and 4 (1 and 3 for PROBA-V). At
higher or lower spatial resolutions, or for landscapes very different to those used in our
evaluations (which were as broad as possible in this sense), there may be slight discrepancies between our predictions based on simulated data and the results that would be
obtained on real compressed images. However, importantly, we do not think that these
differences will be large enough to invite different conclusions to our work because the
differences are not great and the trends in relation to compression ratio and pixel
resolution are the same between the two methods.
While the SI generation process used produces imagery that may not behave under
compression in exactly the same manner as real PROBA-V imagery, this approach does
have advantages that would also benefit future studies. First and most importantly, the use
of synthetic imagery allowed us to disentangle effects of different factors. Secondly, it was
possible to produce a set of images for analysis relatively rapidly and, most significantly,
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before the PROBA-V launch. One important consideration here is that comparison
between synthetic and real imagery is not possible at this stage, as the sensor has not
yet been launched. Further work comparing real imagery from PROBA-V to imagery
from other sources should also be carried out. It would also be interesting to see whether
there are any differences, however small, between simulated image data and the real thing.
From our results it seems likely that the length of edges between different land-cover
classes is more influential than the CR. Therefore in some cases one could expect that more
compressed but relatively more homogeneous images have less introduced error than less
compressed ones if the latter have more diverse land cover and more convoluted edges.
The PROBA-V platform will definitely be able to supply imagery with a higher spatial
and temporal resolution than SPOT-VEGETATION. Under many circumstances, this
imagery will also be of equivalent usefulness to that from earlier platforms. However,
in complex, heterogeneous landscapes where there are a large number of boundaries
between different land-cover classes, there will be some increased loss of useful data at
high image compression ratios. Caution should therefore be taken in inferring land-use
change in these circumstances.
One of the more obvious advantages of the PROBA-V platform over existing remotesensing platforms is the swath size; another is the frequency with which areas will be
revisited. These two factors, combined with image resolution improvement over SPOTVEGETATION, will mean potentially much more information and enhanced monitoring
capabilities. These benefits must be weighed against potential losses of useful image
content due to the image compression, but it is felt that on balance the benefits of using
this approach are greater than the losses.
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