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Abstract:  -  In the next decade, the volume of data produced by satellite-based remote sensing instruments will increase dramatically.  The success of the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments validates the decisions of government agencies to seek higher spectral and spatial resolution in the next generation of polar-orbiting and geosynchronous imagers, but transmitting the resulting high amounts of data to the Earth within constraints of available bandwidth will require new approaches to onboard data compression.  In particular, the limitations of bandwidth will force greater use of lossy data compression, particularly in spectral channels with high spatial resolution, such as the reflective channels proposed for the Geostationary Operational Environmental Satellite (GOES) Advanced Baseline Imager (ABI), which will fly on GOES-R in 2012.  In this study, we present analyses of the trade between two candidate lossy data compression algorithms, JPEG and JPEG-2000, for the encoding of reflective channel data from the ABI.  These analyses include application to two types of real data:  MODIS imagery and MODIS Airborne Simulator (MAS) imagery.  The MODIS images are processed directly; the 50-m resolution MAS images are first run through a basic simulation of ABI spatial and radiometric response.  In both cases, spectral channels corresponding to those that will be lossily compressed on ABI are available to support the performance trades between JPEG and JPEG-2000.  These performance results are placed in context with an assessment of the current technology readiness level (TRL) of the two standards.
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1  Introduction

Advances in remote sensing technology, both for space-based hardware and the data processing algorithms, have led to an increase in the amount of data that must be communicated across the architecture for new generations of observing systems.  The tendencies in advancement of remote sensing instruments from one generation to the next typically involve increased resolution in one or more of four key dimensions: spectral, temporal, spatial, and radiometric.  Increases in spectral resolution have occurred in the evolution of the Advanced Very High Resolution Radiometer (AVHRR) and instruments on the Geostationary Operational Environmental Satellites (GOES), as well as the recent introduction of the Moderate-resolution Imaging Spectroradiometer (MODIS).  Increases in temporal and spatial resolution have also occurred on the GOES instruments.  Increases in radiometric resolution have been realized in MODIS and the Sea-viewing Wide Field of view Sensor (SeaWiFS).  Successes and lessons learned from all of these instrument programs have formed the basis for the next generation of operational remote sensing instruments, including the Visible/Infrared Imager Radiometer Suite (VIIRS) for the National Polar-orbiting Operational Environmental Satellite System (NPOESS) and the Advanced Baseline Imager (ABI) for the GOES-R series.  The first VIIRS is scheduled to fly on the NPOESS Preparatory Project (NPP) in 2006; the first ABI will be launched in the 2012 timeframe.  ABI in particular will have enhanced resolution in all four dimensions relative to its predecessors:  spectral, temporal, spatial and radiometric.  This will maximize the data rate increase for ABI relative to the current GOES imager.  The entire GOES data stream is presently at 2.1 Mbps.  ABI alone will downlink approximately 60 Mbps of data, and in fact, even reaching this number will require substantial compression of the raw instrument observations.  ABI will not be unique in this regard when it is launched.  The global trends in both polar and geostationary imaging are also toward enhanced spectral, temporal, spatial and radiometric resolution, rendering the development of data compression technology all the more critical.  Lossless (reversible) data compression for multispectral imaging (where spectral channel selection tends to result in a set of relatively uncorrelated signals compared with hyperspectral imaging) is typically limited to averaged compression ratios of 2.  Higher compression can be achieved in some cases, and lower compression is driven by others.  This leads to the consideration of lossy (irreversible) data compression, which can achieve much higher compression ratios at the cost of decreased fidelity in the output imagery.  The use of lossy data compression therefore establishes a new trade space, where the competing priorities of data quality and compression ratio must be optimized.  This paper explores that trade space with two lossy data compression algorithms for two types of ABI-like data. 

2  Compression Algorithms

We have chosen two fairly well-known compression algorithms for this study.  The first is the well-established Joint Photographic Experts Group (JPEG) standard, which has become ubiquitous in image processing and storage in the past decade.  The second is the recently developed JPEG-2000 standard, which can generally achieve higher compression ratios for a given image, but which also has not yet been demonstrated in space-based hardware.

2.1  JPEG

JPEG is based on discrete cosine transforms and is described, for example, in [1].  For the analyses presented here, we have implemented the software developed and distributed by the Independent JPEG Group (IJG), Version 6b [2].  The software has been configured for 12-bit-per-pixel (bpp) data.  The independent parameter we use to adjust the data quality and compression ratio for JPEG is the quality factor, which can range between 0 and 100.  A value of 75 is commonly used in practice, which is slightly more optimized toward data quality than toward compression ratio.

2.2  JPEG-2000

JPEG-2000 is based on wavelet transforms and is described in [3].  For the analyses presented here, we have implemented the Jasper software [4].  The JPC format for lossy compression has been selected in all cases.  The independent parameter we use to adjust the data quality and compression ratio for JPEG-2000 is the target rate, which can range in a practical sense between 0 and 1, and is the reciprocal of the target compression ratio.

3  Methodology

To evaluate the performance of JPEG and JPEG-2000 for compression of remote sensing imagery, we employed two datasets.  The first are MODIS Airborne Simulator (MAS) data.  The second are actual MODIS data.  In each case, the methodology was slightly different, as described in the following subsections.  In both cases, once the data were compressed and decompressed, the original and reconstructed images were compared via the Peak Signal to Noise Ratio (PSNR), which is defined as
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where Lmax is the maximum possible radiance in the imagery, M and N are the image dimensions in pixels, X is the value of a pixel in the reconstructed scene, and X with an overbar is the value of a pixel in the original scene.  We will consider a PSNR of 50 to be minimally compliant with end user needs for the imagery.  For 12-bit data, this renders the “noise” associated with lossy compression on the same order as the radiometric sensitivity of an instrument such as MODIS.  The compression ratio achieved in each case was also computed and stored for presentation here.  For both the MAS and the MODIS data sets, two different approaches to application of data compression were considered.  The first, referred to as the static approach, sets a constant value for the adjustable parameter (JPEG quality factor or JPEG-2000 target rate) based on the driving case.  For example, the highest entropy scene will require a certain minimum JPEG quality factor to ensure that it meets the PSNR requirement of 50 dB.  With a static compression approach, this would be the JPEG quality factor used for all scenes. The alternative approach is dynamic, where the quality factor (or target rate) is adjusted for each scene until the imagery barely meets the PSNR requirement.  This approach, of course, requires real-time adjustment of the compression algorithm in the instrument.

3.1  MAS Data Sets

The MAS is an aircraft instrument that has been used both prior and subsequent to the launch of the two active MODIS instruments on-orbit.  The MAS is described in detail in [5].  Numerous campaigns have included the collection of MAS data.  For the purposes of this study, we have chosen the MAS scenes listed in Table 1.

Table 1. MAS images in present study.
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Campaign

Description

1

SUCCESS

Multiple cloud types, snow, land

2

FIRE-ACE

Cirriform and stratiform clouds

3

FIRE-ACE

Cirrus and stratus clouds, sea ice

4

FIRE-ACE

Stratus clouds, sea ice, water

5

CLAMS

Mostly clear, land, water with glint

6

CLAMS

Land, small water bodies, cumulus

7

CAMEX-4

Multiple cloud types, water

8

CAMEX-4

Cumulus clouds, water

9

CAMEX-4

Multiple cloud types, water

10

CAMEX-4

Cumulus clouds, water

11

SCAR-B

Scattered clouds, land

12

SCAR-B

Fire, smoke, land

13

SCAR-B

Fire, smoke, scattered clouds, land

14

THORPEX

Stratiform clouds


MAS data are sampled at 50 m at nadir.  Typically the data are collected in 50 spectral channels.  This allows for evaluation of numerous spectral channels that are planned to exist on the ABI.  For the present study, we have limited our analyses to one channel, corresponding roughly for each MAS data set to the planned 0.64-micron channel on the ABI.  This ABI channel will have a Level 1B pixel resolution/sample distance of approximately 0.5 km.  In order to meet the demanding spatial resolution requirements for the ABI, expressed in terms of Modulation Transfer Function (MTF), the 0.64-micron channel will likely need to be oversampled relative to the final 0.5-km spacing.  For our purposes here, we have assumed 2x oversampling, or a sample distance of 0.25 km in each direction.  To simulate actual ABI data, we have applied the expected MTF at this wavelength to the MAS data.  This process achieves two things.  First, it exploits the high spatial resolution of the MAS data to arrive at a fairly accurate rendition of the spatial character of ABI data.  Second, it converts the quantized MAS data to a continuous radiance field that allows for realistic application of ABI quantization to integer counts.  The input continuous radiance field is converted to a digital image through the use of a radiometric and MTF model of the ABI, which makes some basic assumptions about detector sizes, aperture, focal plane characteristics, and so forth.

3.2  MODIS Data Sets

There are currently two active MODIS instruments on-orbit, one each on the Terra and Aqua spacecraft.  The MODIS instrument is summarily described in [6].  For this study, all data originated with the Terra MODIS.  The images are summarized in Table 2.

Table 2. MODIS images in present study.
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Description

1

Multiple cloud types

2

Windblown dust

3

Fog

4

Fires, smoke, land

5

Fires, smoke, land

6

Ocean

7

Snow

8

Thunderstorms


The MODIS has 36 spectral channels, but as with the MAS data, we only considered the channel corresponding roughly to the 0.64-micron channel on the ABI.  In the case of the MODIS, this corresponds to channel 1, which is centered at 0.645 microns and has a nadir spatial sampling of 0.25 km.  If the assumption of 2x oversampling for the ABI holds, then this means the MODIS data are at approximately the same spatial resolution of the ABI data, excepting increases in pixel growth for MODIS images that were obtained away from nadir.  Since the MODIS data are already at this spatial resolution, no attempt was made to simulate the ABI spatial or radiometric response; the MODIS counts were used directly as input to the compression and decompression processes.

4  Results and Analysis

As discussed earlier, there are two approaches to onboard data compression:  static and dynamic.  The static approach, limited by worst-case scenes, is expected to deliver lower compression ratios on average than the dynamic approach.  The results presented here agree with that expectation.  Table 3 shows the compression ratios obtained for static and dynamic JPEG and JPEG-2000 for simulated ABI data generated from the MAS scenes listed in Table 1.

Table 3. Compression ratios achieved with MAS-based simulation of ABI data.
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Static CR

Dynamic 

CR

1

2.75

2.75

3.32

3.32

2

6.47

9.42

3.32

23.19

3

4.08

4.41

3.30

5.80

4

4.30

5.01

3.31

5.77

5

5.29

6.59

3.51

7.78

6

7.31

11.52

3.34

11.92

7

5.00

7.29

3.30

7.72

8

2.65

2.65

3.34

3.85

9

5.38

7.71

3.38

11.54

10

7.45

11.59

3.91

23.20

11

3.19

3.19

3.31

4.65

12

12.79

21.90

4.23

23.43

13

5.45

7.88

3.33

11.58

14

5.71

8.55

3.46

11.60

JPEG

JPEG-2000

Scene


A few interesting observations can be made from Table 3.  First, note that MAS scene 1 is the most stressing case for both JPEG and JPEG-2000 (this is apparent from the fact that the static and dynamic compression ratios are the same for this particular scene).  This scene does contain a high amount of entropy via the combination of multiple cloud types, land, and dendritic snow patterns.  A second observation from Table 3 is that for static compression (i.e., no real-time adjustment), in order to meet our PSNR requirement of 50 dB, JPEG is the preferred approach for most scenes.  If, on the other hand, dynamic compression is used, JPEG-2000 becomes more preferable for any scene. Table 4 shows the compression ratios obtained for static and dynamic JPEG and JPEG-2000 for the MODIS scenes listed in Table 2.  While the numbers themselves vary somewhat compared to those obtained from the MAS data, two of the three general observations from the MAS data are the same.  The scene with multiple cloud types is the most stressing, and for dynamic compression JPEG-2000 is the preferred choice in all cases.  Interestingly, however, JPEG-2000 also appears to be preferable for static compression, except for the dust scene, where JPEG is marginally better.  One key difference between the MAS and MODIS scenes used here is that the latter are significantly larger (by approximately an order of magnitude) in terms of number of pixels at ABI-like spatial resolution.  The results in Tables 3 and 4 suggest that the size of an image subset that is compressed by JPEG will have a significant impact on the achievable compression ratio for a given PSNR requirement.  The larger the subset, the lower the compression ratio.  JPEG-2000, on  the other hand, seems to be less affected by the size of the data being processed.

Table 4. Compression ratios achieved with MODIS data.
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1

2.58

2.58

3.32

3.32

2

5.23

6.65

5.15

11.73

3

3.52

4.28

3.67

5.81

4

2.80

2.80

3.42

3.93

5

4.15

5.15

4.46

8.11

6

2.95

2.95

3.44

4.03

7

2.68

2.68

3.30

3.30

8

3.11

3.61

3.32

4.63

JPEG

JPEG-2000

Scene


To better illustrate the impacts of adjusting the JPEG quality factor and the JPEG-2000 target rate, Fig.1 and Fig.2 contain respective plots of PSNR and compression ratio versus these two adjustable parameters, for MAS scene #1.  To better facilitate a comparison of the results for the two algorithms, the y-axes on the two plots have been given the same range.  JPEG delivers the required PSNR at a quality factor of about 70.  JPEG-2000 delivers the required PSNR at a target rate of about 0.25 (note, therefore, that the Jasper software does not tend to deliver quite as high a compression ratio as that suggested by the target rate).  In general, for a given PSNR, JPEG-2000 tends to give a higher compression ratio.
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Fig.1.  Variation of PSNR with respect to JPEG quality factor for MAS scene 1.
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Fig.2.  Variation of PSNR with respect to JPEG-2000 target rate for MAS scene 1.

5  Conclusion

The following three statements can be made about the comparison between JPEG and JPEG-2000 presented here:

1) If onboard processing of the kind required for dynamic compression is affordable and deemed low risk, then JPEG-2000 is preferable to JPEG.

2) If onboard processing of the kind required for dynamic compression is considered too costly or too risky for implementation, and if the data blocks to be compressed are kept relatively small, then JPEG is preferable to JPEG-2000.

3) If onboard processing of the kind required for dynamic compression is too costly or too risky for implementation, but the data blocks to be compressed are relatively large, then JPEG-2000 is marginally preferable to JPEG.

These statements must be balanced against the technology readiness level (TRL) of the two algorithms.  JPEG has been developed for use in space, in the European METOP program, for example.  A number of industry efforts are underway to enhance the TRL of JPEG-2000; it is therefore expected that the trade between JPEG and JPEG-2000 will eventually be reduced to the three performance statements listed above.
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