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Abstract

Universal and adaptive data compression techniques have the capability to globally
compress all types of data without loss of information but have the disadvantage of
complexity and computation speed. Advances in hardware speed and the reduction of
computational costs have made universal data compression feasible. Implementations of
the Adaptive Huffman and Lempel-Ziv compression algorithms are evaluated for
performance. Compression ratios versus run times for different size data files are
graphically presented and discussed in the paper. Required adjustments needed for
optimum performance of the algorithms relative to theoretical achievable limits will be
outlined.

Overview of Data Compression

The goal of a data compression system is to effect a saving in the amount of storage
required to hold or the amount of time required to transmit a given block of digital
information. Data compression is the transformation of a data sequence into a new
sequence containing the same information, but whose length is smaller than the original.
The compression ratio is defined as the ratio of the length of the encoded output data to the
length of the original input data. The smaller the compression ratio, the greater the savings
will be. The result of compression is a direct saving in the cost of storing or
communicating data. Communications over satellite links or storing of large archival files
are typical examples. In both storage and time, compression results in a monetary saving:
if tapes or discs are used to store files, then fewer tapes or discs will be required for
storing compressed files; if telephone lines or satellite links are used for transmitting digital
information, the lower charges will result if the data is compressed prior to transmission(l).



Data compression techniques have been investigated over the last 30 years. Figure 1
shows a chart of data compression techniques by category. These categories are
summarized from techniques reported in the literature.

Data compression can be classified into two broad groups. Parametric (or model) and
waveform techniques. Waveform algorithms are concerned with preserving the “wave
shape” of the data signal through sampling and quantization processes. Parametric
algorithms, on the other hand, are concerned with representing the data signal as the output
of a model that best characterizes the data generation process. These techniques virtually
always entail a loss of fidelity or an increases in distortion. Advanced communication
techniques such as integrated services digital networks require compression algorithms that
are not source dependent and where tandem sources are encountered. When no a priori
knowledge of the data source is available, and if statistical preprocessing is not practical,
the problem of data compression becomes more complicated. Sperry has developed
universal compression techniques that are based upon a theory of complexity and
compression published in the IEEE Transactions on Information Theory in a series of three
articles by A. Lempel and J. Ziv. One of these papers was awarded best paper of the year
by the IEEE Society. The articles define a new measure of complexity that treats just the
record at hand, this treatment does not employ a probabilistic source for the data record.
From this measure of complexity, Lempel-Ziv proposed a string matching and parsing
approach to data compression that is noiseless. This algorithm addresses many of the
traditional problems associated with data compression in that it dynamically adapts to the
redundancy characteristics of the data being compressed and it is not an approximation
technique; it does not remove redundancy to some acceptable level, but faithfully
reproduces the original compressed data stream. Lempel and Ziv developed theoretical
arguments to prove that the compression ratio achieved by the algorithm uniformly
approached the lower bounds on the compression ratio attained by algorithms designed to
match a statistically specified source. Additions and refinements have been made to these
algorithms by M. Cohn and J. Storer at Brandeis University under contract to Sperry. The
long range purpose of this study is to find universal textual substitution techniques that are
general purpose data compression techniques. These techniques can be used to remove
redundancy from a variety of digital data sources without prior knowledge of the type of
data and without an increase of distortion or loss of fidelity.

To be of practical and general utility a digital data compression system should satisfy four
basic criteria:

1)  It must be reversible (noiseless):  It must be possible to re-expand or decode the
compressed data back into its original form and without any alteration or loss of
information - that is, the decoded and original data must be identical and indistinguishable.



2)  It should be universal:  One algorithm should be applicable to all data sources. It is
desirable that no prior knowledge of the data source characteristics be required or
assumed, and that the compression method be adaptive to any changes in these
characteristics when they do occur.

3)  It should be asymptotically optimal:  While it cannot be expected that a universal or
general-purpose method will always compete successfully with a special-purpose
compression method on a small body of data, it is desirable that it be able to do so in the
long run - that is, as the amount of data to be compressed is increased without limit, it
should perform as well as any other method, including special-purpose methods which are
designed for the data in question.

4)  It should be linear:  The time required to execute the encoding and decoding
procedures should not grow faster than the amount of data to be processed. This is
essential to ensure that the time required to compress large blocks of data will not exceed
available time regardless of component device speeds. The working memory space
required to execute the procedures also should not grow faster than the data, and it should
be possible to limit this space to some fixed size while still continuing to further process,
though perhaps not optimally, the input data.

There are a variety of lossless data compression algorithms that have been developed. Two
particular implementations to be considered in this paper are the Adaptive Huffman and
the Lempel-Ziv algorithms. The Adaptive Huffman is known for its lossless nature and its
self learning ability to adapt to the statistics of the data. The algorithm has excellent
properties when considering the first order statistics of the data but is not linear in its use
of memory nor is it universal. The Lempel-Ziv algorithm meets the four basic criteria for a
general utility data compression algorithm. This paper presents an evaluation of the time
linearity required to execute the encoding process for the two algorithms and shows the
constant of proportionality can be modified by the compression ratio to produce an
estimate of the run time.

Huffman Algorithm

In a classical paper by David Huffman(2), a method for encoding source symbols into a
minimum redundancy code was presented. The underlying mechanics of algorithm depend
on a knowledge of the statistics of the source to be encoded such that more probable
characters can be given shorter length codes and less probable characters can be given
longer length codes. Developing a good statistical representation of the source data is done
by histogram (Statistical Huffman), by blocking the input data and calculating the
probabilities of the characters (Blocked Huffman), or by keeping a running count of the
encoded characters and predict that similar statistics will follow (Adaptive Huffman). The



Statistical Huffman is not universal because the statistics of the data are required before
encoding. The Blocked Huffman is a “two pass” algorithm and requires that the tree
structure be stored and transmitted along with the data. The adaptive version of the
huffman algorithm was presented in a paper by Gallager(3) and most closely resembles a
universal algorithm in that implementations require no previous knowledge of the source
statistics but they are “learned” as the data is being processed. The Adaptive Huffman
algorithm acts like a filter on the data, is linear in time, and is a good algorithm for many
applications because of its ease of implementation. Its mechanics are discussed in the next
section. However, none of the Huffman implementations can be universal because the
encoding is based on the first order statistics of the source alphabet and the higher order
correlations of the data are ignored. In trying to exploit the higher order statistics of the
data one might be tempted to extend the alphabet size. The problem is that the tree
structure will grow geometrically as the alphabet size is extended thereby requiring an
enormous amount of memory space.

Adaptive Huffman

The Adaptive Huffman is implemented by keeping a list of sibling pairs that are part of a
tree structure. Each sibling pair has associated with it a forward pointer, a backward count
zero, a backward count one, a backward pointer to zero, and a backward pointer to one.
The statistics of the data are held in the tree structure by incrementing the counts in the
siblings during the encoding and the the tree structure is altered according to the counts by
swapping pointers of sibling pairs. The decoder also adjusts the decoding tree in the same
manner such that no tree structure need be transmitted or stored as part of the decoding
process. Two important parameters of the algorithm are N and alpha. After N characters
have been encoded, each of the counts are divided by alpha. Besides keeping the counts
from overflowing the computer data registers, the parameters play an important role in the
way the algorithm learns and maintains the statistics of the data. If the counts are kept
small then local statistics that are found in the data are readily integrated into the tree
statistics. On the other hand if the counts are too small then the overall statistics of the data
are not held firmly in the tree and poor codes are produced. The process of the encoding is
linear in that for each character to be encoded the tree structure is traversed and compares
and pointer swappings are made. However, it is important to note that the number of
pointer swaps and compares depends on where the character hangs on the tree. The
number of pointer swaps and compares is difficult to calculate exactly but can be estimated
by observing that the compression ratio plays a key role. If the data is highly compressable
then traversing the tree is quicker and less compares and swaps are necessary. An estimate
of the time to compress or encode the data should be of the form

time = ((K1)CR + K2)N + K3



where CR is the compression ratio. Experimental results will show this to be an accurate
estimate.

There is included as part of the University of California Berkely Unix operating systems a
version of the Adaptive Huffman called COMPACT written by Colin McMaster. This
particular implementation sets the N parameter to run to the end of the file thereby
eliminating the need for the alpha parameter. For use on a computer system with the type
of files that are considered this is a reasonable thing to do because a file that is being
compacted will most likely have similar statistics throughout file and also be of length that
will not overflow the data registers of the counts. The COMPACT algorithm is used to
determine the constants in equation (1) for the Adaptive Huffman algorithm.

Lempel-Ziv Algorithm

Recent efforts of Abraham Lempel and Jacob Ziv have lead to their development of a
universal algorithm for sequential data compression based on the complexity of finite
strings(4,5). The algorithm is universal because it requires no a priori knowledge of the
data, is self learning of all types of sources, and encodes the data to the highest
compressability possible based on the complexity. In their papers, Lempel and Ziv discuss
the theoretical properties of the algorithm rather than develop an efficient algorithm to
compute it. In a following paper, Rodeh, Pratt, and Even(8), show a method by which the
Lempel-Ziv algorithm can be implemented in linear time based on an algorithm by
McCreight for constructing suffix trees. There are still implementation issues to be
considered such as the size of the dictionary that can be used to remember past data and
the adaption time of the algorithm to begin compression.

Lempel-Ziv-Welch Algorithm

An implementation of the Lempel-Ziv algorithm that was designed to optimize the speed of
the algorithm has been presented in a paper by Welch(7). This implementation, referred to
as Lempel-Ziv-Welch (LZW), parses strings of the source data by matching them to
previously seen strings that have been stored in a dictionary and encoding the dictionary
index. The most common strings are saved until the buffer space is full and then the
dictionary is searched using a hashing technique for speed. Once the dictionary is built the
encoding process continues with a fixed dictionary. A version of the LZW algorithm
known as COMPRESS has been implemented by CS-NET users and has been evaluated
for its effectiveness for compression and run time in this paper. There are many variables
that can effect the time it takes to encode a character and an exact expression would
require factors such as dictionary size, the hashing technique used, whether or not the
dictionary is full, I/O times, and the length of the strings that are being parsed from the
source. Regardless of the number of parameters involved it is conjectured that the run time



of the algorithm can be expressed as a modified linear time equation depending on the
compression ratio as

time = ((K1)CR + K2)N + K3 (2)

which is the same prediction used for the Adaptive Huffman algorithm.

Experimental Results

The purpose of the experimental study is to show that the time required to encode or
compress the source data, when using the Adaptive Huffman or the Lempel-Ziv algorithm,
is linear and that the constants need to be adjusted for the compression ratio. This
relationship is important for hardware and software considerations when using a single
processor for performing the algorithm without distributive functions. The COMPRESS
and COMPACT code were both implemented on the VAX 11/780 with a fixed size buffer
and evaluated for run times. An estimate of the I/O times showed that removing them from
the results produced only minor changes, therefore the I/O times were included. It is
important to note that the equations to be verified are estimates and our objective is to
have the predicted run time to be within ten percent of the actual measured run time.
Repeating the experiment on other machines will produce different constants depending on
cycle times (etc.) but will still produce results in line with the objective of showing
linearity in time and that the constants depend on the compression ratio.

To find the desired constants, data files were generated with different compressablity for
50, 100, 500, and 1000 kilobytes. Figure 2 shows the results of the experiment. Constants
were calculated from the data for COMPACT as

K1 = 800 x 10-6

K2 = 122 x 10-6

K3 = 0.1

and equation (1) becomes

time = ((0.8)CR + 0.122)N + 0.1   seconds (1)

where N is in kilobytes. Likewise the constants for COMPRESS were calculated from the
data giving

K1 = 200 x 10-6

K2 = 46 x 10-6

K3 = 0.15



and equation (2) becomes

time = ((0.2)CR + 0.046)N + 0.15   seconds (2)

where N is in kilobytes. Further experimentation with the equations enabled the start up
time constant K3 to be calculated and verified the equations to be good estimates for files
of all sizes when the compression ratio was within a range of 0.1 to 0.9. The results of the
experiment will allow implementation criteria to be more accurately determined for
hardware and software allowing the algorithms to be used with a better understanding of
there performance.

Improving Performance

Data compression algorithms are required to globally remove all redundancy and
correlations from the data to be universally optimum. In order to improve the performance
of COMPACT, the buffer size could be increased which would allow higher order
correlations in the data to be encoded more efficiently. This would also require that zero
probability extensions of the source alphabet be included in the buffer and that its size
grow geometrically. This is not a very efficient use of increasing the buffer size and
becomes unrealistic very quickly. Other minor changes to the parameters of the Adaptive
Huffman can be made to adjust to local correlations of the data if there is sufficient
structure in the data. These are not significant and require some knowledge about the data.

Improving the performance of the Lempel-Ziv algorithm under the constraints of a finite
dictionary will allow universal data compression to be achieved. COMPRESS is a current
implementation of the algorithm that performs quickly and utilizes the buffer space
available more efficiently than the Adaptive Huffman algorithm. The Welch version of the
Lempel-Ziv algorithm was not intended to be a universal implementation but modified to
give high performance in speed and compression for many types of data that are common
to computers files. Experience with using COMPRESS has shown it to perform better than
COMPACT in both compression and speed on typical data such as english text or
computer program source code. The two algorithms will generally reach a different
compression ratio but if the compression ratios were similar then COMPRESS encodes 4
or 5 times faster. However, when COMPRESS reaches higher compression it will also
encode at a higher speed, as shown in Figure 2, resulting in encoding times that are 8 or 9
times faster than COMPACT. The compression performance for COMPRESS is
influenced by the fixed length index that is used to encode the data which causes an
expansion of the file when random data is encountered. This is because the bits required to
encode the index pointer to the dictionary require more bits than the source characters.
Increasing the entries that are saved in the dictionary increases the expansion of the data
file when encoding random data. On the opposite end of the compression ratio, when



highly compressable data is encountered the dictionary must be significantly large to
ensure high performance compression. The original work of Lempel and Ziv encoded the
data as variable length output strings which enabled optimum performance at all levels of
compression. This performance was sacrificed for higher encoding speeds in the Lempel-
Ziv-Welch algorithm. The compression performance of COMPACT for random data
produces a much smaller expansion than COMPRESS because the algorithm produces
variable length output codes. There have been many other variations of the Lempel-Ziv
algorithm that have been studied by Eastman, Cohn, Storer, Cox(6), and others to find the
best performance while using a finite dictionary. Parameters to consider are dictionary
size, how and when to enter data into the dictionary, the length of the string to parse from
the source, and the time required to initiate compression after the encoding begins. These
implementations are being evaluated at the present time.

Conclusions

Data reduction algorithms can add to the efficiency of a system by reducing storage
requirements, transmission, and throughput of the data. The importance of universal data
compression is the ability to globally remove redundant information from the data
regardless of previous compression techniques and to provide data compression when
there is no a priori knowledge of the data statistics. The Lempel-Ziv algorithm is a
universal data compression algorithm meeting the four basic criteria for general utility data
compression. As the cost of computation continues to decrease, more complex universal
compression algorithms will enable the performance of digital systems to improve.
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Figure 1.  Data Compression



Figure 2. Experimental results showing effects of
Compression Ratio on the run time using
COMPRESS and COMPACT for several data files.


