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Abstract— Currently, hybrid computing systems and clusters
based on them are used to solve an increasing number of various
tasks. This article addresses the issue of lossless data compression
on hybrid computing systems. There are sections describing the
development and implementation of a stack of lossless data
compression algorithms based on the Burrows - Wheeler
transform (BWT), as well as a section on data sorting on hybrid
computing systems as one of the BWT steps. At the end are the
test results of the proposed algorithms.
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I. INTRODUCTION

Hybrid computing systems and clusters are very popular in
the tasks of processing large amounts of data. They find
application in many industries to solve many different
problems[4][5]. Data compression on hybrid computing
systems is in demand for implementing Virtual Network
Functions (VNF)[3]. Unfortunately, not all algorithms can be
simply parallelized and ported to the GPU. Therefore, the
topic of this article is devoted to the issue of efficient lossless
data compression on hybrid computing systems. Most lossless
compression algorithms consist of a strict sequence of steps
that must be performed sequentially, so the task of
parallelizing lossless data compression algorithms is not a
trivial task.

This article is devoted to the development and
implementation of an algorithm based on Burrows - Wheeler
transform (BWT). This transformation, which is widely used
in lossless data compression algorithms, is the basis of the
bzip2 encoder compression algorithm stack, which takes the
place of one of the main compressors in most *NIX like
operating systems. Another common gzip encoder[8] uses the
DEFLATE[7] algorithm.

BWT allows you to present data in the form of an encoded
sequence of the same length as the original. However, in the
encoded sequence, unlike the original, there will be a large
number of repeated characters, which can then be quickly and
efficiently compressed by other encoders.

Il. RELATED WORKS

This article is devoted to the development and
implementation of a stack of algorithms for lossless data

compression based on Burrows - Wheeler transform (BWT).
The developed stack is designed to work on hybrid computing
systems running CUDA[10].

The third chapter describes the BWT method and proposes
a stack of algorithms based on it, designed to work effectively
on the GPU.

The fourth chapter is devoted to a detailed description of
the implementation of the modified Burrows - Wheeler
transform. Forward and reverse transformation described

A significant part of the work is devoted to GPU sorting.
This topic is important because sorting is one of the main steps
of BWT and it is its performance that significantly affects the
overall speed of the algorithm.

At the end of the article, tests were performed on the
compression and performance of the algorithm proposed in
this article. Tests performed on CPU and in hybrid CPU-GPU
mode.

The topic of lossless data compression on hybrid
computing systems was already discussed in [2], where a
method was proposed for implementing the LZSS algorithm.

Also, while working on the article, the following sources
were studied[1][6][4].

I11. BWT BASED ALGORITHM FOR GPU

Burrows - Wheeler transform (BWT) is an algorithm that
does not compress data directly, but converts the original data
into a form suitable for compression. All characters of the
original sequence retain their values, but the order of their
sequence changes.

The main idea of the algorithm is that if the same
substrings were found in the source data, then their characters
will form repeating sequences of characters after the
conversion[9].

The lossless data compression algorithm proposed in this
article is a stack of algorithms based on Burrows - Wheeler
transform. Each algorithm from this stack either directly
compresses the data or converts the data into a form suitable
for compression. The algorithm works with sequences of bytes
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of arbitrary length. The list of algorithms is presented in table
1.

Algorithm

Run Length Encoding

Burrows - Wheeler transform

Move To Front

Run Length Encoding

Ol ||| H

Interval encoding

Tab. 1. Algorithm stack.

The first coding step is to use the Run Length Encoding
(RLE) algorithm for the entire input sequence. If the number
of repetitions of the same character is more than 3 times, then
the first 4 repeating characters are written into the sequence,
and a byte is stored behind them that stores the number of
remaining repetitions of this character.

The second step is to apply the BWT transform to the
sequence obtained in the previous step. In this case, the
sequence is divided into fragments of a fixed length. The last
fragment may be smaller.

The third step is to convert the sequence using the MTF
algorithm (Move To Front). This allows you to replace most
of the characters with the value “0”, because after the BWT
conversion there will be a large number of identical characters
in a string.

The fourth step uses the RLE algorithm (Run Length
Encoding) again, but this time the data is converted to view
when each character of the encoded sequence stores the
character and the number of its repetitions. If the number of
consecutive characters is more than 256, then the data is
encoded with several code pairs <char, number of
repetitions>.

Using data from the code sequence, statistics for entropy
compression are calculated. In total, 3 probability tables are
used. Each consists of 256 values. The first table stores the
probability of occurrence of each of the characters. The
second table contains the probabilities for each possible value
of the "number of repetitions" field, for the symbol "0". The
maximum length of repetitions can be 256 (see the previous
paragraph). The third table also stores data on the probabilities
of the value of the number of repetitions field, but for the
remaining characters. This approach was chosen because after
the BWT-> MTF chain a large number of long chains of zeros
will be formed.

The fifth step encodes the data using interval coding[11],
which in this case refers to a subset of (Prediction by Partial
Matching) PPM (0) compression algorithms. The interval
coding algorithm is quite simple, but can be implemented in
different ways. In this paper, compression and decompression
using integrated coding was implemented on the GPU to

increase performance. The implementation of interval coding
has many subtleties, non-standard solutions and pitfalls,
however, its description is beyond the scope of this article.

The decoding process is performed in reverse order. Each
of the algorithms in the compression stack is reversible.

IV.BWT IMPLEMENTATION FOR GPU
Forward transformation

Implementing Burrows - Wheeler transform in its pure
form is extremely inefficient. Having a message of length n,
you must have at least n> memory. Therefore, instead of an
array of strings, an array of pointers or indexes to the first
character from each line is stored. And the line itself is
obtained by passing in a circle from the first character to the
previous one.

In its pure form, you can sort the lines by comparing them
character by character. However, this method is extremely
inefficient, since almost all sorting algorithms often compare
elements with each other, and each comparison leads to a
rather difficult string comparison operation. Especially
negatively it affects similar lines, since at some stage of
sorting neighboring elements are compared, and such
comparisons force the line comparison function to look ahead
for a lot of characters.

The situation is aggravated by the fact that just a few fairly
long matching lines lead to a situation where the array has a
lot of periods that match up to several tens of characters.

Modified forward transformation

To solve these problems, a modified version of the string
sorting algorithm was developed and implemented. Two key
features of this modification are line cache and incomplete
sorting.

One of the first problems that the modification solves is
random access to RAM. Despite the fact that in RAM theory,
memory can access any cell in the same amount of time, in
practice this is not so[12]. An effective solution was to create
a cache of multiple line characters.

It is much more efficient to compare the whole numbers,
instead of comparing the bytes one by one, so each line of the
cache stores an unsigned integer of 32 or 64 bits, depending
on the settings. The high byte of the number stores the high
character.

Since the cache is formed on each sort, its efficient filling
is also important. Bytes of the number in most computing
systems are stored on a low to high order.

In order not to load the processor with bitwise shifts and
logical operations, the data is stored in the reverse order. At
the beginning of the data there are several duplicate bytes that
are filled with characters from the end of the data. This allows
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you to populate the cache by copying data as numbers, rather
than byte-by-bit.

In addition to the line cache, there is an array of first
character positions. Each position is stored in an unsigned 32
bit integer. low bits store the position of the first character of
the string, large 8 bits - the last character of the string, and the
23rd bit is reserved for the flag of the last character.

Storing the last character helps to simplify sorting, and the
flag of the last character to get rid of the end of line character
and solve the problem of uncertainty in the position of the last
character in incomplete sorting. The cache of lines and the
array of positions are more clearly illustrated in Figure 1.

Source string "AFHDTS"

Cache strings| |Array of positions

AF 0 (1|8
FH 1 [0 A
HD 2 |0|F
oT 3 |[0|H
TS 4 (0| D
SA 5 |0 T

Fig. 1. The contents of the line cache and position array.
Reverse transformation

The reverse of the Burroughs - Wheeler transformation is
multiple stable sorting of strings by the first character of a
string. The conversion algorithm itself was described earlier in
the BWT chapter.

However, every time a column is added to the row matrix,
sorting by the first character will cause the same permutations,
so it does not make sense to sort many times, but just do it
once and remember where each row moved.

In the implementation of the inverse transform, only an
array is stored that contains the positions and values of the
corresponding bytes from the converted sequence. Physically,
all this data is stored in exactly the same way as with direct
conversion. Each cell consists of a 32 bit unsigned number.
The high byte stores the value of the corresponding character
after conversion, and the lower 3 bytes are reserved for the
position number. The last character bit is not used.

Since it is necessary to store the number of the initial
position of the symbol, the need to use stable sorting
disappears. Instead, the resulting array of characters and
positions is simply sorted by the values of the unsigned
numbers contained in it. Characters are in the first places, so
sorting will sort by characters anyway, and groups consisting
of identical characters will be sorted by position number. As a
result, the result is exactly the same as using stable sorting.

After the conversion, an array is obtained, where each
element stores the number of the position this line will go to
after sorting. All these transitions form one large cycle for all
elements. This cycle is shown in figure 2. The left column
shows the index of the array element, the middle column
shows the character that corresponds to it, and the right
column shows the number of the element to go to. As a result
of BWT conversion, the sequence “ABDCE” turns into
“BECAD”

Start position

2 D 1
[

1 B 4 0 A 2
L f

4 E 3 3 C 0

| )

Fig. 2. The formation of the transition cycle.

During the direct conversion, the number of the last
character was recorded, now this number is interpreted as the
number of the last character, and it is with it that the cycle of
transitions through the elements of the array begins.

Having done a full cycle through the elements and writing
out all the source symbols from each element, we get the
source data that was before the conversion, but only in the
reverse order.

V. GPU-CPU HYBRID SORTING

The most expensive from the point of view of processor
resources is sorting in the BWT algorithm, therefore, for
coding and decoding, it is necessary to use a fast sorting
algorithm that will sort arrays of caches and line positions
from several KB to several MB in size.

In total, as part of the research, many sorting methods were
tested that were performed on the GPU or in hybrid mode on
the CPU and GPU. The most effective method turned out to be
when the elements are divided into subarrays of the maximum
size, which is placed in the shared memory of the video card,
and then sorted by the bucket Sort algorithm. Each CUDA
block sorts its subarray with the maximum possible humber of
threads per block, and then the resulting arrays are merged
using merge sort, which combines 4 or 8 subarrays into one at
once. Usually you have to do three rounds of sorting. The
specific parameters depend on the size of the array. For
example, having a string cache size of 8 characters, 4096
elements are placed in shared memory. If the initial block size
is 1MB, then you will need to perform three rounds of merge
sort, which will combine 8, 8 and 4 arrays each.

One or both rounds of merge sort can be submitted to the
CPU. However, taking into account that the CPU is loaded
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with processing of other sorting steps, it was decided in the
final version to leave merge sort completely on the GPU side.

A visual representation of this method is presented in
Figure 3.
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Fig. 3. Hybrid Array Sort Method.
VI. TEST AND RESULTS

Below are the results of testing the performance and
compression ratio for the developed compression algorithm
based on the BWT transform. Since the main parameter that
affects the quality of compression and speed is the size of the
block for conversion, in the first test we measured the
compression efficiency for various types of data and various
block sizes. The results are presented in Figure 4.

06
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—=—Text eng.
e HTML

-+-C code

Compres rate
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Size (KB)

Fig. 4. Compression ratio for various file types.
It can be noted that most data formats come to a point

where an increase in block size no longer affects the
compression ratio, when the block size reaches about 512 KB.

After that, the results of performance testing for CPU and
CUDA implementations are presented. The results are
presented in Figure 5.

250
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Fig. 5. CPU and CUDA implementation coding speed.

GPU tilization reaches its highest value with a small
block size. This is because the first sorting stage is the most
efficient, and the subsequent merge sort cannot be parallelized
to a sufficiently large number of fragments.

CONCLUSION

The lossless data compression algorithm proposed in this
article demonstrates good results in terms of compression
level and speed. The CPU version of the BWT-based
algorithm showed multithreaded performance: 50 MBI/s,
which is significantly higher than the existing lossless data
compression tools, while the compression quality remains at a
high level. The CPU-GPU version reaches a speed of 240
MBI/s.

As a result of a large number of tests, it was concluded that
the main factors that affect performance are the speed of the
data transfer interface between the CPU and GPU and the
speed of the GPU memory subsystem.

However, despite this, the authors of this article believe
that the introduction of lossless data compression algorithms
in hybrid computing systems today can be more effective than
using standard lossless data compression tools for the CPU.
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