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Figure 8. SpiritIIl vector quantizeris based on the mean residual error approach. The mean of the vector is computed and then subtracted.
The 12-bitdata are log-compressed to 8 bits prior to VQ. The vector index is decompressed for use by the residual error stage. The residual
erroris truncated and then encoded using a pixel-based Huffman encoder (PBHE). The rate control algorithm uses the status of the output
buffer to set the threshold level used by the truncation hardware. The residual error is then multiplexed with the VQ index and the mean

value.
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Figure 9. Transform compression relies on the creation of a decorrelated set of coefficients that represent the frequency components
of the data. Images are processed with a fast discrete cosine transform (FDCT), and their coefficients are quantized and encoded prior
to output on a communications channel. Compressed data are decoded, converted back into transform coefficients, and then processed

by an inverse discrete cosine transform (IDCT).

image. The remaining coefficients are losslessly encoded
and then transmitted to a receiver where they can be
reconstructed into an approximation of the original data.

At least seven missions'**2?*2%-3¢ have planned to use
or have already flown transform-based compressors
(Table 7). Information about the Ballistic Missile Defense
Organization Clementine mission and NASA Pathfinder
Mars mission has been obtained from viewgraphs of the
Clementine critical design review and Pathfinder design
implementation and cost review. The Mars Observer
camera used a software-implemented compressor that
can use either a Walsh—-Hadamard or DCT. The onboard
processor takes about 30 min to compress a single 2048
X 2048 pixel image. Compression ratios were expected
to be up to 10:1, with little visible artifacts. The DCT used
a 16 X 16 block size.

The Mars Observer was lost just before reaching orbit
around Mars. NASA has proposed to fly selected instru-
ments from the Mars Observer mission on the new Mars
Global Surveyor satellite. The Mars Observer camera will
be flown again and will use the same DCT method, unless
replaced by a newer lossy image compression algorithm.

The remaining five payloads that use lossy compres-
sion are unique in that the compression hardware or
software handles many channels of image and spectral

data (Table 6). Four of the five payloads use the Matra
Marconi Space JPEG chip set. Matra Marconi has de-
veloped an implementation of the JPEG chip set that is
radiation-hard, low in power, and can compress from 3
to 20:1. The hardware module provides an ideal real-
time compressor for multichannel imaging sensors.
Since the JPEG hardware operates at speeds higher than
the individual sensors, it can be used to compress
multiple sensor streams for later transmission to the
ground.

Lossy compression is a more controversial decision
for spaceborne payloads, since the reconstructed data will
be approximations of the original. Lossy compression has
been judged acceptable” for missions that are using the
data for photogrammetry, cartography, photoclinometry
(shape from shading), spectrophotometry, and photoge-
ology. Lossy compression for low ratios can often pro-
vide results with no visual artifacts. Since most of the
data collected by space missions will be processed by
computer, the artifacts could result in significant loss of
information. Figure 10 shows data from the recent Clem-
entine mission. The lunar image does not appear to have
any visible artifacts. After performing histogram equal-
ization to enhance fine detail, the 8 X 8 block artifacts
become apparent.
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Table 7. Transform-based sensor compression missions.

Space Data Compression Standards

Transform Number and type Compression Hardware/
Mission Payload type of sensors ratio software
Mars Mars Observer Walsh or DCT 1 imager—2048 X 2048 Up to 10:1 Software
Observer camera (16 X 16 pixel pixels
block)
Mars Global Mars Observer Walsh or DCT 1 imager—2048 X 2048 Upto 10:1 Software
Surveyor camera (16 X 16 pixel pixels
block)
Clementine Sensor groupIand JPEG 8 X 8 5 imagers—®6 detectors Nominally Hardware
sensor group II pixel block « Star Tracker (2)— 4:1; data (Matra
384 X 576 pixels content-driven ~ Marconi)
» UV/visible—
385 X 288 pixels
» HiRes—384 X 288 pixels
* Near IR—256 X 256 pixels
* Long-wave IR—128 X 128
pixels
Pathfinder MESUR Image JPEG 8 X 8 512 X 256 pixels split for Compression Software
Processor pixel block stereo and multiple filters range from (IBMRISC)
4:1to 8:1
Cassini Descent imager JPEG-like Several imagers with detectors Compression Hardware
spectral radiometer (16 X 16) pixel * 512 X 256 pixels range from (Matra
block * 176 X 256 pixels 4:11to08:1 Marconi)
* 160 X 256 pixels
* 128 X 256 pixels
Mars 96 High-resolution JPEG8 X 8 High-volume data with Compression Hardware
(Russia) stereo camera pixel block resolution at 10 m/pixel of more than (Matra
(was Mars 94) (HRSC) and * HRSC—5184-pixel 5:1 required Marconi)
and Mars 98 wide-angle swath, 3 focal planes,
(Russia) optoelectronic 9 channels
(was Mars 96)  stereo scanner * WAOSS—5184-pixel
(WAOSS) swath, 1 focal plane,

THE NEAR MISSION AND DATA
COMPRESSION STANDARDS

Satellite designers can no longer rely on the availabil-
ity of high-bandwidth communications channels to trans-
mit sensor data. The philosophy of “better, cheaper,
faster” will translate into lower power, lower weight,
flight heritage, and lower risk. The APL NEAR mission
demonstrates these trade-offs. NEAR will rendezvous
and orbit an asteroid and send images back to Earth
during its 12-month stay. APL is designing, integrating,
and launching the satellite in 27 months from project
start. Because of the short schedule, the selection of the
data compression algorithm has been delayed until other
parts of the instrument and data handling system design
are complete. Hooks have been made into the design of
the flight computer to support compression. The com-
bination of short schedule, desire to minimize risk, and
the need to keep the options for compression open until
the rest of the payload design has been completed has led
to the design decision to perform data compression in
software in the instrument processor. The NEAR data

2 channels

communications system already supports the bit error
tolerance requirement since it uses the CCSDS standard
for telemetry.

The NEAR is a small, low-weight, low-power satellite.
The sensor payload will be bandwidth-limited to an
average rate of 2900 bits/s when first arriving at Eros to
as much as 8000 bits/s later in the mission. Approximate-
ly 75% of the available bandwidth is allocated for science
data. In addition, the ground station will only receive data
8 h/day. The sensor is based on the Thompson charge-
coupled device array and is configured at 244 X 537 pixels
with 12-bit resolution. Data are read out once every
second, and the derived data rate is 131,028 pixels/s or
1,572,336 bits/s. The combined data rates yield a maxi-
mum number of images per day as 39 to 159 images per
day transmitted without compression. The overhead band-
width will be smaller for the higher transmission rate.

Lossless compression can extend the number of images
collected to a range of 58 to 238 per day if a 1.5:1 com-
pression ratio is assumed. The actual compression ratio
could be much higher depending on the data being
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Figure 10. Clementine lunar images il-
lustrate the effect of JPEG lossy compres-
sion on image quality. The original image
does not have any apparent compression
artifacts; however, when the image has
been processed with a histogram equal-
ization algorithm, the block artifacts be-
come visible.

compressed. Data compression reduces the risk to the
science data since more data can be collected earlier in
the mission. Since the data rate is very slow, the in-
strument data processor can perform onboard data com-
pression with no effect on the hardware design. A soft-
ware design implies that the code can be designed much
later in the schedule, after the long lead time components
have been ordered.

CONCLUSION

As seen by the extensive flight history and list of
planned missions, data compression can play a major
role in the design and successful operation of remote
sensing satellites. The trade-offs considered when includ-
ing data compression provide benefits to all the systems
comprising the payload/data chain (Table 2). Compres-
sion can be designed into the system without loosing any
science value, and it can improve the utilization of pre-
cious flight resources. Programs like NEAR are benefit-
ing from data compression’s long history of successful
use in space. Many of the design issues were captured in

Chant crater,
0.5 scale

Chant crater segment,
histogram-equalized
2X scale

the draft NASA standard. Lossless and, to a lesser degree,
lossy compression should be considered an enabling
technology, helping to make the smaller, lower-cost
satellites as productive in data volume as older, larger
satellites.
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THE RICE ENCODER LOSSLESS COMPRESSION
ALGORITHM

The Rice encoder architecture (Fig. A) consists of a
preprocessor stage that performs a predictive operation on
the original data. The predictor will result in symbols that
are centered about zero. The output of the predictor is sent
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Figure A. Rice adaptive encoder architecture. (a) The sample
is preprocessed to remove redundancy in the data and to
create a positive set of data. The entropy of the data is
estimated and the optimal coder is selected. (A = output from
DPCM (+ or —); 6 = positive-mapped output from DPCM; 6 =
>0,2 X A;6=<0, 2 X |Al—1). (b) Each encoder has a specific
performance range where its resulting code is close to the
entropy of the data. By selecting codes that are close to the
optimum performance region of each coder, the Rice algorithm
can adapt to changes in data statistics.

Space Data Compression Standards

to a mapping function that will convert the signed predicted
error symbol into a new positive symbol coded into a stan-
dard source 6 where

O/=101, 0; < =05, 035 0225075
where each §;, for 1 <i <j, is an N-bit symbol. The property
of 6 will have the following characteristics:

1. Each §; is a non-negative integer.

2. Each §; is independent.

3. The probability of occurrence p; of each §; is ordered so
that the smaller-value integers occur more frequently. For
example, if p; = Pr([d; = i], where Pr{] is a function that
yields the probability that symbol §; has value of i, then

po2p12p22. ..

The basic Rice coder is called the fundamental sequence
(FS). The FS coder simply outputs i 0’s for symbol &;,
followed by a 1. A Huffman code that is generated on the
basis of a Laplacian probability distribution will derive to
the fundamental sequence.10 The FS coder has also been
called the ¥ coder. If the only code available was the FS,
the compressed data output would be the concatenated bits

Y1161 = ¥1lo1 1% [620*. . *Y1[6;]

where * means concatenation. The ¥ coder is optimum
between 1.5 to 2.5 bits per sample. Other entropy ranges are
accommodated by devising a sample-split mode, where the
least significant bits of the sample are considered random
and are sent without coding. The most significant bits are
encoded with the FS coder. The split-sample data item
consists of a random component (the least significant bits)
and a component that follows a Laplacian distribution (the
most significant bits). (See Fig. B).

Each data item is represented by 6; = m;*Isb;, where m;
is the most significant bits and Isb; is the least significant
bits. The most significant bits can be concatenated together
as MM =miFmy* . .. *m;. The least significant bits can be
concatenated together as Z,k= Isby*Isby* . . . *Isbj. The ¥
coder applied as ¢ [ M™*]* L, defines the ¢, coder.
There are two special cases for the split-sample coder:

k=0= ‘1/1,0[5] =y,[6]
and
k=n=1y,,[6]=0.

The ¥ 4 coder operates on small blocks of data so that
as the statistics of the data change a new coder will be
selected. The performance of the Rice algorithm depends on
the entropy estimate of the data. The performance of the
coder can be estimated by summing the data values and then
comparing against limits that are functions of the size of the
data blocks. The table describes the decision regions for
8-bit data, with J data items per block. There are eight Rice
coder options in the table, which would be selected with a
3-bit identification (ID) code. Expanded versions of the ¥ 4
coder will support data rates that range from 1.5 up to 15
bits per pixel (for the k=14 case). Figure C shows an
example of a Rice encoder using a data fragment from the
same data set used in Fig. B in the boxed insert, Coding
Methods. The Rice algorithm will adapt to changing statis-
tics of the data, whereas the Huffman codes are redefined
to accommodate new distributions of the data.
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J words of data

n—-k

Figure B. Block organization for split-sample mode. Least
significant bits are concatenated without compression.
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Figure C. Data are processed by a differential pulse code
modulation algorithm (top). Signed values are mapped to all
positive, and then summed to select the Rice coder (center).
Sum of mapped values = 11, with a block size of 8, selects the
V1,0 coder as shown by the table in this boxed insert.Total
length of the output code is 19 bits plus ID code (bottom).
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