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Abstract: Rice algorithm, which has been recommended by Consultative Committee for Space Data System 
(CCSDS) for space telescope image lossless compression, is studied. Due to the similarity, this algorithm is 
applied on lossless compression of X-ray digital image after improvement and a satisfying compression rate is 
obtained. Firstly, the algorithm process is presented. Later on, the compression and decompression algorithms 
are implemented on PE’s X-ray machine GECCO2505 and the flat panel detector PAXSCAN2520. Finally, the 
status of the technology is presented with its performance in X-ray digital image compression and 
decompression applications. Copyright © 2013 IFSA. 
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1. Introduction 
 

The X-ray non-destructive testing system based 
on Flat-panel Detector (FPD) is widely used. Film 
and XRII-CCD detector X-ray imaging systems will 
be gradually replaced by digital imaging ones and the 
national standards will be formed. Paxscan2520 is the 
second-generation X-ray imager designed for high-
speed fluoroscopic and radiographic imaging. The 
effective imaging area is 193mm*242mm and the 
maximum frame rate is 30 fps. The digital image 
referred in this paper is totally from Paxscan2520. 

Rice algorithm [1, 2], which is proposed by 
Dr. Robert Rice in 1990s, has been recommended as 
a standard of space telescope image lossless 
compression by CCSDS. Both space telescope 
imaging system and digital FPD use precision digital 

imaging equipments, work in fatal environment, 
process and transmit data in embedded systems. Due 
to the similarity, rice algorithm is suitable to 
implement lossless compression of digital 
radiographic images [3]. 

With the continuous advancement of materials 
science, the imaging rate and area of FPD are higher 
and larger. Huge amount of data conflicts with 
narrow band. The processing efficiency and real-time 
performance is greatly affected. When performing a 
real-time testing task in the wild area without lead 
protection, remote data transmission system will be 
needed. Without compression, the data streams will 
burden the bus greatly. Compression and 
decompression boards are used to ensure the system 
performance and decrease the potential risk  
of conflict. 
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2. The Rice Algorithm 
 

A lossless source coding technique preserves 
source data accuracy and removes redundancy in the 
data source. In the decoding process, the original data 
can be reconstructed from the compressed data by 
restoring the removed redundancy. This technique is 
used to meet integrity of data. The drawback is 
generally a lower compression ratio. The rice 
algorithm fits for embedded system and assures data 
rate [4]. 
 
 
2.1. The Preprocessor and Entropy Coder 
 

The rice coder consists of two separate functional 
parts: the preprocessor and the adaptive entropy 
coder, as shown in Fig. 1. 
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Fig. 1. Schematic of the rice coder. 
 
 

When coding, the code option bits must be 
added to the head of each data block to identify the 
coding scheme by the decoder. The code option 
yielding the fewest encoded bits will be chosen for 
each block by the option-select logic. The actual 
source entropy value could be lower; the source 
statistics and the effectiveness of the preprocessing 
stage determine how closely entropy can be 
approached. A theoretical expected codeword length 
is shown in Fig. 2 for various values of k, where k=0 
is the fundamental sequence (FS) option. 
 
 

 
 

Data entropy (bits/sample) 
 

Fig. 2. Performance curve for value k. 

This option selection process assures that the data 
block will be coded with the best available code 
option on the same block of data, but this does not 
necessarily imply that the source entropy lies in  
that range. 

4 binary bits is used to indicate the zero-block 
option, the no-compression option, the FS option and 
the k split-sample options. The ID bits of each data 
block have a unique length. 

The kth split-sample option takes a block of data 
samples, splits off the k least significant bits from 
each sample and encodes the remaining higher order 
bits with a simple FS codeword before appending the 
split bits to the encoded FS data stream, as shown  
in Fig. 3. 
 
 

(n-k) bits to be coded by FS codeword k split bits

MSB LSB

n-bit preprocessed sample, ¦Äi

 
 

Fig. 3. Codeword of split-sample option. 
 
 

The adaptive encoder converts preprocessed 
samples δ into an encoded bit sequence y  as shown 
in Fig. 4. The entropy coding module is a collection 
of variable-length codes operating in parallel on 
blocks of J preprocessed samples. The coding option 
achieving the highest compression is selected for 
transmission, along with an ID bit pattern used to 
identify the option to the decoder. Because a new 
compression option can be selected for each block, 
the rice algorithm can adapt to changing source 
statistics. Although the recommendation specifies 
that the parameter J be either 8 or 16 samples per 
block, the preferred value is 16 to fit the compression 
of X-ray images [5]. 
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Fig. 4. The adaptive entropy coder. 



Sensors & Transducers, Vol. 159, Issue 11, November 2013, pp. 26-31 

 28 

2.2. The Two-dimensional Third Order 
Predictor 

 
The selection of a predictor should take into 

account the expected data as well as possible 
variations in the background noise and the gain of the 
sensors acquiring the data. The predictor should be 
chosen to minimize the amount of noise resulting 
from sensor non-uniformity. 

Fig. 5 shows the schematic of first-order unit-
delay predictor. Due to multi-dimensional correlation 
of X-ray images, huge redundancy will be generated 
if first-order unit-delay predictor is used. 
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delay
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Fig. 5. Schematic of first-order unit-delay predictor. 
 
 

At the frame rate 1 fps, Paxscan2520 generates 
digital images with the maximum resolution. 
Equation (1) shows that the best predicted intensity 
value of ( , )x i j is the weighed combination of  
3 neighbouring pixels. 
 

1 2 3ˆ( , ) ( , 1) ( 1, ) ( 1, 1)x i j k x i j k x i j k x i j= × − + × − + × − −
(1) 

 
Based on the predicted value ˆ( , )x i j , the 

prediction error mapper converts each prediction 
error i∆ , to an n-bit nonnegative integer δi , suitable 
for processing by the entropy coder. For most 
efficient compression by the entropy coding stage, 
the preprocessed symbols δi  should satisfy: 
 

 0 1 2 (2 1)... ... n
jp p p p p −≥ ≥ ≥ ≥ ≥ ≥  (2) 

 
where jp  is the probability that δi  equals the 
integer j . This ensures that more probable symbols 
are encoded with shorter codewords. 

Consequently, the prediction error mapping 
function: 
 

 2Δ 0 θ
δ 2 1 θ 0

otherwiseθ

i i i

i i i i

i i

⎧ ≤ ∆ ≤
⎪

= ∆ − − ≤ ∆ ≤⎨
⎪ + ∆⎩

, (3) 

 
where ˆ ˆθ min( , )i i min max ix x x x= − − , has the 

property that i jp p< whenever i j∆ > ∆ . 

2.3. Dataset Packetization 
 

The total number of encoded bits resulting from 
Losslessly compressing a fixed number of data 
samples is variable. Variable length data stream must 
be provided, which can be put into a fixed-length 
frame to be transported. Packetization is essential for 
preventing error propagation, as mentioned above; it 
also can affect the compression performance for the 
data set. To maximize the compression performance, 
packetization should be performed on several blocks 
to minimize the fraction of bits devoted to header 
overhead. However, to limit error propagation, a 
reasonable number of data blocks should be chosen 
for each packet. 

There exist other available compression 
algorithms whose performance depends on 
establishing the long-term statistics of the collection 
of sensor data. Such schemes will in general give 
good compression performance for a large amount of 
data, and poor performance for a relatively small 
amount of data. And if packetization is used as a 
means of preventing error propagation in conjunction 
with these algorithms, one would expect poor 
performance for a shorter packet and a better 
performance for a larger packet. The drawback is that 
the loss of data due to error propagation may be 
intolerable for the larger packet. 
 
 
2.4. Buffer Requirement 
 

Depending on the requirement, the variable-
length packets resulting from packing the compressed 
bit stream into CCSDS packets can be stored in a 
large on-board memory, or they can be multiplexed 
with other data packets before being stored in the 
memory device. In either case, the large-capacity 
memory device lessens the variation in the packet 
length. Subsequent readout from the memory is 
performed at a fixed rate. In other situations, the 
variable-length packets may have to be temporarily 
buffered before a direct transmission to the 
communication link. The temporary buffer serves as 
a smoothing buffer for the link. Occasionally fill bits 
are inserted in the data stream to provide a constant 
readout rate. The amount of buffer needed is a 
function of the incoming packet rate, the packet 
length statistics, and the readout rate. 

An analysis was conducted, which examined 
issues such as the maximum smoothing buffer size 
requirement when a variable-rate Multiplexing 
Protocol Data Unit (MPDU) is transmitted to ground 
within a fixedrate Virtual Channel Data Unit. In this 
analysis, the MPDU transported variable-length 
packets with compressed data whose length varied 
with Gaussian statistics. Figure 6 shows the results of 
this analysis, where the probability of buffer 
overflow decreases as the buffer size increases. 
Doubling the buffer size normally will decrease the 
probability of buffer overflow by several orders of 
magnitude. The MPDUs are shifted asynchronously 
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into the VCDU whenever they are filled, and thus the 
MPDU input to the VCDU occurs at a packet 
generation time period of tp, when it is available; ts 
represents the sampling period of the VCDU, which 
provides a constant data rate to the physical channel. 
 
 
2.5. The System 
 

The Rice system is shown in Figure 4. Notice 
there is no buffer before the encoder chip. That is 
because the Rice encoder is a truly pipelined 
architecture that runs off of the sample clock. 
Independent of image entropy, the encoder is able to 
compress data at the sample clock frequency. The 
encoder is followed by a packetizer, which 
concatenates variable length blocks into a large data 
block before transmission. Most of the function of the 
packetizer could be absorbed into the encoder chip 
with an estimated 20 % area increase. For data 
storage, all of the packetizing functions could fit on 
the chip. For satellite transmission a packet often 
includes a packet ID and packet length which require 
off chip buffering. 

The decoder runs at twice the sample frequency to 
keep up with the encoder’s encoding rate. It requires 
a FIFO and control to store data for processing. It 
will process data that is not in packets as well as 
process variable or fixed length packets. Processing 
packetized data over non-packet data has one very 
important advantage the decoder G designed so that 
any errors in transmission will not propagate to the 
next packet. 

One advantage of the Rice Algorithm over nearly 
any other adaptive technique is that if a packet were 
ever lost in transmission, the chip set would not have 
to be reset. Only that particular packet would be 
missing. Other adaptive techniques that store a 
history of scene statistics, such FS Lempel-Ziv, 
adaptive Huffman coding, or adaptive arithmetic 
coding assume that the decoder is able to decode the 
same number of pixels and so “see” the same history. 
If a packet of data were lost in these other adaptive 
techniques the decoders would be decoding with 
incorrect statistics until the encoder and decoder 
could be reset and the chips resynchronized. 
 
 
3. Functional Description 
 

The compression system intends to be used to 
read the original grayscale image data and implement 
compression and transmition [6, 7]. Fig. 6 shows the 
flowchart of the compression system. Notice that 
there is an input FIFO before the preprocessor. This 
is because the data transmitter periodically responds 
the commands sent by the workstation to synchronize 
with the terminal. The double-buffered mechanism 
makes receiving raw data and transmitting 
compressed data smooth. Independent of the image 

entropy, the encoder is able to compress data at the 
sample clock frequency. Coded data to be transmitted 
will be packed and sent to the second buffer –  
output FIFO. 

The decompression is the reverse process. The 
decoder runs at twice the sample frequency to keep 
up with the encoder’s encoding rate. It will process 
data not in packets as well as process variable or 
fixed length packets. 
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Fig. 6. Flowchart of the compression system. 
 
 

Bidirectional high speed cable is used to connect 
the field device and the remote workstation. Buffer is 
not necessary between them because the compression 
process costs 1.6-1.8 times more time than the 
decompression process. 
 
 
4. Implementation 
 
4.1 Hardware development 
 

Once the algorithm performance was established, 
effort for prototyping in hardware. An engineering 
prototype chipset based only on the split-sample code 
options was designed and fabricated in 1.0 u CMOS 
process. These chip set obtained over 
50 Msamples/sec processing speed at less than 
1.0 watts power consumption. However, this 
prototype encoder was designed for proof-of concept 
and required an outside packetizer to concatenate 
coded data blocks into a longer packet of bit string. 

The prototype chip set was integrated into a 
communication test, which successfully demonstrated 
the transfer of losslessly compressed images in an 
end-to-end system in 1994. In this test, the 
compressed data was formatted into variable length 
CCSDS packets in the Advanced Orbiting System 
Test-bed (AOST). The coded virtual channel data 
units were transferred to the RF Simulations 
Operations Center (RFSOC) via fiber optic link, 
where data was then transmitted through the geo-
synchronous Tracking and Data Relay Satellite 
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System (TDRSS) and back to the AOST via the 
White Sands Complex (WSC). 

While the engineering work was proceeding in 
the AOST, a flight version of the lossless compressor 
was designed which circumvented the need for an 
off-chip packetizer. In addition, the low-entropy code 
option was added. This new chip, the Universal 
Source Encoder for Space (USES), was targeted for 
space flight and was fabricated in a proven radiation 
hardened circuit in 1994. USES offers over 
20 Msamples/sec processing speed with 
0.1 watts/Msample/sec power consumption and input 
data quantization up to 15 bits/sample. A matching 
decoder chip was later completed in 1997. It is 
recognized that a new circuit able to take data of 
quantization at 16-bit or larger will eventually be 
needed for flight missions. Such an implementation 
without the low entropy option in radiation hardened 
field programmable gate array (FPGA) is underway. 
We are currently actively seeking opportunity to 
develop a new ASIC that will take larger than 15-bit 
input and also compress data of floating point format. 

Lately a new implementation of the lossless 
compression USES was executed to validate our 
latest space electronics development in ultra low 
power RT technique. A 3.3V RT part now can 
process up to 80 Msamples/sec at 
15 mwatts/Msample/sec, and the 0.5 V RT part 
consumes less than 0.5 mwatts/Msamples/sec 
processing speed. We expect after full radiation 
characterization, these low power chips will benefit 
most future missions. 
 
 
4.2. Software Development 
 

As part of the hardware development process, 
software module was written to crosscheck the 
correctness of hardware design. This was written in 
C language and was improved over the years that it is 
currently viable for integrating into spacecraft data 
processing module for missions that do not require 
highthroughput rate. 
 
 
5. System Performance 
 

Three algorithms are tested on the platform. The 
letters “LZW” are used to represent the Lempel-Ziv-
Welch general lossless compression algorithm. “Huf” 
represent the adaptive Huffman coding. Two 
representative 12-bit X-ray images shown in Fig. 7 
are used to describe the compression performance 
[8]. 

Table 1 shows the performance of the platform 
[9-12]. The compression ratio of the rice algorithm is 
between 1.70 and 1.83 higher than LZW algorithm 
and Huffman coding. The time consumed is few 
enough to maintain the real-time work. 

(a)A welding seam image with IQI indicator (b)A round welding seam image of a boiler pipe  
 

Fig. 7. X-ray images. 

 

 
Table 1. Platform performance. 

 
 Algorithm LZW Huf Rice 

Bits/pix, image1 8.33 6.91 6.56 Image
1 Time consumed 

(millisecond) 11.86 12.15 12.33 

Bits/pix, image2 8.95 7.50 7.02 Image
2 Time consumed 

(millisecond) 11.96 12.18 12.41 

 
 

Two high-ratio lossless and lossy compression 
algorithms are tested for comparison as shown in 
Table 2. The letters “JPEG” represent the Joint 
Photographic Experts Group which is a particular 
standard and implement of lossy image compression. 
“LZSS” represent the Lempel-Ziv-Storer-Szymanski 
lossless data compression algorithm. It is a derivative 
of LZ77. The encoding technique of LZSS is based 
on a dictionary. It attempts to replace a string of 
symbols with a reference to a dictionary location of 
the same string. 
 
 

Table 2. Performance comparison. 
 

Algorithm JPEG LZSS Rice 
Bits/pix 4.32 5.72 6.56 
Time consumed (millisecond) 48.69 27.89 12.33 

 
 

JPEG format has the highest compression ratio, 
but the real time characteristic can not be assured, 
because the consumed time is three times more than 
the rice algorithm. Fig. 8 shows that the detail of the 
key image area is lost after lossy compression. The 
LZSS algorithm narrowly meets the demand. 
However, platform complexity is greatly increased to 
establish hardware dictionaries. The compression 
ratio varies with the tube voltage [13-15]. Non-
optimal and unpredictable ratio is always obtained. 

The single frame compression time is far below 
27 ms at 1 fps when testing different steel work 
pieces. The compression ratio, the real-time 
characteristic and the image quanlity are all assured 
by rice algorithm. 
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(a) The IQI image in 16-bit TIFF format (b) The IQI image in JPEG format

 wire No.15

wire No.14

 
 

Fig. 8. Lossy compression in JPEG format. 
 
 
6. Conclusions 
 

From the experimental results, we reached the 
conclusion that the compression algorithm presented 
in this paper is suitable for real-time compression of 
grayscale images. By this algorithm, the digital 
images of welding lines are compressed at the best 
7.02. Both the rate and efficiency are assured. This 
algorithm is independent on the welding parameters 
and equipments. It has good robustness. Applying 
this algorithm to industrial site, it could help 
improving productivity and reducing labor costs. This 
method represents the future development of the 
intelligent welding. 
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